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Anisotropic in-plane properties of (103/(013) oriented YBa,Cu30_ 5 thin films grown on exact
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YBa,Cu;0;_ 5 (YBCO) grows upon(110) oriented SrTiQ substrates with two equivalent tilt orientations
and exhibits regions of each 45¢° tilt. If the substrate orientation is “miscut” from the €%46€ orientation,
the two tilts are no longer energetically equivalent, enabling the fabrication of films with controllable tilt
disorder. We have carried out a comparative study16f)/(013) YBCO films deposited onto exact c(®°)
substrates, and onto 3° and 5° miscut substrates where the proportion of minority tilt is about 5% and 2%,
respectively. The two-temperature sputter growth process that has been developed yields films which are
essentially free of th¢110 orientation and which have normal-state resistivifigg, comparable tp, for a
high-quality single crystal. In the superconducting state the three classes of film each exhibit features charac-
teristic of a phase transition for both tf&01] and the orthogonal transport current directions. Data from the 0°
and 5° films exhibit excellent scaling collapse over very wide ranges of temperature; data from the 3° films
scale somewhat less well. Surprisingly, the transition temperatures differ significantly between the two trans-
port directions in the 0° films at all magnetic fields investigated and in the 3° films at higher fields. The
nonuniversality of the scaling parameters, the very high values of the exppreamd the dependence of the
transition temperature on transport direction cast doubt on a conventional interpretation in terms of a vortex-
glass melting transition. Studies of the Ohmic behavior of the 5° films show an in-plane anisotropy which
remains constant as the system passes from the normal state, through the superconducting flux flow regime to
the Ohmic thermally activated flux creep region. This constancy is consistent with the anisotropy in the vortex
damping being equal to the normal-state anisotropy.

[. INTRODUCTION tropic films are relatively difficult to fabricate compared with
c-axis normal films>?! They often present challenges asso-

The high-temperature superconductors may exhibit appreziated with contacting, aging, and crack formation upon ther-
ciable dissipation in response to a transport current due to th@al cycling?? Yba,CusO,_ 5 (YBCO) thin films with (103)/
relatively weak pinning of the fundamental excitations of the(013) orientation[i.e., films whosg103 or (013 planes lie
system, the vortices associated with the quantization of magparallel to the sample surfakenay be grown reproducibly
netic flux!? The vortex movement and thus the voltage areupon (110) cut SrTiO; or LaAlO; substrates by carefully
determined by the response of the system to the Lorentzontrolling the substrate temperature during grofvtif®
force imposed by the transport current in the presence dBuch films offer very low normal-state resistivities together
intervortex repulsion, vortex pinning, and thermal fluctua-with substantial in-plane anisotropy both in the normal and
tions. Although many features of the dissipation are underin the superconducting stat&s.
stood, there are still areas of major concern. These include At any point within these films the YBCQ@ axis is
the nature of the phase-transition-like behavior which occuraligned at 45° to the substrate normal in one of two equiva-
at temperatures just below regions of flux flé®F), ther-  lent orientationg Fig. 1(a)], this leading to the formation of
mally assisted flux flom(TAFF),* and thermally activated “tilt domains” within the film. For accurately cu¢110) sub-
flux creep(TAFC).® This behavior has been widely attributed strategwhere the normal to the cut of the substrate lies in the
to a continuous phase transition between a vortex liquid anfiL10] direction) “tilt domains™ of either orientation occur
a vortex glass pha%é and many authors have reported thatwith equal probability. A number of researchers have inves-
data from this region scale under algorithms appropriate téigated the use of substrates cut with normals tilted away
such a transitio-*? Nevertheless, concerns have been ex{from high-symmetry directions by very small angletinal
pressed that the size and nonuniversality of the scaling exeuts or by larger angleg“miscuts”) in order to manipulate
ponents indicate that such a model does not fully describ8rowth morphology.’~** We use the term “miscut” for all
the situationt3-18 angles including vicinal cuts. The use of miscut substrates

It is particularly interesting to study vortex dynamics in drastically affects the spiral growth found @axis normal
thin films which have considerable in-plane anisotropy sincdilms,*~*and the use of larger angles of miscut can induce
the transport current direction may be varied while keepingsubstantial in-plane electrical anisotropy and may enhance
the defect structure and mean density and direction of théhe critical current by introducing extended defettSilting
vortices constant® The preferred growth of the cuprate su- the normal to the cut of SrTipsubstrates by a few degrees
perconductors along treeandb directions rather than along away from the[110] towards the[110] direction is known
the ¢ direction'® ensures that many types of in-plane aniso-to cause the preferential growth of one of the two alternative
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Substrate [110] pansion, the balance is tipped only delicately in favor of the
direction (110 or the (103/(013 orientations’> Since the adatom su-
¢ ¢ persaturations may vary enormously between different
a) preparation methods, it is not surprising that there are varia-

tions between the reported optimal growth conditions for
(013/(103 YBCO films and between the orientational puri-
ties achieved. Further uncertainty results from possible inac-
Z curacies of several tens of degrees in some reported substrate
(110] temperatures that have often not been measured directly.
0, Terashimaet al?® report amorphous films grown using
N\ substrate temperatures below 540 °C. They observélit®
Directionnormalto |\ |  Substrate [110] orientation[i.e., films whosg110) planes lie parallel to the
Substrate surface direction sample surface for temperatures between 540°C and
c 550°C, a mixture of(110 and (103 between 540°C and
c 600 °C, and puré¢l103) films above 600 °C. Since this report,
-, many authors have used substrate temperatures in the range
[110] 720-750°C for(103/(013 film growth?>33-3%|n a more
o recent and very detailed study by Poeldetsl.*® made on
[110] films prepared by a cylindrical magnetron sputtering tech-
] nique, the substrate temperature has been carefully mea-
sured. Poelderst al. find amorphous films for growth below
FIG. 1. () The two equivalent tilt§(103 and (~103)] of an oo °C and pure(110) orientation for temperatures just
YBCO film grown upon an exadtl10) cut SrTiC; substrate. The  gpove this. As increasing substrate temperatures are used the
distinction between th€103) and (013 orientations is not shown, proportion of the(110) orientation steadily declines, but even
the only difference being whether it is tleeor b axis that is per- at 800°C a(110 volume fraction of about 15% is reported.
pendicular to the plane of the papgh) The use of a substrate The (103 orientation is first found at 620 °C, tH{&03) frac-
“miscut” by an angle 6,,, leads to one tilt being preferred during tion reaching a broad plateau of about 50%’by about 700 °C.
growth. By 740°C appreciabl€é013) orientation appears. It should

c-axis directions during the fabrication (£03/(013 YBCO b€ nooted that in the work of Poeldegsal, which extends to
films.33-36This is illustrated in Fig. (). This substrate mis- 820 °C, there is no temperature at which the films are free of

cut enables control of the tilt disorder, an additional tool inth€ (110 orientation. _
our study. Qur own (103)/(013) YBCO films were grown on(110

