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Fast vortex motion and filamentary phase separation in highf . thin films
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We investigated the temperature dependence of the normalized logarithmic relaxati@iTratend the
corresponding temperature dependence of the critical culigi) in high-T. thin films (YBCO-123,
TIBCCO-2212, -2223, and -2201, and Bi-221Experiments have been performed using persistent critical
currents flowing in thea-b planes of ring-shaped samples. The magnitude, @nd the relaxation rate have
been extracted from the measurement of the self-field of the current. The results revealed a relationship
betweenl ((T) andS(T). [,(T) in YBCO is a superposition of two universal components: an underdoped
Ginzburg-Landau{GL-) like one withI,(T)=(T,—T)*? and T, between 40 and 60 K, and an Ambegaokar-
Baratoff-like one close to an optimum doping. The results revealed that when the amount of the GL-like phase
increases above a certain threshold value, a peak apped{%)irat temperatures of 20—-30 K, and its height
gradually increases with the magnitudelgfat 10 K for this phase. We discuss similarities between these
results and those reported for YBCO crystals with columnar defects. The presence of two mag(ia in
have been observed for TIBCCO films that are composed of three different phases, at temperature3 close to
of two underdoped components. The studies imply that the filamentary phase separation on a nanometer scale
level in thea-b planes is responsible for the changes in vortex dynamics.

[. INTRODUCTION without any change in the peak’s temperature. Related mea-
surements of5(T) in unirradiated YBCO single crystals by
An unusual temperature dependence of the normalizethe same groupdisplayed a single peak at 40 K of magni-
logarithmic relaxation rat&(T)=d In J/dInt for the motion  tude of 0.12.5(T) of grain-oriented(unirradiated YBCCO
of magnetic flux in high-temperature superconductors wasas been observed to include a peak at a temperature of
reported very early by a few research groups during routin@bout 30 K? It has been detectéthat an increasing applied
measurements of magnetization. These studies revealednsagnetic field has been responsible for a shift of the peak to
single- or a double-peak structureT) for many samples. lower temperatures and a reduction of the peak’s magnitude.
A low-temperature peak at a temperature range of aboutlagnetic relaxation studies on YBCO thin filffsrevealed a
20-40 K has been observed more frequently than a doublgeak ofS(T) at about 50-60 K; however, Goodyegiral.”
peak feature with peaks at temperatures of about 20 and Gfbinted out that the temperature dependencs isfaffected
K. Some samples did not exhibit any peaks except a plateaby the temperature of thin film growth as well as that of thin
at low temperature and an upturn 8fwith an increasing film annealing at a constant pressure of oxygen. A maximum
temperature close td.. The presence of peaks 8(T) has  of S(T) as high as 0.1 has been also seen in ceramic granular
been reported for YB&wWO; s (YBCO) and samples of YBCO at temperatures between 20 and 4§ K.
Bi,Sr,CaCyOg (BSCCO single crystals, YBCO thin films, Replacement of yttrium with praseodymium in ceramic
and YBCO grain-oriented and polycrystalline samples. Y, _«Pr,BaCu;0;_ s has been shown to generate two peaks
Very early studies ofS(T), performed by Tuominen in S(T), which have been observed to shift to low tempera-
et al,>? revealed two peaks iS(T) for unirradiated BSCCO ture with an increasing (Ref. 10. However, the measure-
crystals, during the measurement of longitudinal and transments of S(T) in a number of unirradiated and proton-
verse components of remnant magnetizaliéior a magnetic irradiated YBCO crystal$~* revealed no peaks, but an
field B (500 G applied parallel to thec axis, S(T) of a  increase ofS(T) with temperature or a plateau 8{T) over
longitudinal component displayed two peaks, a low-a temperature range about 20—50 K, followed by a gradual
temperature peak at 23 K, of magnitude of about 0.14, and mcrease ofSat higher temperatures. An irradiation of YBCO
high-temperature peak at 60 K, of magnitude of about 0.05crystals with gold or tin ions, in order to produce columnar
It has been found that a low-temperature peak has beedefects, led to a dramatic modification of the temperature
shifted to low temperature and its magnitude has been redependence of the magnetic relaxation rafes’ The data
duced with an increasing orientation angl®etweenB and  have been recorded for magnetic fields parallel to defects
the c axis. A high-temperature peak, on the other hand, exever a range of 0.5—-4.0 T and displayed a peag(ifi). The
hibited an increase in the magnitude with an increasing maximum has been observed to shift from about 36 K at 0.5
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T to low temperatures and its magnitude to decrease from @.e., atT>T*=0.85T.), the superconductor behaves like a
value of 0.1 at 0.5 T with an increasing magnetic field. Thiscontinuous medium and.(T) is described by Ginzburg-
behavior is strikingly similar to that of unirradiated samplesLandau(GL) theory[I(T)<(T.—T)¥?]. An Ambegaokar-

of grain-oriented YBCQRef. 5. A recent report or§(T) in Baratoff 1 (T), with a crossover to a Ginzburg-Landau be-
a field of 0.5 T in a proton-irradiated polycrystalline havior at temperatures abovie*=0.85T., has been also
HgBa,CaCu;0g ., s compound® demonstrated the presence observed in optimally doped YBCO thin filni$ Figure

of a peak at 60 K. Studies &T) in irradiated samples have 1(d) shows an example of this behavior; the détalid tri-
generated a lot of interest in an attempt to provide efficienangles together with a theoretical fit based on Clem’s model
pinning sites for magnetic flux lines in high-temperature su-of I .(T) in a nanogranular superconductor. Fitting to the data
perconductors. has been achieved by varying the parametgrwhich is a

