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Vortex dynamics at subcritical currents at microwave frequencies in DyBaCu;05_ 5 thin films

Tamalika Banerjee, V. C. Bagwe, J. John, S. P. Pai, and R. Pinto
Department of Condensed Matter Physics and Materials Science, Tata Institute of Fundamental Research, Homi Bhabha Road,
Mumbai 400 005, India

D. Kanijilal
Nuclear Science Centre, Aruna Asaf Ali Marg, New Delhi 110 067, India
(Received 25 March 2003; revised manuscript received 25 July 2003; published 30 Margh 2004

We have investigated the dynamics of vortices at subcritical microwave currents in dc magnetigfigtals
0.8 T) in epitaxial DyBaCu;O,_ 5 (DBCO) thin films. Microwave measurements were performed using mi-
crostrip resonators as test vehicles at 4.88 GHz and 9.55 GHz on laser ablated DBCO thin films in the thickness
range 1800—3800 A. Experimental evidence indicates that the peak @H8obbserved in surface resistance
vs temperatureR vs T) plots in applied dc magnetic fields up to 0.8 T is primarily due to the extended defects
in thinner films(1800 A) such as twin boundaries at the substrate(La/M@m interface; whereas, the high
density of point defect disorder in thickee=@000 A) films is responsible for lovRs and high depinning
frequencyw,, . This has been confirmed by generation of columnar defects using 200 MeV Ag ion irradiation
which showed that even thicker DBCO films show PRipafter the introduction of columnar defects. Further,
DBCO films grown on low-twinned LaAl@substrategwhich cause low density of substrate-related extended
defects in the filmhave shown PE only at 9.55 GHz but not at 4.88 GHz. Valuesohave been calculated
from experimentaRs data.w, vs T plots obtained for the thinner films show a peak which is a result of the
peaks inRs vs T plots of these films at 4.88 GHz and 9.55 GHz.

DOI: 10.1103/PhysRevB.69.104533 PACS nuni§er74.78.Bz, 61.80.Jh, 85.25}

[. INTRODUCTION served in thin films which are heavily pinned due to the high
density of point defects in them, and until recently peak ef-
The vortex lattice response to ac fields has been widelject has not been reported at microwave frequencies. While
used to investigate the vortex dynamics of mixed state ofnvestigating the dynamics of FLL at microwave frequencies
type-1l superconductors:® Pinning by material disorder at subcritical currents under dc magnetic fields, we have ob-
plays a vital role in determining the static as well as theserved PE in surface resistarigin pristine and heavy-ion
dynamic behavior of vortice’.” Experiments such as mag- irradiated DyBaCu;O;-s (DBCO) and YBaCusOy-;
netic susceptibility, surface impedarft®,and vibrating (YBCO) thin films®’ Motivated by these observations, we
reed® ! have a common feature that a small ac field interactdiave carried out investigations of the defect structures re-
with the vortices that have penetrated the samples. Towardgonsible for the peak effect at microwave frequencies at
this end ac susceptibility measureméfits* have been ex- subcritical currents and calculated depinning frequeagy
tensively used to understand the dynamics of the vortex lat@lso termed as pinning frequency by some authors earlier

tice. In ac susceptibility measurements the variation of criti-as & function of temperature from the experimefaldata
cal current density]c is probed’ where the force on the for various DBCO film thicknesses. Experlmental evidence

vortices becomes equal to the maximum pinning forceObtained on twins at the substrate-film interface and with
These measurements are typically carried out with an ac exolumnar defects generated by swift Ag ion irradiation indi-
citation field in the range of a few tens of Hz to few MBz. cates that the occurrence of a peak’pof DBCO films is

On the other hand, a small microwave excitatitinear re-  associated with extended defects; whereas thicker fjtmis-
gime) induces a current, which is much smaller than thetine) with a high density of point defects as compared to the
critical current. Hence, with small microwave currents thesubstrate-related twins have Idw and a large value ob,
vortices oscillate about the minimum of the pinning potentialand they do not show a peak Ry.

and experience a restoring force close to the potential mini-

mum. Hence, the dynamiqs of vortices _is determined by the Il. EXPERIMENTAL

balance between the pinning and the viscous force.