In the present paper we describe a successful method foi' 110 substrates by a self-templating two-temperature
the fabrication of high-qualit103/(013 thin films. we Method which has been found empirically to give high-
present a detailed comparison of the electrical transport progfu@lity films with extremely low proportions of the YBCO
erties of films grown upon exact c(t10) substrates with the (110 orientation. They were deposited by 90° off-axis rf
properties of films grown upon 3° and 5° miscut substratesTagnetron sputtering from a stoichiometric YBCO target.
(Throughout this paper a film grown upon, for example, a 3oThe substrates were mounted using silver paste onto a stain-
substrate will be described as a “3° film.” The films grown less stegl block, which was heated by enclosed quartz halo-
upon 0°, 3°, and 5° miscut substrates will be referred to age" projector bulbs. The temperature was sensed by a ther-

the three “classes” of film.We then describe detailed elec- Mocouple attached to the block; the heater block
trical measurements, both for the normal and for the supef€mperatureswhich are quotedare typically 5°C higher
conducting states, where we observe scaling behavior whician the actual substrate temperatures. The growth chamber
is characteristic of a phase transition. The data collapse eXv@s filled with a (60% @)/(40% Ar) mixture to about 60
tremely well onto two scaling curves over very wide ranges™ 10T and, just before the film growth process, the substrate
of temperature. Our study of the scaling behavior as a funcivas heated to 750°C for 10 min in this atmosphere. A
tion of miscut angle and transport current direction and oft0—15 nm YBCO template layer was then grown over 15
the anisotropy of the superconducting behavior raises impofMin at a temperature of 650°C. The temperature was then

tant questions about the nature of the vortex behavior ifaised to 750°C at 10 °C/min while growth continued. The
these films. remainder of the growth took place at this higher tempera-

ture. Following growth, the chamber was flooded with oxy-
gen to atmospheric pressure. The block temperature was then
held at 750 °C for 20 min, and then cooled to room tempera-
The heteroepitaxial growth of thin films is controlled by a ture at 10 °C per minute. The film quality was finely tuned
number of factors which include the substrate film latticeby modest adjustments to the chamber pressure. While the
matching, the growth temperatu¢drough such parameters growth method was optimized using “exact110 cut sub-
as adatom diffusion lengthsand the adatom supersatura- strates, the same growth method was used to fabricate films
tions. While the preferred crystalline orientation of YBCO upon miscut substrates with equal success.
grown uporil10 SrTiO; substrates certainly depends upon  X-ray diffraction (XRD) measurements indicate that the
the substrate temperature via the different lattice matching dtaction of (110) orientation in films prepared by this method
different temperatures resulting from differential thermal ex-is usually below the limit of delectability<1%). Thevol-
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FIG. 2. (a) Growth of tilted YBCO upon &110) SrTiO; sub-
strate, noting the need for additional yttriivi) or barium(B) cube
units which are fractions of the full unit cell in order to avoid
massive growth disorder(b) The structure of miscut substrates
showing steps and terraces. Nucleation at a step is preferred. Ag

stacking faults.

ume ratio of the two tilts has been determined from the cor-

responding XRD lines.

Following XRD and microscopic examination, the films
were patterned by wet lithography and silver contacts depo

ited by thermal evaporation. Usually the tracks were &
wide and 5000um long between the pair of voltage con-

tacts. Electrical measurements on films grown upon exact c
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a
cube units are required to avoid a large number of growth defectd.
In thicker films any residual mismatching will tend to grow out via
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FIG. 3. Simplified structure of 8103 YBCO film grown upon
an exact cu(110 SrTiO; substrates. The lines schematically rep-
resent the superconducting copper-oxygen planes. BPT, basal plane
tilt boundary; ST, symmetric tilt boundary.

(In our own films these triangular grains should be very fine
due to the relatively low temperature of nucleatjo8ince
the ab planes are no longer exposed, further growth occurs
predominantly along the axis, and far larger grains of both
tilts develop. These are referred to as “tilt domains.” The
boundaries between domains of opposite tilt are either basal
Mane faced tilt boundaries or symmetta almost symmet-
ic) tilt boundaries, the latter dominating in thicker films as
studies by Guilloux-Viryet al® and by Rossett al3* con-
firm. These features are illustrated in Fig. 3.

As Fig. 3 shows, the dominance of symmetric tilt bound-
aries will lead to tilt domains of about equal width along the

[110] direction. This is evident in the observed surface
structure, which has a topology illustrated as being similar to
that of a rustic brick wall, an individual “brick,” a tilt do-
main, being approximately rectangular in shape, and typi-
cally about 5 times longer in th®01] direction than in the

{1 10] direction?*®*" The simplified illustration of Fig. 3 also

substrates have been made on long tracks oriented along tRE9gests that the domains will be of alternate tilt along the

substratd 001] and[110] directions. In the case of miscut
substrates, measurements have been made alon@ahe

[110] direction. However, a more detailed examination of
the actual domain shapes shows that, while they are certainly

and along the orthogonal direction which we will refer to aselongated in th¢001] direction, the shapes are intermeshed

the [110]* direction, for convenience, even though this di-

rection differs from thg110] direction by the small angle of
miscut.

I1l. MICROSTRUCTURE OF (103)/(013 YBCO THIN
FILMS

Consideration of how(103/(013) YBCO of either tilt
nucleates and grows upon(&10 SrTiO; substrate leads to

the conclusion that yttrium and barium cube subunits ar
required at the substrate surface in addition to full unit cells.

This is shown in Fig. @&). Where this does not occur an

antiphase boundary will be generated which may grow out a
the film thickens via stacking faults, which are known to

occur readily in YBCO. Eomet al?® and Marshall and

and closer to irregular rice grains than to rectangles. Figure
4(a) shows an atomic force microscop&FM) picture of a
(103)/(013 film of average thickness 125 nm grown upon a
nominally exact cut(110 substrate, the display being a
“three-dimensional” representation viewed as if from
above. The domain structure is quite evident from the thick-
ness variations. The tilt domains are elongated in[6@]
direction, being on average about 0.5—-Qu®n long and
0.1-0.2 um wide at the surface. The rms variation in thick-
ess of the film is 9 nm, with variations of twice that amount
eing uncommon. Only occasional secondary phases may be
observed at the boundaries between domains. The form of
gwe domain intermeshing and consideration of the tiling of a
plane with shapes of two types indicates that the tilt anticor-

relation along thélTO] cannot be complete, while tilt cor-

Eont’ have carried out transmission electron microscopyrelation along th¢001] direction must be weak. The degree

(TEM) and scanning electron microscof$EM) investiga-

of correlation in thg001] direction is important in the inter-

tions of the microstructure of the later growth. They reportpretation of the normal-state resistive anisotropy of these

that initial nucleation of very many grains of either tilt is
followed by rapid growth along thab planes, leading to the

films 38
In this structure domains of opposite tilt are connected

formation of large numbers of triangular grains separated bylong the[001] direction by 90° twist boundaries, and in the
either basal plane faced tilt boundaries or by symmetric of 110] direction by basal plane tilt boundaries or more com-
almost symmetric tilt boundaries. Thus the first 5 nm or so ofmonly by symmetric or almost symmetric tilt boundarfes’

the thickness of a film consists of very many small grainsThese boundaries are illustrated in Fig. 3. The superconduct-
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mean step height to terrace spacing corresponds to the miscut
angle. The terrace spacing will normally be somewhat ir-
regular following polishing. It has been reported that the
atomic mobility which occurs during a high-temperature an-
neal induces regular terrace spacifig-but in our own work

we have not approached the temperature at which this is
likely to occur (950 °C) and the terracing will be less regu-
lar. The growth of YBCO films on a miscut substrate will be
determined by competing nucleation at steps and on the ter-
races, this depending upon the different adatom diffusion
lengths at the growth temperature. Since a 3° miscut cer-
tainly induces a preferred tilt i03/(013 films, it follows

that nucleation is strongly preferred at the steps and that the
diffusion lengths must be greater than the mean terrace
width, about 8 nm for 3° films. The growth of relatively
defect-free films again relies on the existence of partial unit
cell cube units at the interface. However, it may be seen from
Fig. 2(b) that, even then an antiphase boundary will be gen-
erated if the number of cells across a terrace is not divisible
by 3. These antiphase boundaries may grow out via stacking
faults as the film thickens.