One of the first theoretical explanations of the peaks incoupling constant proportional to the ratio of the average
S(T) has been provided by Hagen and Gries8erho inter-  Josephson coupling energy of the intergrain junctions to the
preted the experimental data in terms of the distribution ofsuperconducting condensation energy of a grain. The curve
activation energies in a sample, using an inversion procemarkedA-B represent§l .(T)]?° of a superconductor with a
dure. Recently, a low-temperature maxim@¢T) in irradi-  single Josephson junction. Oxygen depletion leads to a re-
ated crystals of YBCO has been interpreted by Thompsowluction inT, and a dramatic change in the temperature de-
et al* on the basis of collective pinning theory as due to apendence of,, which becomes that of a Ginzburg-Lané&au
change in the form of the vortex dynamics, i.e., from awith | (T)o(T.—T)%?[see Fig. 1d), solid squares A GL
variable-range vortex hopping at low temperature to a coldependence df,(T) has been also observed by Joresal?*
lective pinning by columnar defects at higher temperatureswho measured.(T) in situ in oxygen-depleted YBCO thin

Our interest in the behavior &(T) has been stimulated films. Figure 1b) shows a schematic picture of a nan-
by the striking similarity of the peaks iB(T) and its mag- odomain structure where most of the cells have been oxygen
netic field dependence observed in irradiated samples to thaepleted. In this case the critical current is no longer deter-
seen in unirradiated onés? Although it appears that the mined by the Josephson junctions, but by the suppression of
dominant vortex pins are columnar defects in samples irrathe order parameter inside the cells. This could mean that
diated with heavy ions, little is known about the nature of theone is allowed to extend the Ginzburg-Landau solutions for
pinning sites that are responsible for the maxim&EF) in I.(T) (which are valid close tdl; in an optimally doped
unirradiated samples. superconductordown to low temperatures.

We present experimental results of the measurements of If the superconductor is a mixture of optimally doped and
the normalized logarithmic relaxation reBeas a function of underdoped phases, the nanodomain structure could look like
temperature in unirradiated YBCO and TI-Ba-Ca-Cu-Oa ‘“disordered chesshoard[see Fig. 1c)]. In this case the
(TBCCO thin films. These data have been compared with &low of the current is a percolative process. The critical cur-
temperature dependence of the critical current deds(ty). rent that flows entirely through optimally doped celghite
High-resolution transmission electron microscdpf\RTEM)  squares in Fig. &t)] is determined by the Josephson junc-
studies by Etheridge at Cambridge Univer§itsevealed the tions in the nanoarray and its temperature dependence is the
presence of nanodomaifepproximately 2 nm in sizén the  one that has been described by the Clem’s mésigid tri-
copper-oxygen planes of an optimally doped YBCO sampleangles in Fig. d)]. On the other hand, the critical current
with the domain walls oriented at an angle approximatelythat crosses underdoped regigaladed dark squares in Fig.
45° to thea-b axes. The nanodomains are correlated alondl(c)] is determined by the suppression of the order parameter
the c axis. According to Etheridge, the nanodomains are ofand T in underdoped cells, and its temperature dependence
structural origin and formed in a struggle to relieve internalis given by GL theornyfsolid squares in Fig.(#)]. The total
stresses in tha-b planes. The spacing between conventionalcritical current that flows through disordered nanostructures
twin boundaries in the same material was found to be apfand its self-magnetic fiejdis a superposition of these two
proximately 50—100 nm. critical currents. The temperature dependence of the critical

Since the nanodomain siz&, is of the order of the current in this case is like that shown in Figel which is
Ginzburg-Landau coherence lengfh, , one would expect typical of most YBCO films studied. The ratio bf(T) that
the properties of a superconductor to be governed by this governed by an underdoped compondblt dependence,
nanodomain structurénanodomain wallsat low tempera- dashed straight line onl {)?° versus temperature graph in
tures whereég (T)<ag [see Fig. 1@)]. At higher tempera- Fig. 1(e)] to |1,(T) which is determined by an optimally
tures whereég (T)>ay, the superconducting properties doped componeAB dependencéClem’s model, solid tri-
could be treated as those of a continuous medium. A temangles on [.)?° versus temperature graph in Figel] is
peratureT* at which g (T*)=a, separates these two re- sample dependent and could vary from zero to infinity. This
gimes. Clemet al?! used this approach in order to explain is due to the fact that there is an infinite number of possibili-
the temperature dependence of the critical current density ities to arrange disorder in a “disordered chessboard” as
a nonogranular NbN thin film. At low temperatures whereshown in Fig. 1c).
écL(T)<ay, the critical current . is governed by the inter- We found the correlation between this ratio and the height
grain Josephson junctions and its temperature dependenoéthe low-temperature peak in the temperature dependence
has the Ambegaokar-BaratofAB) character. Close td,  of the magnetic relaxation ra®(T). These findings imply
whereég (T)>ag, the current does not “see” the junctions that the electrical transport and magnetic properties of high-
and the temperature dependencel pfis governed by the T, thin films are governed by the filamentary phase separa-
suppression of the order parameter. At these temperaturdéi®n (at the nanoscopic levein the copper-oxygen planes.
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FIG. 1. (a), (b), (c) Schematic representation of nanostructures in the copper-oxygen planes.ahldd axes are approximately 45°
relative to the domain wallssee Ref. 20 The nanodomain siz&, is approximately a few nanometers. An optimally doped superconductor
has nanostructures as (@, where the critical current, is governed by the Josephson nanoarray. The temperature dependéncetbat
of an Ambegaokar-Baratoff one at low temperatures and that of a Ginzburg-Landau one above approximdtglgsOdgscribed by the
Clem’s model(Ref. 21 [see solid triangles ifd)]. The dotted line showk.(T) of a single Josephson junctigpure Ambegaokar-Baratoff
dependende An underdoped superconductor is shown(li, wherel, is governed by the suppression of the order parameter in the
nanodomainl .(T) is that of Ginzburg-Landau dependerjsee the solid squares {d)]. When a superconductor is a mixture of optimally
doped and underdoped phases, its nanostructure is described schematically by a “disordered chessboard' (@hawihis casd .(T) is
a superposition of two components showr{dh i.e., an optimally doped one with an AB-likg(T) (solid triangle$ and an underdoped one
with a GL-like I (T) (solid squares and dashed liné typical I ,(T) of this type of a superconductor is presenteden The solid line is
a fit to the experimental dai@pen circleg which is a superposition of the two components as mentioned above.