The competition between intervortex interactions and pin- DBCO films were grown by pulsed laser deposition
ning by defects in weakly pinned type-Il superconductors(PLD) on single crystal(100) LaAlO; (LAO) substrates.
results in an interesting and long studied phenomenon knowihe optimized growth parameters are 250 mTorr oxygen
as “peak effect”(PE) in critical currentst® The earliest un- pressure, 4.5 cm target-substrate distance, and 780°C sub-
derstanding of the phenomenon of PE in driven flux linestrate temperature. X-ray-diffraction studies showed all films
lattices (FLL), the collective pinning theor¥’, involves the to be epitaxial and-axis oriented normal to the substrate
softening of the elastic moduli of the FLL, so that the vorti- plane. Superconducting transition temperature determined
ces may settle more deeply into the pinning potential andising ac susceptibility and four-probe resistivity measure-
thus become more difficult to depin. No PE has been obments was found to be 910.2 K. Microwave transmission
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measurements were performed on capacitively coupled mi: 6 T
crostrip resonators having 9 mm length and 175 mm width — 0T l’
patterned on 1810x0.5 mn? LAO substrates using UV e 02T N '
lithography. DBCO film thickness was varied from 1800 A { —— 04T of ’
to 3800 A. A Hewlett Packard scalar network analyzer and a — e 06T l/ /
synthesized sweeper source were used for the measuremen ——0.8T l I
dc magnetic field varying from 0 to 0.8 T was applied per- 4 Al
pendicular to the film planeH||c) using a conventional elec- 4.88 GHz 2400 A° il

tromagnet. Temperature instability during the microwave
measurements carried out in a closed cycle He cryocoole%
was <30 mK. All data presented here are for the zero-field =
cooled cases. Details of microwave measurements and detege”
mination of Ry have been described earltéi\g ion irradia-

tion was carried out at the 15 UD Pelletron accelerator at 24
Nuclear Science Center, New Delhi using 200 M&&xg* 4
ions at a fluence of % 10 ions cni ? (corresponding to the
matching field,B,~0.8 T); columnar defecteCD) are cre-
ated in the DBCO films with this choice of ions and ion

energy.

j T T T T T
11l. RESULTS 60 65 70 75 80 85

Zero-field cooledR, vs T plots of 2400 A thick DBCO
film at 4.88 GHz(fundamental excitation of the microstrip 6
resonator for various field valueg0-0.8 T) are shown in
Fig. 1(a). Figure 1b) shows similar plots obtained for the

——0T

same film at 9.55 GH#first harmonic excitationat various —=—02T

field values. Evolution of the peak with increasing field can 0.47

be clearly seen in both the figures although the peaks are les 8?;
pronounced at 4.88 GHz than at 9.55 GHz. Zero-field cooled '

R vs T plots of 3800 A thick DBCO film for various field 44 9.55 GHz 2400 A°

values at 4.88 GHz are shown in Fig(@a2 Similar plots
obtained for the same film at 9.55 GHz at various field val- o
ues are shown in Fig.(B). £
The dependence &, on film thickness is shown in Figs. ™,
3 and 4. Figure @& shows the zero fieldRs vs T plots of
DBCO films of thickness varying from 1800 A to 3800 A
obtained at 4.88 GHz; shown in Fig(l3 are the similar
plots of these films obtained at 9.55 GHz. The correspondinc
zero-field cooled plots at the highest field of 0.8 T are shown
in Figs. 4a) and 4b) for the two resonant frequencies 4.88
GHz and 9.55 GHz, respectively. PeaksRpvs T plots are

clearly seen at 0.8 T in the two thinner filnj$800 A and (b)

2400 A) although there is a faint signature of the peak in the 0 — ———

thicker films. Measurements were also carried out on one of 60 65 70 75 80 85 90
the thinner films(1800 A) with field perpendicular to the Temperature (K)

axis to find the orientation dependence. The inset in Rig. 4

ShOWS the Companson Of tH%s VS T plots Of 1800 A fllm FIG. 1. RS vsT pIOtS at 10 dB m microwave power obtained at

obtained at 0.8 T, 9.55 GHz with field parallel and perpen-dc fields in the range 0—0.8 T for 2400 A thick DBCO microstrip
dicular to thec axis. The peak is seen to be much less promirésonators(a) 4.88 GHz,(b) 9.55 GHz.
nent when the field is applied perpendicular to thaxis.