Our own studies show that films grow on miscut sub-
strates at much the same rate as on exact cut substrates for
similar sputtering conditions. Figurél® shown the equiva-
lent AFM representation of a 130-nm-thick film grown upon
a 3° miscut substrate. XRD studies show that this film has a
volume tilt ratio of 95%:5%; any110) phase exists at a level
well below 1%. Surface structure which appears to corre-
spond to “domainlike” growth areas is evident but the more
or less regular domain arrangements of the films grown upon
exact cut substrates reported by Eetral?® and othergand
evident in Fig. 4a)] are not present. In particular large areas
of the film are connected relatively smoothly with only weak
discontinuities where “domains” meet. The film clearly
shows a defect structure where growth areas meet, but we are
unable to identify which areas correspond to the 5% minority
tilt. The films are generally far smoother than those grown
© upon exact cut substrates; the rms variation in thickness is

FIG. 4. AFM images of the surfaces of typical filnfa) A film typically 3 nm, a factor of 3 less than for exact cut substrates.

grown upon an exact cut substrate) A film grown upon a 3° i Figure 4c) showso thg AFM representaupn_of a typical
miscut substrate(c) A film grown upon a 5° miscut substrate. In film grown upon a 5° miscut substrate. In this film XRD and

e - transport measurements indicate that the fraction of the mi-
each case th001] and[110]" directions are indicated. nority tilt is about 2%; na(110) phase is detected at the 1%
level. The surface topology is somewhat similar to that of the
ing order parameter is now known to have a predominantlyze fjim shown in Fig. 4b). The surface features produced by
d-wave nature. Here 90° twist boundaries provide lobethe merging of the different growth areas are again shallower
matching and no severe disruption of the superconductinghan for the films on exact cut substrates and many “do-
properties, while tilt boundaries provide mismatching andmains” join relatively smoothly with small surface distur-
severe disruptio®*® Further disruption at tilt boundaries pances. The rms variation in thickness is 3 nm, similar to that
may be provided by crystallites of secondary phases, whiclyf the 3° fiim.
are preferentially found at these sites. Tilting the cut of |n fiims where one tilt dominates, nucleation will gener-
SITiO; substrates by a few degrees away from [&0]  ajly not be followed by the development of triangular grains,
towards the{ 110] direction causes the preferential growth followed then by the growth of larger domains. However, a
of domains with one of the two alternativeaxis directions; film mainly of one tilt with small areas of the other, the two
the two tilts are no longer energetically equivaldht’Even  being separated by symmetric tilt boundaries, does not pro-
though XRD and TEM studies confirm the dominance of onevide sufficient release for the stress induced by the
tilt in films miscut by only a few degrees, little has been SrTiO;/YBCO lattice mismatch except in the case of very
published concerning the first or subsequent stages of growthin films. Whether this release is caused via the numerous
immediately following nucleation. The effect of tilting the stacking faults originating at the substrate/YBCO interface is
normal to the substrate cut away from tfELO) direction  not clear; nor has the development of the antiphase bound-
will be to introduce steps and terraces; see Fi@p).2The  aries been studied in this system. Nevertheless, the surface

(b)
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indications of many distinct growth areas {103)/(013 4500 500
films grown upon miscut substrate are evidence for the pres- sood T Eecondae 1 450
ence of numerous internal defects which need to be charac- | ™™™ Fmiscutdata
terized so that their effect on the transport properties can be 3500 ~~~- S miscutdata 1 400
ascertained. More work on the microstructure of these films = 3000- T350 _
iS necessary. _ 8 L300 %

In summary, the films grown upon exact cut substrates = 2500+ 2
show the expected tilt domain structure with pronounced sur- £ 2000 T 2% 2
face features where domains join. The films on 3° and 5° 3 1200 ©
miscut substrates also show considerable, but much less & 1500 1150 3
regular, surface structure together with much shallower fea- 1000-
tures where growth areas join. On average these films are - 100
“smoother” by a factor of 3. No cracks have been seen in 500 - 150
the films studied. o . : : : : o

0 100 200 300
IV. ELECTRICAL MEASUREMENT TECHNIQUES Temperature (K)
Cryogenic measurements B{T) and of varioud -V-B-T FIG. 5. Resistivity plotted against temperature for current flow

characteristics were made by conventional four-probe meaalong the[001] direction and th¢110]* direction. Film 32 grown
surements under computer control using an Oxford Instruupon an exact cut substrate, solid lines; film 40 grown upon a 3°
ments helium gas flow cryostat. The dc voltages were sensediscut substrate, dashed lines; film 41 grown upon a 5° miscut
using an EM Electronics A10 sub-nanovolt low-noise ampli-substrate, dotted lines. Measurements were made using a transport
fier; at each measurement the current direction was reversedrrent of 1 A. Each film was about 130 nm thick.

to ensure consistency. The error in the measurement of the

voltage was better than 1% over the whole range reportetnposed by twist boundaries in the normal state.

here plus a random error of 1-2 nV. “Zero-field” measure-  The data forp(;19+ extrapolate less close to the origin,
ments were made with the cryostat tail and sample screengs{0 K)/(p100 K) being consistently close to 0.35 except for
by a double mu-metal shield, reducing the Earth’s field by ahe occasional sample thought to be less well oxygenated
factor of 5000. Magnetic fields were applied perpendicular to'see Table)l The anisotropy ratig;1o;+ /pjoo1; at 100 Kis,

the substrate surface in all cases. All measurements in thgowever, dramatically different when we compare the exact
superconducting state were made by applying the magnetieut samples to the samples grown upon miscut substrates.
field at or aboveT, and then cooling to the temperature of The anisotropies of films grown upon exact cut substrates by

measurement. the technique described lie in the range 14-25, generally
toward the lower end of this range, depending upon the de-
V. COMPARATIVE NORMAL STATE BEHAVIOR tails of the growth conditions. In contrast it may be seen