Il. EXPERIMENTAL PROCEDURES wound solenoid, in the-axis direction. A circulating persis-
Investigations ofS(T) and its relationship tdy(T) have tent current was established in the ring after the external field

been performed for nine YBCO thin films, six TIBCCO films Was removed. The magnitude of the persistent current was
(of 2212 and 2223 compositignand underdoped TIBCO- Qetermlped from 'Fhe axial component of the current’s self-
2201 and BiSCCO-2212 films. Information on these films isfi€ld using the Biot-Savart law. The measurement of the
listed in Table I, which included,, film thicknessJ, at 10 ~ component of the self-field, perpendicular to the ring’s plane,
and 77 K, deposition method, and a substrate. About a hal/@s done with a scanning axial Hall probe. Persistent current
of YBCO films have been manufactured using a pulsed lase?f the critical magnitude has been obtained when an increas-
deposition method at McMaster University, National Re-ing applied magnetic field produced a saturation of the cur-
search Council in Ottawa, and IBM TJ Watson Researchient’s self-field. This procedure allowed us to measure the
Center. The rest of the YBCO films have been produced wittlependence of the critical current on temperature and the
a rf and dc magnetron sputter-deposition method at the Unitime decay of the current from its critical value. Details of
versity of Alberta and Westinghouse STC. Tl- and Bi-basedhis technique have been reported in Refs. 22 and 23. The
thin films have been deposited with a pulsed laser ablatiomeasurements have been performed over a temperature
method, followed by post-annealing, except magnetronfange between 10 K anfl.. An external magnetic field up
sputtered underdoped TIBCQ201) film. These films came to 1 kG was sufficient to generate critical currents over this
from CTF Systems, STI at Santa Barbara, and SUNY atemperature range in all samples. Two samypée® Table)
Buffalo. have been studied as a disk-shaped ones of 8.5 mm in diam-
The measurements have been performed mostly on ringter. In this case the critical current has been determined
shaped sample®f inner and outer diameters of 5.0 and 8.5 from the computer simulation of the axial profilen the
mm, respectivelywith the ¢ axis of the film directed along direction perpendicular to the disk planef the remnant
the ring’s axis. The magnetic flux was introduced into themagnetization at the saturation level. The profile and the
hole of the ring(which has been cooled beloW, in a zero  critical current were calculated from the Biot-Savart equa-
field) by applying an external magnetic field, using a copperdions by filling the disk with a large number of concentric
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TABLE I. Composition, superconductiong transition temperafliye thickness, critical current density
J., deposition method, and substrate ufed0) orientatiorj of high-T thin films that have been investi-
gated during the course of these studies. PA denotes post-annealing. Sample YBCO No. 1A is YBCO No. 1B
after irradiation with high-energg¢l.4 Ge\j uranium ions to obtain a matching fieRl, of 0.5 T.

Thickness  J. (Alcm?) Deposition

Sample CompositionT, (K)  (nm) (10K) (77 K) method Substrate
YBCO No. 1A (123 87 200 1.X10° 1.5x10°  rf magnetron SITiQ
YBCO No. 1B (123 89 200 1.x10° 1.1x10°  rf magnetron SrTiQ
YBCO No. 2 (123 87 280 6.5x1C° 2.4x10°  rf magnetron SrTiQ
YBCO No. 3 (123 90 500 1.x10° 1.5x10°  dc magnetron LaAlQ
YBCO No. 4 (123 91 200  1.&10" 1.7x10° Laser ablation LaAlQ
YBCO No. 5 (123 87 250 4.x10° 2.0x10° Laser ablation  Sapphire
YBCO No. 6 (123 87 120 2.%x10" 7.1x10° rf magnetron LaAIQ
YBCO No. 7 (123 90 300 1.5¢10" 1.7x1¢° Laser ablation LaAlQ
YBCO No. 8 (123 90 100 3.% 10" 2.8x10° Laser ablation SrTiQ
YBCO No. 9 (123 89 250 2.8 10° 2.6x10° Laser ablation  LaAl@
TBCCO No. 1 (2212 99 500 8.%10° 4.0x10* Laser ablatiorrPA LaAlO,
TBCCO No. 2 (2212 89 480  1.X10° 4.0x10° Laser ablatior PA LaAlO,
TBCCO No. 3 (2223 101 500 2.410° 2.4x10° Laser ablatiorrPA LaAlO,
TBCCO No. 4 (2212 104 650 8.410° 1.1x10° Laser ablatiorrPA  MgO
TBCCO No. 5 (2212 103 650 8.410° 9.5x10° Laser ablationrPA MgO
TBCO No. 1(disk) (2209 48 200 1.%x10¢° NA Magnetron SITiQ
BSCCO No. 1(disk) (2212 60 500 1.6<10° NA Laser ablatior-PA LaAlO;

current loops. The time decay of a persistent current from therder to reflect an increasing contributionlgf (at 10 K) to
critical value has been measured over a time interval of 10the total current flowing in the sample. Figure&)3 3(d),
30000 s(see Fig. 2 Shas been determined using the data3(f), 4(b), 4(d), 4(f), 5(b), 5(d), and 5f) show the corre-

for times between 100 and 10000 s, which is similar to thesponding temperature dependence of the normalized loga-
time window applied in Refs. 12, 15, and 18. In this time rithmic relaxation rateS(T). A low-temperature maximum
range, a magnetic relaxation is close to logarithmic as a funcn S(T) develops at temperatures of about 25-30 K, when
tion of time for all temperatures of the measurement. YBCGhe ratiol 5, (10 K)/I o5 (10 K) exceeds 0.5. The height of
film Nos. 1 and 7 have been. irradiated at ATLAS with a hlghthe peak increases with an increasing ragpllAB . Figure 6
dose of uranium and lead ions of energy 1.4 GeV, respegyresents the dependence of the heiyBtof the maximum in
tively. The ions produced columnar tracks along thaxis
that were able to trap a magnetic field of 0.5 T.