The measurements carried out after the 200 MeV Ag iorin Figs. 5a) and 3b), respectively. It may be noted that
irradiation (at 4x 10'% ions cm 2 fluence showed interest- while there is a slight suppression of peak at 4.88 Gak
ing results. Shown in Fig.(8) areRg vs T plots for irradiated compared to that obtained for the pristine sampleere is a
2400 A microstrip resonator obtained at 4.88 GHz at 0 andgharp enhancement of peak at 9.55 GHz in the irradiated
0.8 T fields; Fig. %) showsR vs T plots at 0 and 0.8 T sample. TheR, vs T plots obtained for the irradiated 3800 A
fields for the same sample at 9.55 GHz. The correspondingnicrostrip resonator showed equally interesting results.
plots of this resonator at 0.8 T obtained at 4.88 and 9.55 GH8hown in Fig. 6a) are theRg vs T plots of this sample for 0
frequencies before irradiation are also shown for comparisoand 0.8 T fields obtained at 4.88 GHz. Figur@)6shows
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4 3 0
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—o— 04T i [l —=—3800 A’
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o ¢ 1]
9.55 GHz 3800 A° /] / ——1800A
7o 24 955GHz B=0T
g [/
g .. -
o G
o £
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o
1 -
(b)
0 T T v T T T T T T T v 0 T T v T T T d T T T
60 65 70 75 80 85 90 60 65 70 75 80 85 920
Temperature (K) Temperature (K)

in tEIeGrlai. IZSSIEJ Sp[?:; //act)lf(())rdssrgon:Lﬁ;iwgé?:go;li\llr?]rs?;)dz gglds FIG. 3. Zero fieldRs vs T plots for various film thickness, at 10
9 ' ’ ) dB m microwave powerfa) at 4.88 GHz,(b) at 9.55 GHz.

GHz; (b) 9.55 GHz.

similar plots of this sample obtained at 0 and 0.8 T fields ais that sinceRg increases nearly exponentially as one ap-

9.55 GHz. The corresponding plots of this resonator at 0.8 ProachesT., Q factor decreases sharply. This obviously

obtained at 4.88 and 9.55 GHz frequencies before irradiatiomeans that it is very difficult to measure normal stevith

are also shown for comparison in Figgagand &b), respec- this technique as the errors increase as one approdches

tively. In both cases, distinct signatures of peaks are seen aypical errors inRg measurement are5% just belowT,

0.8 T field which were absent in the pristine sample. Thealthough they are smalk(2%) well belowT,. It is because

3000 A film too has shown peak signatures at 0.8 T field abf these errors nedf, that the experimental plots are not

4.88 and 9.55 GHz frequencies after irradiation. smooth and show minor steplike features n€gy although
An important aspect of the microstrip resonator techniquehey are smooth well beloW,. For the sake of clarity, error
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—o— 2400 A
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955GHz B=0.8T =%
ot Temperature (K)
FIG. 5. R; vs T plots at 10 dB m microwave power at 0 and 0.8
T (H//c) fields for 2400 A thick DBCO film after Ag ion irradia-
(b) tion: (a) 4.88 GHz;(b) 9.55 GHz. Also shown for comparison are
the correspondin®, vs T plots at 0.8 T obtained before irradiation.

