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Magnetotransport and flux pinning characteristics in RBa,Cu3;0,_ 5 (R=Gd,Eu,Nd)
and (Gd,3Euy3Ndy;3) Ba,Cusz0,_ 5 high-T superconducting thin films on SrTiO3(100)
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High-quality mono rare earth RBaCuO; 5 (R=Gd,EuNd and mixed rare earth
(GdysEuy3Nd;5) Ba,Cus O, s (GEN123 films were prepared by off-axis laser deposition, and their transport
and flux pinning characteristics were experimentally studied. Enhanced flux pinning due to rare earth mixing
is evidenced by high transport critical current density) (and an upward shifted irreversibility line defined by
zero-resistance criterion. In contrast, the characteristic field, i.e. the accommodatiorHfield, (identified
from the field dependence of transpdgt, shows no increase due to rare earth mixing. It is foundkhat vs
T can be scaled by a negative exponential relation at a wide range of temperatures, and the field anisotropy of
H .. appears pronounced as the field direction varies fitio to Hll(a,b). According to the analysis on the
temperature dependenceXyf, it is suggested that the flux pinning mechanism in mixed rare earth samples is
dominated by stress-field centers which may be induced by dislocations and enhanced by lattice mismatch in
GEN123 films. Finally, the fluctuation of vortex phases is discussed with respect to correlated and uncorrelated
structure disorders in epitaxial 123 thin films.
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[. INTRODUCTION is generally accepted that as-grown linear deféeither dis-
locations, dislocation lines, or the GB netwprkucleate at or
It is well known that the critical current density; in correlate with the growth islands separated by trenches, or
epitaxial high-temperature superconductiRBa,Cu;0;_s  their substructures. Aside from these linear defects, randomly
(R123) films is typically two orders of magnitude higher distributed pointlike disorders such as oxygen vacancies and
than in twinned single crystals and melt-textured bulks. Thestress-field centers, as discussed in this paper, are also appre-
origin and mechanism of flux pinning in epitaxRlL23 films  ciable pinning sources contributing to a high critical current
have been extensively studi&ef but still remain unclear. density?°
Initial research suggested several possible types of effective Flux pinning mechanisms are mainly classified into two
pinning source inR123 films, including low-angle grain types*? (i) 6T, due to the spatial fluctuation of the
boundaries, precipitates, twins, surface roughness, screw disinsburg-Landau coefficient associated with the transition
locations etc:?"® Recently, most attempts have been to estemperaturd ., and(ii) 8l induced by the spatial fluctuation
tablish a correlation between strong pinning roles with co-of the effective mass related to the charge carrier mean free
lumnar defects induced by irradiation, screw dislocationspath |. Griessenet al!? demonstrate that pinning in pure
corresponding to three-dimensional growth, and growth step¥123 thin films is mainly ofsl type, whereas Weet al®
on the surface associated with two-dimensional layer-byfound evidence 06T, in single domain(Y, Pr)123. Further-
layer growth®~® Dam et al® quantitatively mapped both the more, they demonstrated the existence of extra pinning cen-
edge and screw dislocations by a sequential etching techers in Gd-substituted Y123 thin filnfsUsing the general-
nigue, and indicated that these dislocations are the linedazed inversion scheme, they also developed a theoretical
defects that provide the strong pinning centers responsiblexpression ford.(T) and the pinning potentidl (T) with
for the high critical currents in thin films. However, Pan respect to the stress field in the substituted film.
et al’ argued that the screw and edge dislocations them- Pinning enhancement due to chemical substitution or ad-
selves can hardly be effective pinning centers as their chadition of second phases is frequently reported for melt-
acteristic transverse sizes are much greater than the cohdexturedR123 bulkst*~*" Although only few authors estab-
ence length. They proposed that the dislocation lihesthe lish the dominating pinning mechanism in such a
cores of dislocationsmay act as exceedingly strong one- complicated system, it is obvious that optimum composition
dimensional linear pinning centers as these cores, formefiuctuation is an effective method for improving the critical
during the film deposition and growth, resemble those ofcurrent density. Recently, Muralidhar and co-work&tédid
artificial defects introduced by irradiation with heavy ions of a series of works on the effect of mixed light rare earths in
high energy. Moreover, Fedotat al® noted that low-angle R123 melt-textured bulks. They achieved a high of 7
grain boundarie$GBs) between single-crystal blocks or so- X 10* Alcm? at the field of 4.5 T, and an extraordinary irre-
called growth islands separated by trenches are characteristiersibility field of 15 T at 77 K'® There has, however, been
structures for epitaxial films obtained by various depositionno effort to study the effect of rare earth mixing in thin film
technigues, and thus they stress that the GB network reprsystems. In the present work, we report high-quality mixed
senting a quasiperiodic chain of edge dislocations governgare earth 123 thin films where three isovalent light rare
the effective flux pinning. In spite of the above arguments, itearths, Gd, Eu, and Nd are incoroporated in equal atomic
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amounts. The constitue®123 has a similaif,, while the
lattice parameter differs to some extent. It is imaginable that
rare earth mixing will increase imperfection or composition
fluctuation but does not change very much. This differs
from the case of the partial substitution®fwith divalent Ca
which results in pronounced depressionTgf. Note that the
chemical route to modify flux pinning in thin films is inter-
esting not only for fundamental understanding but also for
practical applications, particularly for coated conductors
emerged with epitaxial film growth techniques. In the past
few years, people paid main attention to weak linking at
grain boundaries for the achievement of highin coated
conductors. However, it was recently found that theat
high fields is mainly limited by the properties of intragrains,
rather than of grain boundarié$Hence, it should be empha-
sized that improving the flux pinning is essentially signifi-
cant for highJ. and high field applications of coated con-
ductors. In the following sections, we will give experimental
details for the thin film growth, transport critical current den-