Ill. EXPERIMENTAL RESULTS

Figures 3, 4, and 5 present experimental data for the tem-
perature dependence of the critical currksfil) and that of

the normalized logarithmic relaxation re8€T), measured in

YBCO thin films. I (T) has been plotted ad {%° versus
temperature in order to identify componentsIyfT) that
have a GL-like temperature dependence, ilg(;T)o (T,

—T)%2 These components are represented by straight
dashed lines in thel{)?® vs temperature graphs. In fact,
[1.(T)]?3is a superposition of two components: an under-
doped GL-like component df. between 40 and 60 K and an
AB-like one that is close to an optimum doping.

Solid lines in Figs. &), 3(c), 3(e), 4(a), 4(c), 4(e), 5(a),
5(c), and He) present a theoretical fit to the experimental
data forl(T). The fit represents a superposition of a GL-
like 1(T)<(T,—T)%? and an AB-like one obtained from
Clem’s model with a coupling constaag as the only fitting

90

S(T) [i.e.,AS=S(peak)-S (10 K)]onlg /I o5 at 10 K. The
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paraimeter. At a temperature of 10 K, the raiio of the current  FiG. 2. Time decay of the persistent curréitawing in a ring of
flowing through GL-like phasgg, to that passing through an YBCO 7) from the critical value for temperatures between 10 and

AB-like onel g is sample dependent. Therefore, Fig&)3
3(c), 3(e), 4(a), 4(c), 4(e), 5(a), 5(c), and Fe) are aligned in

85 K. The normalized logarithmic relaxation rédas been calcu-
lated for a time range between 100 and 10000 s.
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FIG. 3. The dependence of the critical current on the normalized F|G. 4. The dependence of the critical current on the normalized
temperaturgplotted as[14(T)/1,(10K)]¥® vs T/T, in the figures temperaturdplotted as{I(T)/I (10 K)]#® vs T/ T, in the figures
on the left,(a), (c), and(e)] compared with the dependence of the g the left(a), (c) and (e)] compared with the dependence of the
relaxation rateS on temperature in the figures on the right), (d),  relaxation rateS on temperature in the figures on the righy, (d),
and(f), for YBCO ring-shaped films 1A, 1B, and 2. (@), (c), and and(f), for YBCO ring-shaped films 3, 4, and 5. (8), (c), and(e)
(e) the open circles mark the experimental datal{¢). The solid  he open circles mark the experimental data IigiT). The solid
line represents theoretical fit to the experimental data: they are thge represents theoretical fit to the experimental data: they are the
superposition of the GL-like dependenashed lingat low tem- g perposition of the GL-like dependen@ashed ling at low tem-
perature and the AB-like dependenp@lem’s model(solid tri-  perature and the AB-like dependenf@lem’s model (solid tri-
angles with the coupling constant, =100 for (a), (c), and(€)]. I angleg] with the coupling constant,= 0.1 for (a) ande= 100 for
(b), (d), and(f) the open circles mark the experimental data with the ¢) and (e).] (@, (c), and(e) are aligned in order to reflect an in-
solid line as the guide for the eyea), (c), and(e) are aligned i ¢reasing contributiorthigher than that for samples 1A, 1B, angl 2
order to reflect an increasing contribution of the GL-like componentyf the GL-like component to the total critical current. (o), (d),
to the total critical current. and (f) the open circles mark the experimental data with the solid

line as the guide for the eye.

rate of an increase &S with | 5 /I g depends on the mag-

nitude of T, of an underdoped GL-like compondisee Figs. Ponents of differenfl; [see Figs. &), 8(c), 8(d) and 9a),

3(a), 3(c), 3(e), 4a), 4(c), 4(e), 5(a), 5(c), and ge)]. In fact,  9(c), Ad)]. Two AB-like contributions tol ;(T) suggest the
AS appears to be h|gher for Samp|es whose GL-like Compopresence of two different phases of TI-Ba-Ca-Cu-O in the
nents have the highedt, of about 50-60 K. Figures(a), samples with the superconducting transition temperatures of
7(c), 7(e) and 7b), 7(d), 7(f) show (|C)2/3 versusT/T, andS 92.5 and 102 K for TBCCO No.4 and 87.5 and 102 K for
versusT/T., respectively, for underdoped TI-Ba-Ca-Cu-O TBCCO No. 5. Phases of lowdr; of 92.5 and 87.5 K have
thin films of 2212 and 2223 compositions. The temperaturd€en identified as those of a different composition, namely,
dependence of the critical current in these films is dominated-1212. Figure 10 presents the data for underdoped TI-2201
by a Ginzburg-Landau-like behavior. The underdoped GLand Bi-2212 thin filmsl (T) of these samples is character-
components have superconducting transition temperaturéged by a GL-like temperature dependence at low tempera-
close toT, of the films, i.e., of the order of (0.75-0.9).  tures andS(T) exhibits peaks at 0% and 0.63 for Tl-

The temperature dependence of the relaxation ateFig. ~ and Bi-based films, respectively.

7(b), 7(d), and 7f) reveals thatS increases gradually with
temperature, reaching a maximum closeTto For Tl-2212
close to an optimum dopin@(T) exhibits two maxima, one
at low temperatures about @2 and the other of much The experimental results, presented above, imply that the
higher magnitude close t@. at (0.75-0.80) [see Figs. temperature dependence of the normalized logarithmic relax-
8(b) and 9b)]. The corresponding temperature dependencation rateS is governed by the phase separation in #hie

of I§’3 shows the presence of three components: an undeplanes of hight, thin films. For YBCO films we discovered
doped GL-like one off ,.=40-45K and two AB-like com- a correlation between a low-temperature maximuns(ii)

IV. DISCUSSION
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FIG. 5. The dependence of the critical current on the normallzecbeak inS(T) which has been measured in YBCO thin films, ap-

temperaturéplotted as[|(T)/1(10K)]** vs T/T in the figures  proximately with respect & at 10 K, on the ratio of the critical
on the left,(a), (c), and(e)] compared with the dependence of the cyrrent flowing through a GL-like underdoped phase at 10 K to the
relaxation rateS on temperature in the figures on the right), (d),  corresponding one flowing through an AB-like phase. The rate of
and(f), for YBCO ring-shaped films 6, 7, and 8. (8), (c), and(€)  the increase in the peak’s height witg (10 K)/I x5(10 K) depends
the open circles mark the experimental data iffT): they are  on T_ of the GL-like phase. Higher rates are observedTipover a

the superposition of the GL-like dependerfciashed lingat low  yange between 55 and 60 (<olid triangles and the lower ones for
temperature and the AB-like dependefi@em’s model(solid tri- T, between 40 and 45 Kcircles.

angles with the coupling constant,= 100 for(a), (c), and(e)]. (a),

(c), and(e) are aligned in order to reflect an increasing contribution
of the GL-like componenthigher than that for samples 3, 4, and 5
to the total critical current. Iitb), (d), and(f) the open circles mark
the experimental data with the solid line as the guide for the eye.

like phase at 10 K to that flowing through a second phase of
higher T, exceeds a certain value.