60 65 70 75 80 85
Temperature (K) IV. DISCUSSION

FIG. 4. Rg vs T plots at 0.8 T H|c) for various film thickness, The hlgh.-frequency response Qf type-ll Supgrconductors
at 10 dB m microwave poweta) at 4.88 GHz, inset showd vsH IS characterized by, the surface impedance, given By
measurements carried out on an identical DBCO fig100 A at = RsT1Xs. Rs determines dissipation and yields information
various temperaturegb) at 9.55 GHz, inset showR, vs T plot for ~ @bout the vortex dynamics governed by pinning centers and
1800 A film at 0.8 T forH|c andH_L ¢ at 9.55 GHz. their energy distribution, whereas;, the surface reactance

determinesA, the magnetic-field dependent complex pen-
etration depthA contains\,, the vortex penetration depth

bars are shown only on one representative plot in each figurécomplex, \ the London penetration depth, ajf, the

It may also be mentioned that the repeatability of measurequasiparticle skin depth.

ments is very good on a given filifiesonator with varia- A vortex line oscillates under the influence of a rf field
tions <+2%; the nature of the plots, however, varied fromand its motion is limited by frictional and pinning forces.
film to film depending upon their quality determined prima- Therefore, even in the linear regime the rf field leads to an
rily by film thickness and LAO substrate. enhanced dissipation asapproaches,. The simplest the-
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FIG. 6. R vs T plots at 10 dB m microwave power at 0 and 0.8
T (H//c) fields for 3800 A thick DBCO film after Ag ion irradia-
tion: (a) 4.88 GHz;(b) 9.55 GHz. Also shown for comparison are
the correspondin®, vs T plots at 0.8 T obtained before irradiation.
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minimum of the pinning potentialin the linear regime at
low rf power levelg and experiencing a restoring foreg,
(determined by the curvature of the pinning potentighe
equation of motion, neglecting Hall and stochastic thermal
force, is given as

Jébo

77)'(+ KpX= , (1)
where J(T) is the microwave driving currenk is the dis-
placement from equilibriumy= ¢gH,/p, is the Bardeen-
Stephen viscous drag coefficieg is the flux quantum, and
p, is the normal-state resistivity. Equatid@f) leads to the
vortex impedance

$oB w’—iww, H
Pv= ® = 2 sz_an (2)
1+i—p w +wp c2
K w

whereH is the applied magnetic field. Equati¢®) leads to
Rs as a function ofw andw,, .’
1/2
| 1)] e

ol

where w,= /7 separates the low-frequency regime (

< w,) dominated by pinning with inductive response, from a
high-frequency regime«4> w,) of free vortex flow with dis-
sipation. In other wordsy, is the characteristic frequency at
which the pinned vortex segments are no longer able to
move fast enough to remain in phase with the applied micro-
wave field. From Eq.(3) we see that forw<w,,
Rs=Cvw? w,, whereas foro>w,, Rs=D+w, whereC
andD are constants. It may also be mentioned that although
theoretically wherH =0, Eq.(3) vanishegthat is, the vortex
contribution toRg vanishe§, our zero-fielddata imply mea-
surements done at the low remnant field of the maghel0
0e); henceH#0 but very low in this case.

Material disorder creates pinning centers whose density
and energy distribution determink, R, X, and w,."*?
Unlike high quality weakly pinned DBCO/YBCO crystals,
thin films have a high density of point defects such as oxy-
gen vacancies and impurities. Thin films can also have other
growth defects such as twin boundaries, stacking faults, etc.,
which are extended defects. In high quality epitaxial DBCO/
YBCO thin films point defects and twin boundarigsopa-
gated through the twinned LaAlubstratgplay a vital role
in governing the key transport parameters such.afxs, A,
andw, .23The high density of point defects is responsible for

H
chpn

2
Mow
\/w2+ w,ZJ

@p
2\/w2+ w,ZJ

oretical model of linear vortex dynamics in rf currents is high J. in DBCO/YBCO thin films. Point defects also de-

given by the equation of motion suggested by Gittleman an
Rosenblun'® and thereafter refined by Coffey and Cléfin
the microwave regime with frequenciesl GHz, the vorti-
ces are less sensitive to flux creep in YBCO thin films a
shown by Revenazt al,?® and reiterated by Golosovsky
et al?! Since our measurement frequencies:are GHz, we

used the Rosenblum and Gittleman equation due to its sim-

plicity. For a massless vortex line oscillating close to the

@rease the quasiparticle scattering tim{@) and hence, de-

crease the quasiparticleormal fluid contribution toRg as
Rsaoq, whereo is the real part of the conductivity associ-

Sated with the normal-fluid response:

_ "0 @
1+ w?r%(T)