sity aﬁd |ts_f|e!d anﬂ temt)e_ratt_ure_detﬁendencesihano! thgnlg'gfdering superstructure occurring in tR&23 with aR ionic
cuss fiux pinning charactenstics in the rare earth mixe adius larger than ¥° By means of optimized conditions:

LS p(0,)~0.22 mbar, T,~780°C, and T,~310°C, we
achieved high quality GEN123 thin films with,=90.2 K
and 6T.~2 K as shown in Fig. 1. Note that the givay is
Il. EXPERIMENTAL DETAILS measured on unpatterned samples using an inductive setup.
A. Growth of GEN123 thin films Its value is determined by 90% increase in induced voltage at

Off-axis laser ablation technigifewas used to prepare a the warmm_g-up_ stage, which corresponds to the zero resis-
anceT (R=0) in transport measurement where percolation

series of mono and mixed rare earth 123-type superconducts - :

. L X , ffects usually make the transition width narrower. The

'_lr_]gr:grn f;?;'r:gr?ost:z:gsezrr;&nsgl(eRS%SéaléﬁmcgrSl\rlg'%r'_ above process conditions are also able to produce Gd123 and
y ; N . Eul23 of high quality T.=91 K andéT.~1.5 K), although

gets were prepared with the stoichiometric compounds sin

. . {\Id123 has a broadenedT. (~4-8K). All the present
tered and ground in three cycles from mixed powders o . . .
samples were prepared with the same processing conditions

R20;, _CaCQ,, and C.UO' T_he resultant targets, checked bymentioned above and have a similar thickness of around 50
x-ray diffraction and inductivdl . measurement, are of pure

123 phases comprising the nominal compositions:

(Gdy3E 5Ny /5) Ba;CusOy GdBaCwO;_s, o

NdBa,Cu;0;_ 5, and EuBaCu;0;_ ;. B. Grain orientation and surface morphology

A KrF excimer laser with a wavelength of 248 nm  The crystal structure was examined using a four-circle
(Lambda Physik LPX30bwas used at a fixed repetition of 5 diffractometer. Thec-axis orientation and in-plane texture
Hz and an energy density ef 3 J/cn? on the target surface. were identified for all the present films by observing the
Deposition temperaturesT() varying from 650 to 850°C, (001) peaks in¢-26 diffraction and full width at half maxi-
and an oxygen partial pressup€¢O,) in the range of 0.15— mum (FWHM) of four symmetric peaks in th€103) pole
0.30 mbar were used. Oxygen annealing was performed ifigure. Figure 2 shows a typica@26 pattern for a GEN123
situ with pure oxygen of 700 mbar at temperatures offilm and the referenced Gd123 film. Apart from substrate
300-400 °C for 30 min, followed by slowly cooling down to peaks, only00l) peaks from 123 phases completely overlap-
room temperature. The deposition rate reached 0.1-08ing between GEN123 and Gd123 reveals that rare earth
Alpulse, generally lower than that of on-axis geometry whichmixing does not give rise to extra phases or a deviation from
is typically around 1 A/pulse. The temperatures given above-axis orientation. The out-of-plane textures are as good as
and below are the heater temperatures, whereas the sampl&/HM~ 0.6° for the(005 rocking curve. Phi scanning of a
surface temperature, measured using a pyrometer, can be (3 peak gives FWHM:2°, indicating a good in-plane
to 50 °C higher depending on oxygen pressure. texture as well.