The experimental results suggest that the phase separation
is responsible for the observed maximasfr). 1,(T) re-
and the amount of the critical current flowing at low tem- vealed that the current flows through two or three parallel
peratures through an underdoped YBCO phase. The tenichannels” (“filaments”) associated with the presence of
perature dependence of this critical current is a GL-like onetwo or three different superconducting phases. In YBCO
The maximum ofS(T) is located at temperatures corre- films, there are two channels of the current flpsee the
sponding to a temperature range at which the underdopediscussion ofl(T) in the Introduction. The first one could
YBCO phase existgFigs. 3—5. A maximum in S(T) at be associated with an optimally doped AB-like phase, which
similar temperatures has also been observed in Bight-  forms continuous paths in tfeeb plane. The other channel is
2212 thin films that contain a underdoped phase of a GL-likelominated by an underdoped GL-like phase, which forms
I (T) with T, of about 20 K seen in Figs. 8 and 9. In fact, the discontinuous paths or islands in theb planes of the films
same films exhibit a second maximum 8{T) at higher [see Fig. 1c)]. It is important to realize that the ratio of the
temperatures. The critical current in these films is carried bynagnitudes of the critical current at 10 K, which flows
three phases: therefore, this suggests that the second mastiwough a lowT; GL-like phase to that through a highs
mum is associated with a phase of higier, namely, TI- AB-like one, is sample dependent. This ratio can be zero
1212. Thel(T) of underdoped TI-2212, TI-2223, TI-2201, [pure AB-like case, solid triangles in Fig(d)] or infinity
and Bi-2212 films(Figs. 7 and 1pis dominated at low tem- [pure GL-like case, dashed line in Figldl]. However, this
peratures by a GL-like temperature dependence $(¥) is a mixture of both phases, which is responsible for the
reveals a broad maximum. CloseTp, I.(T) deviates from changes in vortex dynami¢see Figs. (c) and Xe)]. In fact,
a GL-like temperature dependence. This implies the presendBéere is an infinite number of possibilities for the ratio of
of a second phase which contributes to the critical currentS™/12° at 10 K. This agrees with the filamentary picture of
flowing in the sample. Using the same arguments that havbigh-T. superconductors on a nanoscopic level, in which the
been applied to YBCO thin films, a two-phase supercon-amount of an underdoped phase andTitsaffect the relax-
ductor should exhibit a single maximum 8{T), if the ratio  ation of the persistent current.
of the critical current flowing through an underdoped GL- The presence of a low-temperature maximun${ii) of
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g 0'2 ‘o Z’Zﬁ 4. In (a) the open circles mark the experimental datal{gi). The
= 00 © e, L 0 solid line represents theoretical fit to the experimental data: they

00 02 o.|4 06 o.ls 10 00 02 04 06 08 Lo 0 are the superposition of three different contribution$d@’). Two

of these contributions, which are associated with the presence of the

1212 phase, are shown i). They are an underdoped GL-like
FIG. 7. The dependence of the critical current on the normalize§oMPonentdashed lingand an AB-like componeriClem’s model

temperaturdplotted as[I(T)/1 (10 K)]?3 vs T/T in the figures (solid t_rlangle$ with a coupling constant,=100]. Note that_two

on the lefi compared with the dependence of the relaxation gate P€aks inS(T) are related to these two components. The third con-

on temperature in the figures on the right for underdoped TIBCcd'ibution is due to the 2212 phase Bf=102 K, which exhibits an

films 1, 2 (2212 phase and 3 (2223 phase Note thatl (T) is AB-like behawor[_CIem’s model(solid triangle$ with a coupling

dominated by an underdoped GL-like component at low temperaSOnstantso=100] in (d).

ture. A tail close toT. implies the presence of an unidentified

second componeriphasg. way as for irradiated samplethat Sincreases with tempera-

ture gradually, starting from low temperatufdue to a
irradiated Samples with columnar deféétklas been inter- gradua| reduction dﬂo W|th an increasing temperan)rand
preted as a competition between two types of vortex dynamreaches a high value closeTo. We expect similar behavior

ics. In the collective pinning theofthe relaxation ratS§is  of S(T) for both phases: an underdoped GL-like one and

T, 7T,

given by an AB-like one close to optimum doping. Therefore, in
YBCO films an increase 0% with temperature at low tem-
B kT peratures is dominated by an underdoped phase. The rise of
S= Uo(T)+ ukTIn(t/ty)’ S(T) continues until the temperature is closeTip of this

phase S(T) reaches a maximum and then descends due to a
where ty is the logarithmic time scale that depends on areduction in the order parameter of the underdoped GL-like
sample sizel, is the unperturbed pinning potential, apd  phase. According to Cleret al?! in the Ginzburg-Landau
is the exponent in the power law dependence of the energyegime of the critical current close T., one should expect
barrier on the current density. Starting from low tempera-current-induced gap suppression. Therefore, in the GL-like
turesUy is large, but decreases with an increasing temperadnderdoped phase close to ifs, the order parameter is
ture, leading to an increase 8fvith temperaturé®?’A peak  reduced in the presence of the supercurrent, and subse-
in S(T) forms as a result of a crossover to a different vortexquently it disappears abovie.. At temperatures abovE, of
pinning regime. The exponent depends on the vortex dy- the underdoped phase, the superconductor is a mixture of a
namics at a certain temperature, magnetic field, and criticahormal phase and a superconducting one wHQ$€) is
current density. Ifu changes from a small valug.g., u characterized by an AB-like behavior. The experimental re-
=1/3 for a variable-range vortex hoppingt low tempera- sults show that the mechanism of vortex-dynamics-induced
ture to a larger onde.g., w=3/2 for a collective creep of dissipation of the current depends on the amount of the GL-
small flux bundles at higher temperature$ will decrease like underdoped phase and ifg, which is sample depen-
with an increasing temperature and a maximum appears ident. Preliminary measurements of the magnetic penetration
S(T). depth in thea-b planes YBCO thin film& revealed that the