01—

——|X(T
Mok2(0)> ™
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where X,(T) is the normal-fluid fraction of surface reac-  Two observations are important in the above experimental
tance. Therefore, at “zero” or very low applied fields, the results. The first is that the conventional PE seen in dc or
measuredR, contains primarily the quasiparticle contribu- low-frequencyd. vs T(H) plots is not seen in transpalt vs
tion. As the field is increased a larger number of point defecty and M-H measurements carried out in the DBCO/YBCO
pin the vortices, thus reducing the number available for scatthin films; and the second is that PE at subcritical currents at
tering; this increases the totaheasurefiRs and hence, de- microwave frequencies is seen only in thinner films and
creaseso, too as a first approximatio(sinceRsall\/w_p for  thicker films show only a weak signature of PE. The first
o<wp). In other words, it is logical that since experimental observation can be explained by the fact that the high density
evidence shows that point defects in DBCO/YBCO filmsof defect disordefpoint defects as well as extended defects
lead to low values oRg then it must be extended defects thatin thin films suppresses the PE in thgvs T or M-H mea-
are responsible for the observed PERpat microwave fre-  surements. This is because thevs T(H) plot of a heavily
guencies. pinned system forms an envelope over the peak regiah of

It should be mentioned that an important feature ofvs T(H) plot which would have otherwise appeared if the
DBCO/YBCO films is that while the point defects are preva-system were weakly pinned. This explanation is supported
lent throughout the thickness of the films, the extended deby the numerous reported results which indicate that the con-
fects such as twinéwvhich are transmitted from the twinned ventional PE is seen only in weakly pinned single crystals
LAO substratesare primarily confined to the substrate-film (NbSe, YBCO, etc).!® The second observation gives evi-
interface. This is clear from our earlier worSrinivasu  dence to our earlier conjecture that extended defects such as
et al, Ref. 23 which has shown that whild, increasesRy  twins in the films may be responsible for microwave PE. The
decreases with increasing thickness of YBCO films. This im+act that the ratia./n, decreases with increasing film thick-
plies that the areal density of point defects increases as theess can be related to the decreasing signature of microwave
thickness increasés,while the twin density remains virtu- PE. Another feature of twins is that they have an angular
ally constant. In other words, the ratio=n./n, of areal  dependence. The inset in Figh}shows a comparison &
density of twins and other LAO-DBCO interface-related ex-vs T plots of 1800 A thick films aH=0.8 T obtained with
tended defects), to the areal density of point defecty,  H|c andHLc. A distinct angular dependence of PE is seen
decreases as the film thickness increases. Hence, an evidengkich can only be explained as due to extended defects such
for the type of defects responsible for the PE at microwaveas twins and not due to random pinning disorder caused by
frequencies could be obtained by a study of the thicknespoint defects. HigheR, in the H||c plot is also in agreement
dependence oR;. with the reported results of Anand and Tinki4who have

The Rs vs T plots in Figs. 1a) and 1b) indicate that for  observed higher dissipation witH||c thanH1 ¢ in YBCO
the 2400 A thick film there is no peak Ry at zero field, but  thin films.
it evolves gradually with increasing field, that is, gradually  In order to further understand the role of extended defects
with increasing vortex density. On the other hand, for theon PE at microwave frequencies, we investigated the effect
3800 A thick film[Figs. 2a) and 2b)], there is no evolution of columnar defect§which are extended defettgenerated
of peak with increasing field, although a slight signature ofby 200 MeV Ag ions. The three microstrip resonators with
peak can be seen at the highest field of 0.8 T. All the films othicknesses 2400 A, 3000 A, and 3800 A whose pristine
varying thickness do not show PE at zero applied field aglots are shown Figs. 1-4 were chosen for irradiation. The
seen in Figs. @ and 3b). On the other hand, the depen- plots in Figs. 5 and 6 show very interesting results. The plots
dence of peak irRs on film thickness is clearly seen at the shown in Figs. &) and 5b) were obtained for the 2400 A
applied field of 0.8 T in Fig. 4. Once again, a weak signaturefilm after 200 MeV Ag irradiation at % 10*° ions cm 2
of peak in thicker3000 A and 3800 Afilms is seen at 0.8 T (matching field of 0.8 Tat 4.88 GHz and 9.55 GHz, respec-
only at the higher frequency of 9.55 GHz. The peaks in thintively. We notice that the 81 K peak at 4.88 GHz is some-
ner films are also stronger at the higher frequency of 9.55vhat suppressed after irradiation and there is another weak
GHz than at 4.88 GHz. peak at the lower temperature of 75 K. The behavior at 9.55