from Table | that the anisotropies of the typical 3° films are

By comparing the normal-state properties of films grown45.5 and 51.5 at 100 K, while the equivalent numbers for the
upon exact cut and upon 3° and 5° miscut substrates a ve° films are 40 and 48.
consistent picture emerges. Figure 5 shows the resistivity Fletcheret al*! have pointed out that current may flow in
p(T) as a function of temperatur€ for one film of each helical paths along a 90° twist boundary bi-plane con-
class and for current flow both in thg01] and in the duction alone. Campioat al3® have used this mechanism to
[110]* directions. Table | provides numerical data both for propose that in the domained films which occur upon exact
these films and for one further 3° and 5° film. The values ofcut substratef110] transport occurs by forward flow along
proo1) @re not only remarkably consistent between the threghe twist boundaries and sideways flow acreds planes,
classes of film, but are comparable in magnitude with thehus avoiding the tilt boundaries, which are expected to con-
resistivity of a very-high-quality YBCO single crystal. It tribute considerable impediment to flow. Campéiral. have
may be seen thabjo; extrapolates close to the origin in been able to make a crude estimate of the normal-state an-
each case, as would also be found in a well-oxygenatetsotropy by estimating the effective length of the tortuous
single crystal. Friedmannetal®® quote values for current paths involved on the plausible assumption that the
pa(100 K) of 40 and 53u() cm, and forp,(100 K) of 21  domain tilts are uncorrelated in tH®01] direction. They
and 25 ©Q cm at 100 K for well-oxygenated samples; our estimate anisotropies in the range 10—20, consistent with our
own range of 37-50u{) cm is comparable to the values for finding. For films grown upon miscut substrates, such that
pa- Agreement with the single-crystal values feg rather  one tilt occurs with a very low fraction, the current paths of
than forp, may be due to both the dominance(@b3) over = Campionet al. become very long and the shuntimgaxis
the (013 orientation and to some twinning which disrupts conduction dominate¥ The observed in-plane anisotropy
the copper oxygen chains which are responsible for the lowemay then be deduced from the resistivity for a single crystal
pp, resistivity. Since in the case of films on exact cut sub-tilted by 45° with respect to thEL10] crystallographic axis
strates[001] transport must involve 90° twist boundaries, of the substrate:p=p,,Sirf(45°+ 6,,) + p.COS(45°+ 6,
whereas twist boundaries are not involved ®1] transport ~ where 6,, is the miscut angle, and,, is a suitable “aver-
for the miscut films, the consistency @fy; between the age” of p, andpy . In the light of ourpgy; values we will use
classes of film is an indication of the very small impedimentp,,=p,, and p./p..=120 (see Friedmanret al*%). The
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TABLE |I. Normal-state behavior.

Film Angle T 100 K 101+ (100 K T

g c proo1( ) prazop*( ) pri1op(0 K) Anistropy
No. (Mid) (rQ cm) (»Q cm) pr110)+(100 K)
32 0° 85.2 48 690 0.35 14.4
34 3° 84.3 48 2200 0.7 45.8
40 3° 85.0 42 2200 0.37 515
41 5° 84.5 40 1600 0.32 40.0
42 5° 84.6 43 2100 0.35 48.0

predicted anisotropy is then 54 for thg,=3° and 49 for A. Theoretical ideas

0,=5°. These estimates are in good agreement with our

In the high-temperature superconductors the dissipation
findings given in Table I. g P y P

results from the motion of vortices, the dynamics being de-
termined by the interplay of vortex-vortex interactions,
VI. BEHAVIOR IN THE SUPERCONDUCTING STATE vortex-pin interactions, the Lorentz forces induced by the
Detailed superconducting-stateV measurements have transportlz current,  thermal fluctuatlon_s, and _viscous
damping.“ As yet no complete theory exists for this com-

been made in a range of magnetic fields for both [(] i
— . . . . plex system which would enable the overall form of current-
and theg/ 110]* transport directions. A typical family of cur- voltage characteristics, such as those of Fig. 6, to be quali-

rent voltage curves for a range of fixed temperatures is i”ustatively related to the physical properties of the sample.
trated in Fig. 6; in the figure the temperature reduces fro”However, many of the elements of such a theory are now in
left to right. The different regions of behavior include Ohmic place, enabling some interpretation of the data. At tempera-
behavior(O) found over a range of temperatures beldw  ¢res not far below, is a region of Ohmic behavior where
and nonlinear behavidiN), found at lower temperatures and viscous damping dominates the effects of pinning, a region
higher currents. At one particular temperature, which we calpfien described as the “flux flow” regiméF in Fig. 6.5 As

T, the curvature of the logitlog(V) characteristics changes he temperature is lowered pinning plays an increasingly im-
dlscontlnuously from positive, through straight line behaV',c’r’portant role. At first pinning impedes flux flow, which is,
to negative. We will show that the data scale over a wide,o\ever, assisted by thermal excitations. This behavior is
region about the “transition temperaturd’, and then con-  gegcriped as thermally assisted flux fidvt yet lower tem-
sider the anisotropy in the Ohmic region abdyeand in the  peratures the effect of pinning is sufficiently large that flux
region belowT;, where the data show critical current behav- yoyement would not proceed without thermal activation.
1or. The Anderson-Kim analysis of thermally activated flux creep
predicts Ohmic behavior at low currents, with the ra#id
increasing exponentially with current at higher currents. Ex-
perimentally, however, power law rather than exponential
behavior is almost invariably observed. The simple
Anderson-Kim expression has been modified to produce
power law behavior by introducing barrier heights dependent
upon current as Img/l), wherel ; is a temperature-dependent
constant-4?

Experimentally the temperature dependence of the Ohmic
resistivity predicted by Anderson and Kim for thermally ac-
tivated flux creep is often found over limited ranges of tem-
perature; it is sometimes not seen at all. Usually, the low-
current Ohmic resistivity plummets increasingly rapidly as a
“transition temperature” is approached from above; the cur-
vature of the current-voltage characteristics changes from be-
ing positive above the transition temperature to being nega-
tive below. Power law behavior is found at the transition
temperature itself. These features may be found in the data of
FIG. 6. An illustrative family of current-voltage curves taken at Fig. 6, where the transition temperature is markedasfhe

various fixed temperatures, presented on logarithmic scales. THENSItion temperature separates a higher-temperature region,
data were taken on film 34, for transport in {891] direction, ina N which dissipation occurs a}t arbl_tranly smfall currents, from
perpendicular magnetic field of 0.6 T, the region of Ohmic @ lower-temperature region in which there is an abrupt onset
behavior (O), the phase transition temperaturg)( and the low-  Of dissipation at a critical current whose value depends upon
temperature, nonlinear reginidl) are indicated. The point P indi- temperature.

cates a typical “bias” point for angular studies, while U and L~ These features have been attributed to a continuous ther-
indicate typical upper and lower limits of the region for which modynamic phase transition at which the system passes from
excellent scaling is obtained. a vortex liquid to a vortex glas&/G),%” a phenomenon ex-

Log, V
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TABLE Il. Scaling parameters obtained by collapsing th¥ data for 0° film 24 on the basis thdt
=3. H refers to transport along tfi@ 10]* direction while L refers to transport along th@01] direction.