It is found that unlike mono rare eartR123 or Y123, Surface morphology and microstructure were observed
optimum growth of GEN123 is limited to a narrow range of using scanning electron microscoyEM, JEOL-640p and
p(0,) andTs. Moreover, the lower in-situ oxygenating tem- atomic force microscopyAFM, Digital Instruments Nano-
perature T,) (compared with Y12Bis favorable for the scope Il). As shown in Fig. 8), typical GEN123 films ap-
achievement of higiT. and smallsT,, implying a different  pear smooth and uniform in SEM images. Almost no drop-
orthorhombic-tetragonal phase transition temperature frontets or pinholes are evident. This can be attributed to the
Y123, which may be associated with the distinct oxygen-employment of the off-axis deposition technique which has

FIG. 1. Resistivity-temperature transitions for GEN123 and
R123 thin films. The top left inset shows an inductiVg measure-
ment on unpatterned GEN128) (for inductive voltage, and for
phase, both in arbitrary unjtsThe bottom right inset is an enlarge-
ment of the main plot.
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FIG. 2. Typical x-ray diffraction patterns for GEN123 and
Gd123 thin films. Thec-axis orientation is evidenced b§001)
reflectionst). The diffraction pattern of the polycrystalline
GEN123 target is also shown.

proven effective in eliminating droplets and improving the
homogeneity of compositiot?:?! In contrast, the films show
a regularly spaced array of growth islands under AFM obser- (b)
vation [see Fig. 8)]. These islands are partially separated
by trenches with depths of 5—-15 nm, and connected at the
base or merging with each other at a certain height. The
island density and average dimension are around 4Q.p&r

and 130 nm in diameter, respectively. To acquire more
defect-related information, the films were softly etched in an
iodine or bromine/ethanol solution for 5—30 min. Figufe)3
shows a typical image for both the etched GEN123RhaA3

films. It is characterized by two-dimensional nucleation and
terraced growth traces, while spiral growth appears in only a
few of the islands. Within the growth island, concentric
growth steps with large and flat areas of 100-150 nm are
frequently observed. The step heights vary between 1 and 5
nm (1—4 unit cellg. The step spacing is between 10-20 nm.

In general, there is no obvious difference in the above fea-
tures between GEN123 and purd23 films. This may be

due to the same processing conditions and thickness, and a

X: 500 nm/div
Z: 30.0 nm/div

()

similar growth mode insensitive to rare earth mixing. FIG. 3. (Color online (a) SEM images of GEN123 showing a
smooth and droplet-free surface morpholody) Growth island
C. Electrical transport measurements characteristics under AFM observatidis) AFM images for softly

s . etched GEN123 characterized by terraced growth with concentric
Resistivity and current-voltage curves at various temperaf-I

tures and magnetic fields were measured using a Quantun?'

Design PPMS. A standard four-contact method was used in a

bridge geometry patterned by photolithography. The zero re-

sistance point and critical current density were determined.0—3.7(see Fig. 1. Gd123 has the highest RRR and nar-
using an electrical field criterion of ZV/cm. In the present rowestsT.. For comparison, Gd123 was selected as the ref-
measurements, the field was applied perpendicular to the cuerence sample in the following study on GEN123. Figure 4
rent direction, and parallel to theaxis, except where stated shows a series of isothermilV curves. These were either
otherwise. Figure @) shows the resistance-temperaturemeasured with field variation at a fixed temperat{ifég.
(R-T) transitions in various magnetic fields. Zero-fi&dT  4(b)], or with temperature variation at a fixed applied field
transitions for typicaR123 and GEN123 films show a simi- [Fig. 4(c)], both of which are plotted in double logarithmic
lar residual resistivity ratid RRR=R(300 K)/R(95 K)] of  scale.
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FIG. 5. Irreversibility lines for GEN123 an&123 determined
10°] o2 2227 I by zero resistance. Sol)i/d lines are a fitHg, o< (1—T/T)”.
10"
S 0 than that 3~ 2) predicted by the melting theofy.Clearly,
éfa . GEN123 shows a higher exponent than p®R&23 films.
kel 107 Accordingly, IRL shifts to higher temperatures and fields, not
107 only for Hllc, but also forH|l(a,b) where intrinsic pinning is
10°) involved.
10°  10* 10° 10° 10"
Current (A) B. Critical current density
. o o oK ok 1 The improved irreversibility behavior implies the en-
1074 hancement of flux pinning and associatkd Indeed, it was
10* Y om 13 10 88K found that J; in the mixed rare earth films reaches
% qo°] B3kttt 3.7 MA/cn? at 77 K and in a self-field, approximately three
g . times higher than in the purR123 films including Y123.
2 107, Figure &a) shows the temperature dependencelofwith
107 GEN123 © and without applied field. Compared with the referenced
10° LA sy Gd123, GEN123 has an improvell at all temperatures,