The plots shown in the above figures were obtained in th&sHz, however, is different; here, the 81 K peak becomes
linear regime at 10 dB m microwave power. This was con-prominent and the new peak at 75 K is insignificant. The
firmed by carrying ouRs measurements at lower power lev- plots of 3800 thick samplfFigs. Ga) and gb)] are equally
els of 0, 2, and 5 dB m, all of which neither showed ainteresting. This sample had shown an insignificant PE sig-
decrease irRg nor a shift in the position of peaks both at nature in the pristine stat@rig. 2); after the generation of
4.88 and 9.55 GHz. The linear regime indicates that our meacolumnar defects, however, distinct peaks are seen at 0.8 T
surements are at subcritic@icrowave currents. The dc  both at 4.88 GHz and 9.55 GHz. It is also interesting to note
critical currents measured in these films using microbridgeshat, as observed earliéthe dissipation Ry) at any given
are 2<10° Acm™2 at 77 K. No peak effect was observed in temperature, except the peak region, is generally lower in the
transport J.. Further, isothermal magnetization vs field irradiated films at the matching field of 0.8 T.
(M-H) measurements performed on thick as well as thin While the above experiments show a clear pointer to the
films in the field range 0—2.5 T using a quantum designextended defects such as substrate twins and columnar de-
superconducting quantum interference dev8@UID) mag-  fects being responsible for PE at microwave frequencies, it is
netometer did not show a peak in tMe-H plots.[See inset possible to ask if this PE could be due to finite-size effects.
in Fig. 4(a).] Finite-size effects can arise due to the fact that thicknesses of

104533-6
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these films are comparable to penetration depth of films. Our 6
earlier work(Ref. 17 indicates that the London penetration
depth of similar(YBCO) films at 77 K,\ (77 K) ~2500 A
with X\ (0)~1450 A. Since only thinner filmgthickness
<2400 A) show microwave PE in the temperature range
75-80 K, it is possible to argue that this finite-size effect
could be the cause of microwave PE. In order to investigate 44
this possibility and also to find out if the substrate-related
twins are indeed responsible for microwave PE, we carried &
out another experiment with the aim of growing twin-free &€ 1
DBCO film. Obviously we had to use twin-free LAO sub- g j
strates. Although LAO is a very good microwave compatible , I
substrate, it is very difficult to obtain untwinned LAO sub- g, = Lo Tainned LAQ f@ﬁ /
strates. Nevertheless, a comparison of the above results with —o— Nermal LAQ $ _f
the results obtained with a low-twinned LAO substrate was
made. Figure (& shows this comparison at 0.8 T and 4.88
GHz. Clearly, the 2400 A DBCO film on the low-twinned
substrate does not show any PE signature. However, as the
measurement frequency is increased to 9.55 GHz, peak ap-
pears at 0.8 T even in this low-twinned DBCO film as shown & 6 70 75 8 8 90
in Fig. 7(b). The inset in Fig. 7@ shows an optical micro- Temperature (K)
graph of normal LAO substrate obtained with differential
interference contradDIC). The inset in Fig. f) shows a
similar optical micrograph of a low-twinned LAO substrate.
A much higher density of twins can be clearly seen in the
normal LAO as compared to the low-twinned LAO. It may
also be noted that the low-twinned substrates which give
films with low twin density cause low dissipatiglow R,) at
any given temperature as seen in Figs) and 1b). Hence,
the above observations, viz., the appearance of microwave
PE in 3800 A DBCO film after generation of CD’s with Ag
ion irradiation as well as the absence of microwave PE at [E—
4.88 GHz in 2400 A DBCO film grown on low-twinned Low Twinned LAO
LAO substrate suggest that the observed microwave PE is —e— Low Twinned LAO
not due to finite-size effects. —o— Normal LAO p
_The conventionql PE inJ. vs T (or H) observed in 0.55 GHz 2400 A° "‘.,.-»“““
twinned YBCO and in some low-temperature superconductor 08T
crystals has been related to the twin structdr@.In twin-
free crystals, the PE has been related to intrinsic pinning
from CuO planes or second-phase impurities. In twinned
YBCO crystals the peak has been found to depend strongly (b)
on the orientation of the applied field relative to the twin 0 — T T T y
planes. Peak has been found to be largest for vortex motion 6o & 0 78 80 8 0
along the twin planes and applied field parallettaxis and Temperature (K)
weakest if the field is tilted out of the plane of the twins. In FIG. 7. Comparison oR, vs T plots at 10 dB m microwave