Field (T) v z T, (K) T, T_ Class of fit
00L 1.11 8.4 83.58 84.1 82.3 B
0.03 L 1.24 9.9 82.00 84.0 80.3 A
0.1L 1.26 10.0 81.30 83.6 79.1 A
0.3L 1.28 10.3 80.28 83.0 78.1 A
10L 1.22 10.7 78.50 82.1 73.2 A
0.0H 1.23 9.2 82.70 83.7 79.7 B
0.03 H 1.24 11.6 80.57 83.1 78.4 A
0.1H 1.36 11.7 79.48 82.6 75.8 A
0.3H 1.36 125 78.00 81.6 74.2 A
10H 1.38 12.6 75.55 81.2 65.5 A

pected in systems with considerable point disorder. Manyaw of gradient ¢+ 1)/(d—1). For temperatures abovig

authors have since demonstrated that dc and ac response dtta behavior becomes Ohmic for smallthat is,F (x) o x

from superconducting single crystals andxis normal thin  for small x.

films obeys the class of scaling expected on general grounds In practice we measure the voltage digmver a length

if the physical processes leading to the transition are depen- (V=EI) and the current through a cross-sectional area

dent on a single scale length and a single time sc&ie’ S(1=jS). It is better to consider the scaling ¥fl versusl
However, the existence of scaling does not, by itselfsince the Ohmic behavior found at higher temperatures and

prove beyond doubt that there is a thermodynamic phaskew currents simplifies the scaling procedures. The relation-

transition; nor does it lead directly to an understanding of thehip betweerV/I and! is described by

mathematical form of the two functions onto which the data

collapse under scalirfty:>47~-%0 (SVIII)

|T—Tt|v(z_d+2) -

G.

|
ﬂT—TW“‘”>
B. Scaling behavior

At a continuous thermodynamic phase transition the cor- In practice we use the logarithm of this equation and the
relation length¢ and the correlation time both diverge in parameter log¥l) appears as an irrelevant constant, as does
the critical region. Many authors have supposed that suclpd(®- (The areaS and the lengthi allow the generation of
length and time scales govern the dynamics of vortices an8ther d_mensmnless “?‘“OS mvolvmg the correlation length. It
that near the phase transition these divergent scales are t epr|C|tIy2assumed in the analysis that such parameters as
only relevant parametefé, By constructing appropriate di- /¢ @ndS/¢” are irrelevant in the scaling functionTo test
mensionless numbers an algorithm may be devised for scaftnether the log{/1) versus logl) curves for fixed tempera-
ing all of the data onto a pair of curves, one for temperaturefures exhibit scaling properties, individual curves are shifted
above the transition, the other for temperatures below. Th@NIO & master curve by simple displacements along the
vector potentiald has the dimensions of an inverse length, '09(V/1) and log() axes. The log{(/1) versus log() isotherms
and so the electric fiel (=JA/dt) can be expressed in taken abovd, scale o_nto the master functi@, , while the
terms of the dimensionless parameigir. The current den- 109(V/!) versus logl) isotherms taken below, scale onto
sity j is proportional todf/aA, wheref is the Ginzburg- 1€ second master functida_ using exactly the same scal-
Landau free energy density. Heng ¢ is a dimensionless N9 parameters z and@. The scaling is only predicted over

parameter. Ird dimensions we expect the range of temperatures for which the time and length
scales vary as an inverse power |3f-T,|. The two func-
Eér=F.(j&9B&?), tions G, and G_ approach each other @, each asymp-

totically assuming the form of a power law of gradiemt (
whereF , (x) is the scaling function for temperatures above—d+2)/(d—1).
T., F_(x) is the scaling function for temperatures below We have analyzed the extent to which data for our three
T., andB is the magnitude of the magnetic induction field. classes of film collapse under scaling using software which
Near T, the correlation length is expected to diverge|&s appropriately scales log(l) versus logl) curves in response
—T,~" and the correlation time to diverge &—T,/ %",  to chosen values of,, andz T, is initially selected within
wherez and v are critical exponents. If the length scale as-the narrow range of temperature for which the current-
sociated withB can be ignored, the data are expected to scalgoltage characteristics have behavior closest to powerdaw.
ad’ andz are then adjusted to produce the most satisfactory scal-
ing both above and below,. T, is then adjusted by very
E|T-T, " V=F_(j|T-T,/ "D, small amounts to see whether any overall improvement can
be obtained, aided by a zoom facility in the computer soft-
The functionsF (x) andF _(x) approach each other for ware. The resulting fitting parameters for a 0°, a 3°, and a
large x, each asymptotically assuming the form of a power5° film are shown in Tables Il, Ill, and IVz and v being
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TABLE Ill. Scaling parameters obtained by collapsing th¥ data for 3° film 34 on the basis thdt
=3. H refers to transport along tfi@ 10]* direction while L refers to transport along th@01] direction.

Field (T) v z T, (K) T, T_ Class of fit
0.0L - - - - - C
0.01L 1.40 55 81.00 81.8 79.7 B
0.03 L 1.45 8.3 80.18 81.7 78.1 B
0.1L 1.52 9.5 79.35 81.5 77.1 A/B
0.3L 1.45 10.0 78.30 81.5 74.2 A
0.6 L 1.33 9.7 77.10 81.0 71.3 A
0.0H - - - - - C
0.01H 1.35 8.5 80.70 81.7 77.5 B
0.03 H 1.26 10.5 79.66 81.5 75.7 A
0.1H 1.31 11.0 78.60 80.4 73.9 A
0.3 H 1.45 12.8 77.25 80.7 72.3 A
0.6 H 1.45 12.8 75.70 80.3 68.5 A

qguoted assumingl=3. In general the quality of collapse collapse onto the two master curves very well indeed with a
worsens appreciably if data from temperatures above an upread of less than 0.5% of the overall logarithmic voltage
per limit T, and below a lower limill _ are used; the values range; “B” indicates somewhat poorer scaling, the spread of
T, and T_ which have been used are also given in thedata being up to 1.5% of the overall logarithmic voltage
tables. Typical upper and lower limits of the temperaturerange. In the case of “C” the individual lines are distorted
range for which we have scaled the data are indicated in Figrom the form that would make good scaling possible: there
6 by U andL. is, for example, no temperature at which good power law
Much of the data scale excellently over surprisingly widepenavior is displayed. Where the data scale to the quality we

ranges of temperature. The excellence of the better scaling,ye described as “A” it is generally possible to determine
collapses may be seen from Fig. 7 which presents data froR ;4 +0 15 K 1 to +0.05. andzto = 1.0 at low fields. the
film 24 taken at a magnetic field of 0.3 T and with a Curremcct)rres_po.nding, figur;:s. at fieldsf d T being +0 3K

d|rf3ct|on of[001]. The re_markable qluahty of the S.C""“.ng IS +0.3 K, £0.1,and = 1.2. Where the letter C occurs in the
evident from the expansions to the right of the main d|agran{ . .

. . able no scaling parameters arevgin
which show that the spread of the lgQv/l) data is on the In general the data taken in low fields scale somewhat less
scale of 0.1-0.2 % of the overall logarithmic voltage range, I gH for the 0° i : tk\1N ! ling i I Wt
that is, about 25(An appreciable fraction of this spread can well. However, for the lims the scaling 1S excetient once
be attributed to the small temperature drifts which occur durih€ applied field exceeds 0.02 T. It may be seen from Table
ing the measurements of a singk/ curve. The spread re- Il that v lies in the range 1.2—1.4 for both transport direc-
sults from the fact that during the scaling, each data point haions, whilezis close to 10 for th¢001] direction and 12 for
been assigned the mean temperature of the set rather than the[110] direction. In each case there is a slight but signifi-
actual temperature at which each point was measured. Th@gsint increase irz with increasing magnetic fieldT, falls
Fig. 7 underestimates the true accuracy to which the datamoothly as the magnetic field is increased. While the data
scales. The quality of the scaling collapse for each film andfor the 3° films scale better at higher fields, the scaling is
magnetic field is indicated in the tables by a letter: “A” relatively poor compared with that for the 0° films, particu-
indicates that the data from the specified temperature randarly for [001] transport(Table 1ll). Only at higher fields is

TABLE IV. Scaling parameters obtained by collapsing the data for 5° film 41 on the basis thdt
=3. H refers to transport along thid 10]* direction while L refers to transport along th@01] direction.