10 10° 102 10°
Current (A)

being more enhanced at high temperatures. This implies that

the effect of rare earth mixing on flux pinning is more pro-
FIG. 4. Magnetotransport measurements for patterned GEN128ounced when the vortex state approaches the IRL where
thin films: (a) Resistance-temperature curves in various magneti¢thermally activated flux motion will take place. In addition,

fields. (b) Double logarithmic plots of voltage vs current at 77 K in
various magnetic fieldgc) Double logarithmic plots of voltage vs
current at 1 T for various temperatures.

Ill. RESULTS AND DISCUSSION
A. Irreversibility line

The irreversibility line(hereafter referred to as the IRis
one of the distinguished features of high-temperature super-
conductors. The IRL is far away froml»(T), the upper
critical field described by mean-field theory. It divides the
H-T plane into two major regions: below the IRL, a non-
equilibrium distribution of flux line owing to the pinning
effects, and above the IRL, an equilibrium state due to strong
flux motion?2 The irreversibility lines were determined
from theR-T measurements with the criterion of zero resis-
tance and are shown in Fig. 5. They represent the flux dy-
namic characteristic in the films, essentially displaying the
change from the regime dominated by flux pinning to one
dominated by thermally activated flux flow where dissipative
resistance appears. For each GEN123Rb23 film, the IRL
is well fitted with a power law oH;,, < a(1—T/T.)?. The
exponent 8 is 1.526 Hlic) and 1.450[Hli(a,b)] for

10

J (Non?)

10*

10°%

10°

C-0.

—n—GEN123 at 0T
—o—GEN123 at 1T
—o0—Gd123 at 0T
—o—Gd123 at 1T

~—n-n-g,
ooggpee

-

Ay
ety T
B

e,

Ry

K (@)

FIG. 6. ImprovedJ, of GEN123 in comparison with that of

GEN123, and 1.335HIIc) and 1.28 Hll(a,b)] for Gd123.  Gd123.(a) Temperature dependenceRfwith and without applied
These values are in agreement with the experimental resultilds. (b) Field dependence df, at temperatures of 5, 30, 50, 77,

of other authors g~ 1.33—1.50)'"?while remaining lower and 85 K.
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. ) ment at intermediate logi—log H plot between GEN123 and
FIG. 7. F'el_d dependence ok, on a log-log scalgFig. 6(b) Gd123. The field anisotropy di,.. is evidenced as well.
replotted. The inset shows the temperature dependence of the ac-