pure YBCO crystals, oxygen vacancy clusters—but not pOinbower at 0.8 T obtained for 2400 A thick DBCO films grown on
defects due to individual oxygen vacancies—have also beeh,mal and low-twinned LAO substrate&) 4.88 GHz [inset—
related to PE inJ,.*? Further, depending upon their nature, optical micrograph of resonator on normal LAO obtained with
radiation induced defects have also been found to affect thg)c); (b) 9.55 GHz(inset—optical micrograph of resonator on low-
peak, although the radiation induced point defects have nafvinned LAO obtained with DIE
been related to change iy or the peak. In other words, the
conventional PE is crucially dependent on the defect strucfrom the LAO substrate or columnar defects created due to
ture and is not intrinsic to the crystal structure. Ag ion irradiation, but not the point defects, are responsible
Our experimental observations too led us to the conclufor this PE at microwave frequencies. However, the similar-
sion that the PE observed by usRgvs T plots at subcritical ity between the conventional PE Ja and the microwave PE
currents at microwave frequencies also is not intrinsic to thén Ry ends here.
crystal structure of the DBCO film but to the nature of the While the conventional PE id. vs T(H) plots is ob-
defects in the film. Evidence indicates that the extended deserved in a driven vortex latti¢ethe central parameter
fects such as twins at the substrate-film interface propagateshich controls vortex dynamics at subcritical currents at mi-

s

R_(mQ)
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1000 5 - -1 1000 (2400 A) film shows smallew, values. Equally important is
] T ] the peak seen imj, vs T plot of 2400 A film at 0.8 T, which
. .\\ T is a result of the peaks iRg vs T plots of this film at the
\\D\ ‘\ ] measurement frequencies 4.88 GHz and 9.55 GHz.
e ] A quantitative explanation for the conventional PE phe-
] & \ . nomenon oeccurring id; in a driven vortex lattice was _given
1004 N\ R \ 1100 _by P|ppard many years ago who p_roposed that the increase
] N i ] in J. is associated with the softening of the shear modulus
- \O?O"*—-\H\N i \ 1N Ces. Subsequently, Larkin and Ovchinnik§vpresented a
o \ ~"\\. \ \ 1 % more quantitative explanation of this PE as arising from the
<] \O\O | } 1= softening of all the elastic moduli of the vortex lattice near
= 1 ., i '. {18 H.,. The main similarity between the conventional PEJjn
\o\f B and microwave PE irRg is that both are governed by a
104 = 3000A° B=0OT 310 particular type of defects which act as characteristic pinning
1 ——3000A° B=0S8T ] centers. Further, in both cases, the peak shifts to lower tem-
1 —e—2400A° B=0T ] peratures as the applied field is increased. Therefqre, we can
| —o—2400A° B=08T ) attriboute microwave PE phenomenon to a softening of the
(weakly pinnedl ordered vortex lattice and a consequent
transformation into a more strongly pinned amorphous solid
1 i i i . . . 1 or a pinned liquid phas&Alternatively, one can also think of
60 65 70 75 80 85 % a plastic flow of vortex array involving the formation of
Temperature (K) channels in which the vortex array is more ordered and

weakly pinned than in the surrounding areas resulting in a

FIG. 8. Variation ofw, with temperature for 2400 A and 3000 A rise in Rs. Subsequent jamming or blocking of these chan-