Field (T) v z T, (K) T, T Class of fit
0.0L 1.13 8.1 81.80 82.4 79.6 B
0.03 L 1.02 125 80.50 82.3 74.7 A
0.1L 1.12 14.8 79.20 81.7 73.7 A
0.3L 1.20 14.4 77.70 80.8 71.9 A
10L 1.21 13.3 74.90 79.6 64.7 A
0.0H 1.40 7.7 81.70 82.1 80.6 B
0.03 H 1.45 8.0 80.70 81.7 80.1 A
0.1H 1.65 8.5 79.50 81.5 76.4 A
0.3 H 1.65 10.6 77.90 80.7 75.2 A
10H 1.35 12.0 74.70 78.5 68.7 A
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FIG. 7. The left hand diagram shows the overall scaling collapse obtained for the data of sample 24 taken in a magnetic field of 0.3 T.
Data below 10 nV are not included. The diagram encompasses 25 decades of voltage and over 8 decades of current. The two rectangular
areas are shown expanded to the right. For the areas within the boxes the collapsed data lie within a range of 0.13% of the overall logarithmic
voltage range abovE,; and within a range of 0.25% beloW .

excellent scaling obtained. In the nonlinear regime the indithe two transport directions is very markgeig. 8(@)], lying
vidual |-V curves show a tendency towards Ohmic behaviomwell outside any experimental error. Even at zero field the
at lower voltages than occurs for the 0° or 5° films, and wetwo T,(0) values 83.6 K([001]) and 82.7 K [110]*) are
have removed some of the higher-voltage data from the scatiearly distinct.

ing. Over the range of fields for which the scaling parameters

are quoted,v lies in the range 1.2-1.5 for both transport

directions, whilez shows a tendency to increase with mag- C. Comparative behavior in the Ohmic regime

netic field, lying in the range 8-10 for tr[é)OlJ direction For domained films it has been previously reported that
and 10-13 for th¢ 110]* direction once the field is large when the magnetic field is rotated in the plane containing the

enough to ensure excellent scaling. Agdinfalls smoothly 1110} and [110] directions the Ohmic resistance exhibits

with increasing magrletic field. _ maxima at angles corresponding to the field being aligned
The data for the 5° films scale very well indeed except ajyith the ¢ axis of either tilt2* In measurements close to

fields below 0.03 Tw lies in the range 1.0-1.2 for tHe01] region P of Fig. 6 we confirm two almost equal maxima.
transport direction and 1.3-1.65 for th&10]* direction, When such measurements are repeated on 3° and 5° films,
while the corresponding ranges are 13-15 and 8-12 over however, only a single peak is found, confirming that the
the field range in which good scaling is fouri@lable IV).  dissipation is controlled by one tilt alone, the tilt shown in
Again T, falls increasingly rapidly as the magnetic field is Fig. 1(b).
raised. Figure 9 shows the Ohmic resistivity for the “exact cut”
The behavior ofT, for the two transport directions is film 24 as a function of temperature, both in zero field and in
shown in Fig. 8 as a function of magnetic fields between 0.0% field of 1 T, plotted in Arrhenius form as lggdp) versus
Tand 1 T. The solid lines are fits to all the data, including1/T. Data for perpendicular fields of 0.03, 0.1, and 0.3 T
data for fields below 0.01 T, using the function fofiy(B) were also obtained, the results lying smoothly between the
=T,(0)/(1+ aB¥). The resulting fitting parameters, S, curves shown in Fig. 9. This data cover the normal state
and the zero-field values @f, are given in Table V. For the aboveT,, the fluctuation regime close ., the flux flow
5° film, the transition temperatures for the two transport di-regime belowT,, and the lower-temperature region where
rections are the same to within the experimental effdi0) thermally activated flux creep occurs.
lies about 2.8 K belowT, in each case. The exponeft Our data indicate the presence of a phase transition at
=0.51*+0.05. For the 3° film appreciable differences be-temperatures not far below the Ohmic regime, scaling well
tween the values of, are observed for the two transport into the Ohmic region. Thus at least over the lower ranges of
directions, differences which at higher fields lie clearly out-the Ohmic regime the temperature dependence is of the form
side the experimental error. The difference, however, is in{T—T,|#"2~9 rather than the activated behavior predicted
significant at zero magnetic field, tig(0) values lying just by Anderson and Kint. The temperature dependences ob-
over 2 K belowT,. The 8 value is 0.36:0.04. For the 0° tained by the use of the values ©f, andz from our scaling
film the values for the two directions are similar at 0.36 analysis are shown as solid lines in Fig. 9. It is seen that the
+0.04. However, the difference between fhgvalues for  data follow this dependence extremely well over a range of
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FIG. 8. The phase transition temperatufge, as a function of
magnetic field for the two transport directions(@ film 24, 0°, (b)

film 34, 3°, and(c) film 41, 5°.

lower temperatures, but s is approached the experimental

resistivities fall below those predicted by scaling.

Figure 9 reveals that the zero-field curves for the two
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FIG. 9. The Ohmic resistivity as a function of temperature for
YBCO film 24 which was grown upon a nominally exact cut sub-
strate. Data are shown for both zero fi¢dl and a field of 1 T(b),
and for the two principle current directions. The solid lines have
been obtained by using the scaling parameters.

temperature limits to each curve correspond to the onset of
nonlinear behaviorT,, lies typically 1 K below this limit of
Ohmic behavior in each case.

Figure 1@a) shows the Ohmic anisotropy for a 0° film. It
may be seen that in zero field the anisotropy rises far above
the normal-state value as the temperature falls. At higher
fields the rise is less pronounced, the Ohmic regime extend-
ing to lower temperatures. Figure (b) shows the corre-
sponding data for a 3° film. While the anisotropy in zero
field rises slightly as the temperature falls, the variation is
much less dramatic than in Fig. (). The variation of an-
isotropy with temperature in finite fields is very small, hav-
ing much the same magnitude as in the normal state. The
results for a 5° film shown in Fig. 16) exhibit even less
variation with temperature.

The fact that the normal-state anisotropy is preserved
through the Ohmic regions of superconducting state in 5°
films at all fields and in 3° films at higher fields is remark-
able since the temperature range covered includes the critical
fluctuation regime, the region of flux flow, and the Ohmic
part of the region where critical scaling behavior is observed.

current directions fan out, corresponding to an increase from

the normal-state anisotropy which rises with falling tempera-

D. Comparative critical current behavior

ture. At large fields the superconducting-state anisotropy is The critical current has been measured to observe the in-
more weakly temperature dependent. The variation of th@lane anisotropy in the pinning and to identify any weak link
resistive anisotropy with temperature is shown in Fig. 10 forbehavior. A voltage criterion of 2107 Vcm™ ! has been
the various film classes and magnetic fields used. The lowensed. In zero fieldJ[001] for film 32 (0° miscuj is 5

TABLE V. Fitting parameters for the function given in the text for the variatioif ofvith magnetic field.
The midpoint values of the superconducting transition temperafyrare also given. L refers tp001]

transport while H refers t@lTO]* transport.