commodation fieldH .. determined by three different methods: by
the crossing of the low-field plateau with a power(ft) or with a  the intermediate field reginteby the intersection of the low-
logarithmic fit (B) at the intermediate fields, or by a criterion of field plateau and a logarithmic fit at the following kink to the
reduction inJ; such as 90%C). relation J.(H)/J.(0)= vy In(H,/H), where vy is a fitting
parametef;, or with a criterion of J. reduction such as
log J, drops linearly withT at the low-temperature region for Je(Hacd/Jc(0)=0.63-0.90>% In the case of ionirradiated
both GEN123 and Gd123, in agreement with the prediction123 single crystals, Krusin-Elbaurat al® defined H .
of the collective-pinning theor}:?*?®The temperature de- <Hg, whereH, is the so-called matching field, at which
pendence ofl; will be further analyzed in Sec. Il D. the densities of defects and vortices are equal. They deter-
Figure §b) shows the dependence &f on applied mag- minedH,. by the first method, i.e., by the intersection of
netic fields between 0 and 9 T at several temperatures, whidihe low-field plateau and subsequent power laiy(H)
also demonstrate the enhancementipfin GEN123. Note ~H™*. They also showed experimentally that this method
that off-axis deposited®123 thin films usually show a rela- corresponds to a criterion df;(Hqc0)/J(0)=0.63. In this
tively low transport\lc,19 typically 1 MA/cn?, in compari-  work, we employed a criterion af;(H,.0)/J:(0)=0.90, as
son with 2—3 MA/crd in ideal on-axis samples. A possible suggested by Mezzettit al* This simple method seems to
reason for this is the smooth morphology and homogenouge more reliable and reasonable for two reasons. First, the
composition leading to a decrease in defect density for offresultingH,.. is comparable with that of the second method,
axis samples. We assume that thevalues attainable for Wwhich is constructed according to a physical mechanism in-
both GEN123 and Gd123 could be higher in the case o¥olving the depinning of the ensemble of vortices pinned at
on-axis deposition. edge dislocations in the growth island network which is a
characteristic for our films. Second, thk,.. obtained from
the first method is dependent on the slope of power law at
intermediate fields, rather than the logarithmic behavior
To see further features of the field dependencéd.ofthe  which gives ideal fitting in the region of the kink. From the
curves of Fig. @b) are replotted in Fig. 7 on a log-log scale. inset of Fig. 7, it is clearly seen that the first method results
The field unit is hereinafter changed into Gauss for the conin an unreasonably largd ..., especially at low tempera-
venience to addressing low field characteristics. It is apparertires.
that the field dependence df is divided into two or three Figure 8 shows the anisotropy Hif,.. with respect to the
regimes. In the low field regimd, is nearly independent of direction of applied fieldsH,.. for Hllc is quite low, but
the applied field indicated by a plateau. In the intermediatg@ronouncedly large foHIl(a,b) when intrinsic flux pinning
regime,J.; decreases by a power law, and then drops sharplgccurs. Such a strong field anisotropy Hf.. in GEN123
at high fields. The third regime is either evident or not de-films apparently differs from that in melt-textured Y123
pending on the proximity of the IRL to the experimental bulks where theH,.. anisotropy is very weak or even
temperatures and fields. A characteristic field is establishedegligible?” Recalling the well known fish-tail effect that is
from the crossover at the first kink df(H) as described in frequently reported in melt-textureB123 and rare earth
numerous oxide superconductors with correlated disordemnixed 123 bulks?*® but never found in thin films, we sup-
such as columnar defects introduced by heavy iorpose that there exists an essential difference in the flux pin-
irradiation®® In the theoreticalH-T phase diagram, this ning mechanism between thin films and bulk materials. This
characteristic field is termed the accommodation fi€ld is a complex topic, beyond the scope of this paper.
Hacc, marking the crossover from strong individual pinning  The temperature dependencettf.. is shown in Fig. 9.
to weak collective pinning. It has also been called the “in-H .. decreases exponentially with increasing temperdiire
teraction field,” below which vortex-vortex interactions are least up to 77 K rather than linearly as concluded in Ref. 5.
negligible andJ; is expected to be field independénEx-  Also, no effects of deleterious thermal depinning reduce
perimentally, one may determirté, .. in three ways: by the H,.. to zero at T=40K as reported for irradiated
intersection of the low-field plateau and a power law fit tosamples:?®

C. Field dependence ofl, and accommodation field
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\H//(ab) enhance flux pinning. Additional pinning in GEN123 may
= ' originate from stress field centers. In reality, stress fields are
10001 widely present around the defects such as dislocations found
_ H,o~Hexp(-T/T) in both metallic and oxide superconducté?s®*In element-
Q " substituted thin films, additional stresses are created by the
I§ 100 Hiic locally disturbed lattice, i.e., lattice misfit. Since the spatial
] 2. distribution of stress field is attenuated as®l/their influ-
m GEN123 S . ) : 5
e GEN123 o o ence range is rather localized, being comparable ith
o Gd123 Pinning enhancement due to stress fields has been evaluated
104 o for Ho doped Y123 films and bulk materidts!®and for Dy
0 20 40 60 80 100 or Gd doped Y123 film&° We assume that stress fields
T(K) induced by lattice misfit are randomly distributed in our rare