We applied an idea of a crossover between two differentow-temperature part of the temperature dependence of the
regimes of vortex dynamics in order to interpret the data forsuperfluid densityng(T) is affected by the ratio of the
unirradiated YBCO thin films that contain an underdopedamount of an underdoped phase in a supercond{isfithn a
phase ofT; between 40 and 60 K. We assurtie the same  GL-like 1.(T)] to that of an optimally doped onfgwith an
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governed by the nanoscopic phase separation and not by the
pinning potential. In fact, this is the nanoscopic phase sepa-
ration, which is responsible for the spatial variation of the
order parameter in a superconducfesee Fig. 1c)] and,
therefore, for the spatial changes in the pinning potential.

There are intriguing similarities between the relaxation
effects observed in unirradiated samples and those seen in
irradiated YBCO crystalt* S(T) at 36 K and 0.5 T for
YBCO crystals (irradiated to a dose corresponding to a
matching field of 2.4 Tapproaches a value of about 0.11 as
one would expect for variable-range vortex hopping. How-
ever, similar rates of 0.12 at 40 K and 0.14 at 23 K were also
found in wunirradiated YBCO and BSCCO crystals,
respectively>! This was done during the measurements of
remnant magnetization after a field cooling in 500 G, which
was applied in a direction parallel to tleeaxis. In unirradi-

FIG. 9. The dependence of the critical current on the normalizedated YBCO thin filmg(Figs. 3-5, T. of an underdoped GL-

temperaturdplotted as[I.(T)/I.(10K)]?® vs T/T, in (a) on the
left] compared with the dependence of the relaxation Gten

like phase is correlated with a reduction $fon the high-
temperature part of the peak as the temperature is increased.
temperature irfb) on the right for TIBCCQ(22132) ring-shaped film  On the other hand, the data for irradiated YBCO in Fig. 1 of
5. In (a) the open circles mark the experimental datal{¢T). The  Ref. 14, which are plotted as Idgversus temperature, sug-
solid line represents theoretical fit to the experimental data: theyest that the crossover i{T) is associated with the peak in

are the superposition of three different contribution$ {a@’). Two S(T). In order to compare these results with ours shown in
of these contributions, Whiph are associated with the presence. of ”‘leig. 3-5, we replotted the data of Ref. 14 usin@zﬁ versus

1212 phase, are shown ii). They are an underdop(?d GL-like temperature scalsee Fig. 11a)]. This diagram reveals that
componentdashed lingand an AB-like componeriClem's model 0 o osq0ver i(T) occurs on the high-temperature side of

(solid triangle$ with a coupling constané,=100]. Note that two . . . . .
peaks inS(T) are related to these two components. The third con—the peak inS(T) [see Fig. 1lb)] as found in unirradiated

tribution is due to the 2212 phase Bf= 102 K, which exhibits an YBCO_ films. The IOWT°:43 K'I and h;]ghTC::O K Cgmpo' .
AB-like behavior[Clem’s model(solid triangle$ with a coupling nen,ts inJ(T) at 0'5, T fire S'm' ar to those observed in u,mr'
constants,=100] in (d). radiated YBCO thin films(Figs. 3—5. They are shown in

AB-like 1.(T)]. Since the penetration dept{T) andng(T)

do not depend on the energy barrier against motion of th
magnetic flux, this experiment is an important confirmation’.
that the temperature dependence of the critical current i

FIG. 10. The dependence of the critical current on the normal
ized temperaturgplotted a1 ;(T)/1.(10 K)]¥3 vs T/T, in the fig-

0.0 1 I 1 A Il I 1 I i 0
0.0 02 04 06 08 10 0002 04 06 08 1.0

T,

T,

Fig. 11(c) as a dashed line for an underdoped GL-like com-
ponent and as solid triangles for an optimally doped AB-like
omponent. The superposition of these two gives a solid
ine: a theoretical fit to the experimental datapen
ircles. The ratio of a GL-like current to an AB-like one at
0 K is about 7. The highest ratio at 10 K observed in YBCO
thin films in the present experiments is about 1.5, a factor of

~ ;,2, L racosr | o ] zz; 4-5 less than in an irradiated YBCO crystal at 0.5 T.
. gl U i 1004 Figure 12 showsl (T) and S(T) for irradiated YBCO
g 06k . i loo3 film Nos. 1 and 7 in comparison with those for unirradiated
S o4) e L & Y films. An irradiation of YBCO No. 1 with 1.4 GeV uranium
E 0200 e 1t @ 1001 ions (to a dose corresponding to a matching field of 0)5 T

.0 e U increases the amount of an optimally doped AB-like phase

0o 0z 04 T/;w b8 100002 0';/;'6 oa 1o by about 5% Fig. 12b)]. On the other hand, an irradiation
¢ ¢ of YBCO No. 7 with 1.4 GeV lead ions to the same dose

jz T psccoen S 01 increases the amount of an AB-like phase by about 17%
S osl i FC o0k r 10.08 [Fig. 12c)]. An increase of the amount of the AB-like phase
S o5l . r 1006 is the only systematic effect of the heavy-ion irradiation. An
S o4l 1004 increase of the amount of the Josephson-like phase has been
E 02k, ¢ o 1002 also observed by Mezzetit al?® in YBCO thin films irra-