films at 0 and 0.8 T. nels by strong pingextended defectshinders the flow of
vortex arrays, thus reduciri®;. Possibility of weakly pinned

crowave frequencies is ndt but w,= /%, which in turn  channels has been proposed in low-frequency ac cufféft.
is dependent on the nature and distribution of pinning cenHowever, the precise mechanism responsible for microwave
ters. w, also depends upon the viscosity coefficient PE in Ry is difficult to be explained at this stage with the
=¢oHc2/p,. Since PLD grown DBCO thin films have a existing experimental observations. What we can say at
distribution of defects—both correlated extended defects angresent is that a particular set of extended defects which have
uncorrelated point defects—the characteristic depinning freeharacteristian, values are responsible for the observed mi-
quency w, of the film can be considereths a first-order crowave PE inRs. Further, our observations of the depen-
approximation as an effective sum of depinning frequenciesdence of microwave PE on the measurement frequency indi-
wp1,wpp, . .. associated with different sets of defects, eacltates that a dominant set of extended defects having
of which would be determined by their density, pinning con-characteristiav, values(determined by pinning constant and
stantk,, and viscosity coefficieny. Since the areal density viscosity ) govern the position and the intensity of the
of point defects is lower in thinner films as compared topeaks in theRg vs T plots.
thicker onesw,, of these films is mainly determined by the
characteristian, associated with the interfacial defects such
as twin boundaries. As the film thickness increases, the rela-
tive areal density of point defects increases, and althaygh In conclusion, we have investigated the dynamics of vor-
is governed both by, (of the extended defedtandw,, of  tices at subcritical currents at microwave frequencies in epi-
the point defects, it is increasingly dominated lby,,. taxial DBCO thin films in the thickness range 1800 A—3800
Hence, thicker films with a higher areal density of point de-A. Experimental evidence shows that a higher areal density
fects as compared to the interfacial extended defects showf point defects in thicker films cause a low valueRyand
low R, high w,, and no PE as observed by us. high w,, as compared to thinner films. Occurrence of a peak

While showing experimental evidence and arguing thain R, in dc magnetic fields in films of varying thickness is
extended defects such as twins and CD’s are responsible fgoverned by the nature and concentration of defects. We
microwave PE irRg vs T(H) plots at subcritical microwave have shown that extended defects such as twin boundaries
currents, we have not shown i, and » (or both these are primarily responsible for peak iR with dc magnetic
parameters of the extended defease responsible for the fields; whereas the large areal density of point defect disor-
observed PE. This obviously requires further extensive inder in thicker films causes loRg, high wp, and does not
vestigations. However, we have calculated the values pf give rise to a peak. These results are also supported by mea-
from Eq. (3) both for thinner and thicker films using the surements carried out on DBCO films grown on low-twinned
values ofRg at 4.88 and 9.55 GHz. Shown in Fig. 8 are the LAO substrates which did not show PE at the lower fre-
wp VST plots obtained for 2400 A and 3000 A thick films at quency 4.88 GHz, but only at higher frequency 9.55 GHz.
0 and 0.8 T. As expected, the 3000 A film shows high  Independent evidence for extended defects being responsible
values both for 0 T and 0.8 T. On the other hand, the thinnefor microwave PE has also been obtained via generation of

V. CONCLUSION
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columnar defects using Ag ion irradiation. Even thicker filmsvalues ofw, at all temperatures, the thinner fil(@400 A
which did not show PE in the pristine state showed PE aftewhich has a peak in thBg vs T plots also shows a peak in
the introduction of columnar defects by irradiation. While the w, vs T plot.
these experimental results lead us to believe that extended

defects are responsible for the observed PE at microwave

frequencies, further investigations are needed to find out the

role of x, and » associated with the extended defects in

causing microwave PE. The, values calculated from ex- The authors wish to thank A. K. Nigam for SQUID mea-
perimentalRg vs T data at 4.88 and 9.55 GHz frequenciessurements and S. Bhattacharya for helpful discussions. We
show thatw, decreases with increasing temperature andvould like to thank G. V. Ravindra and R. D. Bapat for
field, as expected. Further, while thicker films show highdiscussions.
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