earth mixed films, contributing to flux pinning in a collective
FIG. 9. Temperature dependencerbf.. for Hiic andHli(a,b).  pehavior, leading to highel., and an upwards shift of the
Over a large temperature rande,.. vs T scales as negative expo- || R The contribution may become more remarkable when
nential decay. vortex matter enters the regime of vortex-vortex interaction,
i.e., atH>H,_., resulting in the suppressed power decay of
For both parallel and perpendicular fieldd,.c vs T J with H. Note that the enhanced pinning from oxygen de-
scales as$l, exp(—T/T’), where the fitting parametels and ficiencies can be overlooked as both the GEN123 and Gd123
H, are~65 K and 0.77 T foHllc, and 440 K and 0.0038 T films presented here are optimally doped, having sinfilar
for Hll(a,b), respectively. When the temperature approacheas high as 92 K.

keT Y
P28 ity itegt )| . (D)
U,

1+

T, Hacc drops sharply to zero. To further understand the stress field induced pinning
After comparing the extensive results in Y1Z23, and mechanism, we return to analyzing the experimental tem-
GEN123 thin films, it is apparent thik,.. is more subjectto perature dependence &f. So far, we have not pointed out
growth conditions, film thickness etc. than rare earth compothe difference between true superconducting. depairing
sition. As seen from Figs. 8 and Bl,.. of GEN123 is not critical current density J;) and the measured}. at a certain
higher(even a little lower at some temperaturésan that of  electric field criterion. In reality]. is reduced fromJg by
Gd123. This implies that rare earth mixing itself is not ca-thermal activation effects. According to the model of ther-
pable of increasindd .. although such mixing clearly im- mally activated flux motion and the model of collective flux
provesJ. as well asH;,, . The insensitivity ofH .. to rare  pinning?*~2°J4 andJ, follow the relation

earth mixing is understandable if one recalls th;. is

mainly dependent on the pinning at linear defects which have

been experimentally numbered ags, proportional to the ‘]C(T):JS(T)/

growth island density.We suppose that our GEN123 has a ] o ) )

comparablenyis;, and hence & ... close to that of Gd123 where U? is the pinning pot.entlalkB is Boltzmann’s con-
since they have similar size and density of growth island$tant, u is a characteristic index of the collective pinning
evidenced by AFM observation. Unlike..., J. depends on quel,tm is thg time durmg whicll. data are collected, qnd
more extended defects, particularly in the case of collectivéer iS an effective attempt time for a vortex or bundle to jump
pinning with vortex-vortex interactions. The effect of rare OVer a potential barrier. In the discussion beldy(T) and
earth mixing onJ;. is not overshadowed by the role of linear Uc(T) Wwill be written as Jo(T)=J(0)f(t), and U(T)
defects. =U.(0)g(t), wheret=T/T,.

Until now, we have not discussed the field dependence of Blatter et al™* realized that all quantities characterizing
J. at intermediate fields. To fit the data in the range of 0.1the collective pinning of a single vortex can be expressed in
<J¢(H)/J¢(0)<0.7 which covers the majority of the linear t€rms of a disorder parameter. According to these expres-
regime in the logl, vs. logH plot, we find that], scales as Sions and the generalized inversion scheme, Griessah'

H~9. The exponent| is ~0.50+0.05 for GEN123 films, in  derived the temperature dependencé(®j andg(t) for two
contrast to~0.73+0.05 for Gd123 films, which present a Main types of pinning mechanismT and él pinning. For
relatively gradual slope in the log-log plot. Together with thePure Y123 thin films, they concluded that the main pinning is
large value of)., the reduced power-law decay fwith H ~ Of &1 type. Accordingly,f(t) andg(t) are given as below:

is another demonstration of enhanced vortex pinning in

GEN123 films.

f(t)=(1-t3)"5(1+12)%%, (2a)

g(t)=(1-t»)*"= (2b)

D. Stress field induced flux pinning mechanism As previously mentioned, Weet al® developed the ideal of

Although rare earth mixing seems to be ineffective in in-the pinning mechanism related to stress fields, and estab-
creasing correlated linear defects, and associétgd , it lished a theoretical model which givé¢t) andg(t) as be-
could produce uncorrelated disorder, i.e., a random distributow:
tion of defects(e.g., globular nonsuperconducting regions of
the size of the superconducting coherence leggtand thus f(t)=(1—1t2)76(1+1t%) 116 (3a)
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FIG. 11. Shifts ofH-T phases due to structural disorders in
_ (1213 211/3 epitaxial 123 thin films. The solid and dashed lines are drawn ac-
9() =111+ (3b) cording to the fitting oH;,, (T) andH ,.T) mentioned in the text.
From Eq. (1), it is easy to see thad.(0)=J4(0) at T
=0K. Thus pinning sources can effectively increadg.(T) as well as