°%00

diated with 0.25 GeV gold ions. They observed an extension
of a plateau seen on thkeversus lod graph to higher fields

in irradiated samples. The plateau in the high-current regime
has been attributed to the presence of an array of Josephson

junctions. Both results imply that irradiation with high-

ures on the left compared to the temperature dependence of th&N€rgy heavy ions changes the separation of phases in a su-
relaxation rateSin the figures on the right for underdoped TIBCCO ngrconductor, e, gecregses the ratio of the .cr|t|cal currents
(2201 and BISCCO(2212 disk-shaped films. Note that(T) is  |¢~ (underdoped)/® (optimally doped at 10 K in compari-
dominated by an underdoped GL-like component at low temperason to that observed in the same sample before irradiation.
tures. A tail close toT, implies the presence of an unidentified These results show that vortex dynamics is governed by this
second componeriphase. ratio and not by the columnar defects alone.
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FIG. 12. (a) and(d) J.(T) for unirradiated films of YBCO No.
1B and YBCO No. 7.(b) and (e) J.(T) for irradiated films of
YBCO No. 1A (with a 1.4 GeV uraniumand YBCO No. 7(with a
1.4 GeV leaflto a dose corresponding to a matching field of 0.5 T.
Solid triangles: the AB-like components of unirradiated samples
taken from(a) and(d). Comparison of the AB-like components for
irradiated and unirradiated samples suggests an irradiation-induced
phase separatiofic) and (f) Corresponding data fd8(T) for unir-
radiated and irradiated YBCO films. Measuremeni ot 10 K for
irradiated YBCO No. 1A revealed an increase of the current density
by about 20% but a reduction by about 6% for irradiated YBCO
No. 7 in comparison td. of unirradiated samples.

100

0.5T

[HDIKY

] an optimally doped AB-like phasesolid triangle$ into the
- YBCO crystals. In a magnetic field of 0.5 T, the ratio of the
. , .. (9 currentsJ (underdoped GL-like withT.=43K) to J (opti-
0 1000 e S0 50 70 80 90 oo mally doped AB-like withT,=90K) at 10 K is approxi-
Temperature (K) mately 7. According to Fig. 6, this means the rglaxatlon rate
S could reach a value of 0.08-0.09, which is 5-6 times
higher than the highest rates found by us in YBCO films.
in 1.4 GeV gold-irradiated YBCO single crystal to a dose corre- W& would like to point out that our studies indicate that
sponding to a matching field of 2.4 [from Thompsoret al. (Ref.  the fast relaxation effects can be observed in multiphase su-
14)] replotted as)?3 versus temperature. The arrows indicate crosserconductors. A proper ratio of at least two phases is re-
over temperatures id(T), which correspond to a decreaseSin quired in order to stimulate formation of a magnetic relax-
the peak as the temperature is increaSkda obtained by courtesy ation peak. In a single phase system, either an underdoped
of J. R. Thompson (c) The theoretical fitsolid line) to the experi- one or an optimally doped one, these effects have not been
mental data(open circles for J(T) at 0.5 T. The solid line is a observed.
superposition of two components #¢T): an AB-like one[solid In fact, the measurements d§(T) and S(T) is a good
triangles Clem’s mode(Ref. 2)] and a GL-like ongdashed ling  test of a sample’s homogeneity. Extensive high-precision
x-ray diffraction studies performed by the Naval Research
Regarding the magnetic relaxation effects in irradiated-aboratory*~>* on YBCO single crystals have shown that
YBCO single crystalgsee Fig. 1}, the authors of Ref. 14 the sharpness of the supercqnductlng transition alone is not a
have not measured the temperature dependendeantl its ~ 900d indicator of homogeneity of a superconductor.
time decay in the same sample before irradiation with heavy
ions. However, the data by Abulafiet al2® for J,(T) in
unirradiated YBCO crystals have revealed thgtT) has a
pure GL-like temperature dependence witk= 0 at about 80 The results of this research imply that vortex dynamics
K. Figure 11c) therefore implies that irradiation introduces (vortex-phase diagramsould be affected by the nanoscopic

TR Y Y vy 4 ,"\‘

C,
LA5-
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\

0.2r

FIG. 11. The data fod(T) [in (a)] andS(T) [in (b)] measured

V. CONCLUSIONS
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filamentary phase separation of underdoped and optimallg low-temperature peak was found to decrease and that at a
doped phases. In YBCO thin films the magnitude of the reigher temperaturéclose toT.) to increase with increasing
laxation rateS at low temperature depends on the relativeangle 6. According to our argument, these two peaks could
quantity of underdoped and optimally doped phasea-m  be caused by the presence of two underdoped phases in the
plane nanostructures, as shown schematically in Fig. 1 sample. For a longitudinal magnetization a decrease in the
These nanostructures from a “disordered chessboard” whickhagnitude of the low-temperature peak with increasihg
can be arranged with an infinite number of possibilities. Oursuggests phase separation in #ib planes. An increase in
results have shown that the low-temperature peal(if)  the magnitude of the high-temperature peak wtton the
develops when the amount of an underdoped phase in théther hand, could imply the presence of phase separation
nanostructures increases at the cost of an optimally dOp%ong thec axis of the CrystaL with |ayer5 of an underdoped
one. The peak is a characteristic of a superconductor whichhase sandwiched between the layers of an optimally doped
consists of mixed phases, and it does not appear in samplege.

that contain a single optimally doped or an underdoped Thijs work supports ideas of filamentary fragmentatfon

phase. and a fractal dissipative regirffein high-T, superconduct-
Researchers often assume that their sam(giegle crys- grs.

tals or thin filmg are homogeneous, neglecting the fact that
the superconducting order parameter could vary over nano-
scopic distances equal to the Ginzburg-Landau coherence
length. Nanostructures like those shown in Fi¢c) govern
the pinning of magnetic vortices, due to the spatial variation We are grateful to Dr. M. Denhoff, Dr. A. Fife, Dr. R.
of the order parameter. Hughes, Dr. J. Preston, Dr. J. Z. Sun, Dr. J. Talvacchio, and
As mentioned in the Introduction, two peaks $(T) of  Dr. B. Willemsen for supplying us with higfii; thin films.
remnant magnetization for unirradiated BiSCCQ@212  This work was supported by a grant from the Natural Sci-
crystals were investigated by Tuomine al® using the ences and Engineering Council of Canada. The work at
measurements of longitudinal and transverse components &UNY-Buffalo was sponsored by the DOE Division of Ma-
magnetic moment for different orientation angl®f an ap-  terials Sciences, Office of Basic Energy Sciences, under
plied magnetic field with respect to tleeaxis. The height of Contract No. DEFG0298ER45719.