Film Miscut T:(0) a B Te

24 0° L 83.6 0.064 0.35 85.5
24 0°H 82.7 0.094 0.37 85.5
34 3°L 82.1 0.076 0.35 84.3
34 3°H 82.0 0.099 0.37 84.3
41 5°L 81.8 0.093 0.48 84.5
41 5°H 81.7 0.094 0.54 84.5
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(a) (b) {c) agreement with the meandering-current-path—helical-
10 current-flow modef which assumes that the 90° twist
:ggg'q'r boundaries form a negligible impediment to current flow in
10T T  =03T T the [001] direction, while enabling current flow in helical
z ot paths along th¢110] direction. The model is supported by
% 10 T T the anisotropies observed on very narrow tracks that inhibit
é’ circuitous current paths. The normal-state anisotropies of the
100+ \f_:g” T 3° and 5° films, on the other hand, are consistent with those
B bty o expected of appropriately tilted good quality single crystals,
o T . N free of disruptive internal boundaries.
78 80 82 84 8 79 81 83 85 77 79 81 83 8 Much may be learned from studying the anisotropy in the
Temperature (K) electrical properties in the superconducting state. In the su-

. . . . perconducting state the dissipation is the result of the move-
FIG. 10. The Ohmic regime anisotropy as a function of temperament of vortices, the voltage being directly proportional to

ture. Data are shown for various classes of the perpendicular maghe mean vortex flux. Transport current applied in fB@1]
netic fields used(@ Data for film 24(exact cut substrate(b) Data  direction will result in a mean vortex movement in the

for film 34 (3° miscut substraje(c) Data for film 41 (5° miscut [1TO], ([1T0]* in the case of miscut substraegirection.
substratg i . L S - .

In the 0° films vortices moving in this direction will have to
cross symmetric tilt boundaries where the superconducting
order parameter is suppressed. Transport current applied in

the[110] direction, on the other hand, will result in vortex
movement in thg001] direction, along which such pinning
processes are not available since the order parameter is not
expected to be appreciably suppressed at 90° twist
boundaries® This may well explain the increasingly strong
anisotropy in the Ohmic behavior found in 0° films as the
temperature is lowered through the flux flow regime into the
TAFF and TAFC regimes where pinning becomes more and
] } ) — more influential. In the 3° films, where the tilt boundaries
The in-plane anisotropy ratiok[001]/J[110]* for the  5re fewer, this anisotropic behavior is less evident, and in the
three classes of film at 70 K in applied fields of 0.1 T and 1ge fjims it is barely detectable.
T are 6.6 and 6.4 for the 0° films, 6.3 and 8.6 for the 3°  The fact that the normal-state in-plane anisotropy is pre-
films, and 10.0 and 9.1 for the 5° films. There is a_generagen,ed through the Ohmic regions of the superconducting
but very slow decline in the anisotropl[001]/J[110]* state in 5° films at all fields, and in the 3° films for a range
with lowering temperature and the anisotropies have a vergf higher fields, is remarkable; the same anisotropy is found
low dependence upon magnetic field. The ratios for the 09n the normal state, in the critical fluctuation regime, through
and 5° films decrease slightly with field; those of the 3° film the flux-flow regime where the influence of pinning is weak,
slightly increase. The changes over the magnetic field rangghrough the TAFF region, and into the TAFC region, regimes
0-1 T are slight. where pinning is influentia(Fig. 10. Only as the tempera-
The dissipative voltages of the two transport directions forture passes into the nonlinear regime does the dissipative
the same driving force on the vortices have a ratioanisotropy rise towards the very large values which, as we
V[110]*/V[001], which is of order §,[001]/3[110]*)9,  have noted, are found beloV.
whereg is the local gradient of lo() versus logk). Sinceg In the superconducting state in-plane anisotropic behavior
is equal to ¢+ 1)/2 atT,, and increases as the temperaturemay result from three basic causes. First, the pinning centers
is decreased, we note that the in-plane anisotropy in the dighemselves may lead to anisotropy behavior via their shape

sipation is very large indeed, even when the in-plane aniso@nd arrangement. Second, the vortices themselves may lack
ropy in J. is modest. axial symmetry as a result of the anisotropic superconducting

properties of the medium. In the present 45° tilted structures
the vortices will be slightly elliptical in cross section with the
major axis along thg001] direction. Such vortices will move

We will restrict our discussions to three topics: the growthmore easily along th€001] direction than along thg110]
of YBCO films with in-plane anisotropy, the anisotropy in direction. The third mechanism involves the viscous damp-
the in-plane resistivity in the normal and superconductingng of the vortices. A vortex moves in response to a fdfce
states, and the electrical behavior in the critical regime.  which is the sum of the Lorentz force, forces due to vortex-
We have decribed a two-stage process for reproduciblyortex and vortex-pin interactions and the forces of thermal
fabricating (103//(013) YBCO films. They have an ex- excitation. The resulting velocities are limited only by the
tremely low proportion of other phases such as th&0  viscous damping via the realtionshio= nv, where is the
phase and very low normal-state resistivitipgo,;, compa-  viscosity. Any anisotropy in will produce an anisotropy in
rable to thea-axis resistivity of a high-quality YBCO single the dissipation.
crystal. The in-plane anisotropy values of the 0° films are in  Of the three mechanisms for in-plane anisotropy, aniso-

x10° Acm 2 at 75 K and 1.%10° Acm™2 at 70 K. The
corresponding values for film 34 (3° misguaind film 41 (5°
miscu) are 3x10°, 8x10° and 7x10° and 1.3
x10° Acm™?, respectively. The values for the 0° and 5°
films are similar while those for the 3° film are lower by a
factor of about 2. At 70 KJ [ 001] falls with increasing field
initially linearly and reaching half its value by about 0.15 T
in the 0° films, by about 0.4 T in the 3° films and by about
0.3 T in the 5° films. This confirms the absence of weak link
behavior in any of the films.

VIl. DISCUSSION
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tropic pinning and lack of axial symmetry are ineffective in obtained fromc-axis normal YBCO thin film&434%5354je
the flux flow regime. The third mechanism, anisotropy in thein the ranger=1.7+0.2z=5=+1 for a range of magnetic
viscous damping, is the only one which is expected to bdields above 0.1-0.5 T. Wigens et al*® report v=1.7
effective in both the flux flow regime, in the TAFF regime, +0.1 andz=5.85+ 0.1, independent of magnetic field angle;
and in the Ohmic portion of the TAFC region. Thus our Kotzler et al>? report v=1.7+0.1 andz=5.5+0.5 in ac
results appear to require that anisotropy in the viscous dampneasurements made over ten decades of frequency, again
ing determine the anisotropy in the flux flow regime of theusing their results to support universality. Most of these
superconducting state, and that the viscous anisotropy ratiyorkers have used films which have a thickness of about 300
be the inverse of the in-plane anisotropy of the normal-stat@M. These exponent values are therefore consistent with
resistivity. The same viscous anisotropy will also control thethose of Sawaet al** who report a film thickness depen-
anisotropy in the TAFF regime and in the Ohmic portion of dence of the exponents in whiah=9 for very thin films,z
the TAFC regime, save in the unlikely event of there being a~5 for 300 nm, andz~4 for films of 1000 nm thickness.
change in the viscous anisotropy on entering that regime an@ther work indicates poor scaling or no transition at all in
compensating changes due to the influence of anisotropiéery thin films?® Ando et al*® report low values ofv and
pinning and/or anisotropy due to elliptical vortex cross sechigh values ofz for very narrow tracks £=0.7z=9.7, for
tions. 0.5 um; v=1.2z=5.6 for 5.6 um). It is very clear that