the IRL. In contrast, uncorrelated disorders such as pointlike
Jo(TI0)=F()/[(1+ukgSTH/g(t) ¥, (4  defects due to oxygen deficiencies and stress field centres

whereS=In(t,/tes+1)/U.(0). As eachl. is measured in the Educegobye d:fefﬁz 0; Latgglz T:)'Sf'.tsé ?a;dlt% fﬁgtggﬁfnctg
same time intervat,,, andt,>t.s, we can take Irtf,/teq acc- MOWEVET, y ar give s )

+1) together withU(0) as a constant. During the experi- Lnent ofJ; and the IRL in col!ective behavior, as evider_med
ment, if J. is not too far fromJg, w is 1/7 as suggested by y the present WOF"-.We b_elleve_that the compr_ehensmn.of
Feigel'manet al?® Consequently, it is feasible to fit our ex- th? H.'T phase variation \.N'th various structure disorders in
perimentald,(T) by Eq. (4) with only one unknown param- thin film systems is significant to the development of coated

eterS. As shown in Fig. 10, normalized.(T) for GEN123 conductors which is established on the technology of epitax-

are well fitted over the main temperature range with theIal thin films.

model of stress field pinning, while Gd123 films agree with
the model ofsl. When the temperature approaches the irre- IV. CONCLUSIONS

versibility temperature, the increased thermally activated flux We have studied the transport and flux pinnind properties
flow requires stronger pinning resulting in the stress field na P P g prop

longer dominating. As a resulil(T) tends to follow the in high-quality ternary light rare earth GEN123 thin films.

underlving mechanism o8l pinnina until the auenching of Two characteristic fields, the irreversibility fieldH(,,) and
ying b 9 9 9 the accommodation fieldH,..), are experimentally identi-

the superconducting current at the irreversibility temperaturefieol in such a complex thin film system. The irreversibility
line, determined by the resistance-temperature transition with
a zero-resistance criterion, shows the upward shift to the re-
gime of higher temperatures and fields, compared with pure
So far, we have measured and discussed two types df23 films. The accommodation field is obtained by the field
characteristic fields associated with two differehtT phase dependence of transpait on a log-log plot which is char-
boundaries(1) a vortex solid glass and a vortex liquid sepa- acterized by a plateau at low fields, and subsequent linear
rated by a sharpl;,, (T), and(2) a phase with vortices indi- segments at higher fields. In contrast to the improved
vidually pinned and one with vortex-vortex interactions di- H;,,(T) and J;, H,.. Shows no increase arising from the
vided by the accommodation linél,.(T). The above rare earth mixture. For the first time, to our knowledge, we
scenario is illustrated in Fig. 11 based on the fitting lines ofreport thatH .. vs. T scales as an exponential relation over
our experimental results. The accommodation line is buriedarge range of temperature, and strong enhancemdt ip
deeply within the vortex glass region. It has been proposed toccurs as the applied field direction varies fraflic to
call the vortex state below,.(T) a strong glass, so as to Hll(a,b). The temperature dependencelgfis analyzed on
emphasise the strongly pinned vortex solid and particularlthe basis of models of thermally activated flux motion and
individual pinning in such a state. Above that, the vortexcollective flux pinning. It is suggested that the flux pinning
state is formed in the collective pinning regime, which maymechanism in mixed rare earth films is dominated by stress
be viewed as a quasilattice or weak glass. The line ofield centers, which may be locally induced by dislocations
H..(T) is displayed as the strong individual pinning con- and enhanced by lattice mismatch in GEN123 films. Accord-
tributed by intrinsic planar structure and other correlatedng to the fits of experimentaH;,, (T) andH,.(T), we il-
structure disorders. The latter are either linear defebts lustrated the variation of thel-T phases in 123 films, with
(e.g., natural edge and screw dislocations and artificial corespect to two sorts of flux pinning sources: correlated and
lumnar defects induced by heavy ion irradialiar planar uncorrelated structure disorders. The intrinsic layer struc-
defects such as twins and stacking falfté. These strong tures imply the most pronounced enhancement in Ibth

E. H-T phase variation with structural disorder in epitaxial
films
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