ACKNOWLEDGMENTS

* Author to whom correspondence should be addressed. Electronic Kirk, Phys. Rev. Lett65, 1164(1990.

address: jung@phys.ualberta.ca 13 R. Thompson, L. Krusin-Elbaum, L. Civale, G. Blatter, and C.
TPermanent address: School of Science and Engineering, Alakha- Feild, Phys. Rev. Let{78, 3181(1997.

wayn University, Ifrane 5300, Morocco. 15, Krusin-Elbaum, L. Civale, J. R. Thompson, and C. Feild, Phys.
*Permanent address: Department of Physics, Boston College, Rev. B53, 11 744(1996.

Chestnut Hill, MA 02467. 18, Civale, G. Pasquini, P. Levy, G. Nieva, D. Casa, and H. Lanza,
IM. Tuominen, A. M. Goldman, Y. C. Chang, and P. Z. Jiang, Physica C263 389(1996.

Phys. Rev. B42, 8740(1990. 7. Civale, L. Krusin-Elbaum, J. R. Thompson, R. Wheeler, A. D.
2M. Tuominen, Ph.D. thesis, University of Minnesota, 1990. Marwick, M. A. Kirk, Y. R. Sun, F. Holtzberg, and C. Feild,
3M. Tuominen, A. M. Goldman, and M. L. Mecartney, Physica C Phys. Rev. B50, 4102(1994).

153-155 324 (1988. 18, Krusin-Elbaum, G. Blatter, J. R. Thompson, D. K. Petrov, R.
4C. Keller, H. Kipfer, R. Meier-Hirmer, U. Wiech, V. Selvaman- Wheeler, J. Ullmann, and C. W. Chu, Phys. Rev. L&1t.3948

ickam, and K. Salama, Cryogeni8§, 410 (1990. (1998.

5P. J. Kung, M. P. Maley, M. E. McHenry, J. O. Willis, J. Y. °C. W. Hagen and R. Griessen, Phys. Rev. L&2.2857(1989.
Coulter, M. Murakami, and S. Tanaka, Phys. Rev4® 6427 205, Etheridge, Philos. Mag. &3, 643(1996.

(1992. 213. R. Clem, B. Bumble, S. I. Raider, W. J. Gallagher, and Y. C.
6C. Rossel and P. Chaudhari, Physicd §3-155 306 (1988. Shih, Phys. Rev. B5, 6637(1987.
’S. W. Goodyear, J. S. Satchell, R. G. Humphreys, N. G. Chew??H. Darhmaoui and J. Jung, Phys. Rev58 14 621(1996.
and J. A. Edwards, Physica 192, 85 (1992. 234, Darhmaoui and J. Jung, Phys. Rev5R 8009(1998.
8M. Tuominen, A. M. Goldman, and M. L. Mecartney, Phys. Rev. 24E _C. Jones, D. K. Christen, J. R. Thompson, R. Feenstra, S. Zhu,
B 37, 548(1988. D. H. Lowndes, J. M. Phillips, M. P. Siegal, and J. D. Budai,
9C. Mee, A. I. M. Raie, W. F. Vinen, and C. E. Gough, Phys. Rev.  Phys. Rev. B47, 8986(1993.
B 43, 2946(1997). 25y, Z. Kresin (private communication
10, M. Paulius, C. C. Almasan, and M. B. Maple, Phys. Re¥B  25G. Blatter, M. V. Feigelman, V. B. Geshkenbein, A. I. Larkin,
11 627(1993. and V. M. Vinokur, Rev. Mod. Phys6, 1125(1994).
1D, A. Brawner, N. P. Ong, and Z. Z. Wang, Phys. Rev4B  27J. R. Thompsorprivate communication
1156 (1993. 283. Jung, H. Yan, B. Boyce, J. Skinta, and T. Lembeigepub-

123 R. Thompson, Y. R. Sun, L. Civale, A. P. Malozemoff, M. W. lished.
McElfresh, A. D. Marwick, and F. Holtzberg, Phys. Rev4B, 29E. Mezzetti, E. Crescio, R. Gerbaldo, G. Ghige, L. Gozzelino, B.

14 440(1993. Minetti, C. Camerlingo, A. Monaco, G. Cuttone, and A. Rovelli,
13| civale, A. D. Marwick, M. W. McElfresh, T. K. Worthington, Phys. Rev. B60, 7623(1999.

A. P. Malozemoff, F. Holtzberg, J. R. Thompson, and M. A. 3°Y. Abulafia, A. Shaulov, Y. Wolfus, R. Prozorov, L. Burlachkov,



PRB 61 FAST VORTEX MOTION AND FILAMENTARY PHASE . .. 11721

Y. Yeshurun, D. Majer, E. Zeldov, and V. M. Vinokur, Phys. 33E. F. Skelton, S. B. Quadri, M. S. Osofsky, A. R. Drews, P. R.

Rev. Lett.75, 2404(1995. Broussard, J. Z. Hu, L. W. Finger, T. A. Vanderah, D. Kaiser, J.
31y, M. Browning, E. F. Skelton, M. S. Osofsky, S. B. Quadri, J. Z. L. Peng, S. M. Anlage, R. L. Greene, and J. Giapintzakis, Proc.
Hu, L. W. Finger, and P. Caubet, Phys. ReVvo® 2860(1997). SPIE2516 160(1995.

825, B. Quadri, M. S. Osofsky, V. M. Browning, and E. F. Skelton, **J. C. Phillips, Proc. SPIB481, 87 (1998.
Appl. Phys. Lett.68, 2729(1996. 35M. Prester, Phys. Rev. B0, 3100(1999, and references therein.