It might be argued that, since the mean vortex movemengample geometry affects the exponents. In strained YBCO
is almost transverse to the transport current, if the dissipatiofilms grown upon YSZ the exponents change fram
results from current through the normal core transverse to thes 1.15z=8.5 to v=1.6z=5 at fields of around 0.1 T2
movement, then the anisotropy in the dissipation will be In c-axis normal thin films of the very anisotropic high-
equal to the normal-state anisotropy as we have observetemperature superconductingdTS) thallium compounds
However, in Bardeen and Stephen’s calculation an equatalues ofyr=1.3z=7.9 have been reported for the 1:2:2:3
damping is provided by currents near the cbtdao and phase andv=0.98z=6.8 for the 2:2:2:3 phase, in an
Clem have extended the calculation to vortices lying alonganalysis® based on the plausible assumption tdat3. A
the principal axes of an anisotropic superconductor and showeport on 2:2:1:2 thallium films showsin the range 1.3-1.6
that the damping from currents outside the core involvesvhile z steadily increases with magnetic field fraw5 at
components of the normal-state resistivity other than tha®.1 T, throughz=10 at 1 T toaboutz=13 at 5 T, the
transverse to the vortex moveméhfThe damping is then a analysi$’ again being based a=3. The very high values
superposition of resistivity components; the anisotropy in theof the exponent reported for films of the 2:2:2:3 phase of
damping is less than the anisotropy of the normal-state resi8SCCO, wherev=0.7 andz=12.5, have led the authors to
tivity. We await a realistic analysis of our own situation change their analysis frord=3 to d=2, yielding v=1.4
where the vortices lie at an angle to the principal crystallo-and z=5.61° Unlike YBCO, the structures of the HTS bis-
graphic axes of the material, and the motion of the vortices isnuth and thallium compounds consist of superconducting
varied within the plane of the film. layers that are very weakly coupled and in some situations

In all flms we have observed transition behavior at athese materials may be regarded as two dimensional. How-
temperaturer; which is typically 2—3 K belowT, for low  ever, there are strong theoretical reasons which indicate that
fields, falling in temperature with increasing field. The qual-a true vortex-glass transition cannot exist in two
ity of the scaling collapses is generally very good indeeddimensiong’ The absence of a vortex-glass transition in ul-
Only close to zero field in the 3° films may it be argued thattrathin YBCO films has been demonstrated experimentally
the assumptions for critical scaling behavior are not met. by Dekker and Whgens>®

A number of the authof$??> who have associated the ~ Many authors have observed scaling, but it is clear that
transition with the melting of a vortex glass into a vortex the claim for “universality” of the scaling exponents is only
liquid have pointed out that the scaling for a continuous thervalid in a qualified sense. It is certainly true that for a par-
modynamic transition should be *“universal.” Universality ticular sample, or within a group of samples prepared in
implies that scaling should be observed with same criticamuch the same way, the scaling exponents may be almost
exponents and master curves for different samples and difndependent of the magnitude of the magnetic field over
ferent sample geometries, for different materials, and for difsome extended range of field, may have a low dependence
ferent values of the magnitude and angle of the applied magipon field angle, and may not vary strongly with sample
netic field. The equivalent critical exponents should beirradiation. However, the literature also reveals considerable
obtained using different measurement techniques. In thewariations with sample, sample geometry, with material, and
extensive work on microtwinned YBCO single crystals Yehbetween single crystals and thin films of nominally the same
and co-workers lend support to “universality” by observing material. These variations are much larger than the errors in
the valuesr=0.65+0.03, z=3.0=0.3 over a range of mag- any particular estimate of andz
netic field and magnetic field angles for “as-grown” samples  The present study of scaling behavior is on high-quality
as well as for samples dosed with 3 MeV protons to increaséhin films with tilted axes. The in-plane anisotropy enables
the point defect densi§.}! However, other workers have the transition behavior to be probed with different directions
obtained different values for the scaling exponents. The exef transport current. For the same transport direction we find
ponents obtained from susceptibility measurenfetiton  that v andz show systematic variations with both film class
YBCO single crystals were found to depend upon the angland magnetic field rather than displaying “universal” behav-
of the magnetic field %=3.1z=3.1B|c; »=1.6z ior. The variations o andv with transport direction are also
=6.3BLc). Many of the reported values of the exponentsgreater than the errors in any individual estimate.
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Moreover, for the 0° and 3° films differences occur be-length and a single time leads to the scaling which has been
tween the values of; obtained from the two transport di- described in Sec. IV B.
rections for the same sample and the same magnetic field. In Superficially this appears to explain the scaling which we
the case of the 0° films the differences are considerable, arfteve observed, but in fact there are severe problems with the
even in the case of the 3° films the differences for large€xplanation. Although the correlation length exponents that
fields lie well outside estimates of the experimental errorshave been extracted from the data are quite plausible, the

This variation ofT, with transport direction strongly corre- values of the dynamical exponent are too large to be cred-

lates with tilt disorder. ible. While one could invoke the existence of anomalous
The existence of phase transition behavior in zero mag(_jimensions for the electric field or current density to reduce

netic fields is also of interest. Some authors are of the opint"€S€ values there is a more serious objection.
As has been seen, the anisotropic structure of the 0° and

ion that the vortex melting line for YBCO is not expected to

extend to zero magnetic field since it folds back close to the®® Samples has such a strong influence that the characteristic

boundary of the Meissner phabé this case some explana- {€mperatureT, in the scaling depends upon the direction of

tion of the phase transition behavior is necessary other thaf?€ current. This is not at all explicable within the above

attributing it to a vortex-glass to vortex-liquid transition. ~ framework which assumes a change in the response of a
The very high values which we have obtained for theSystemtoan applied current occurring at an equilibrium tran-

productzy are intriguing since they are clearly unphysical if Sition (with a unique temperature at a given magnetic field

a time scale varying ag — T,/ %" is involved. Examination Giamarchi and Le Dous£4lhave considered the possibil-

of Table Il indicates that excellent scaling has been observefly Of @ moving glass state in which a depinned vortex glass
for values of| T—T,| ranging over a decade aboVeand in 'S flowing with a definite average velocity. They find that the

some cases approaching a range of two decades bBlow vortices flow in static preferred channels and retain ordering

These are lower estimates, which have been obtained by a&: th6ez direction transverse to the average flow; Balents
suming that the lower limit of T—T,| is given by the uncer- et al’> have referred to this state as a transverse smectic
tainty in estimatingT, during scaling, rather than from any Stéte. In the presence of a very anisotropic potential it is
evidence that scaling has failed closeTio Ranges as large quite concel_vable thf.it. such a state would exhibit a nonequi-
as these, together with high values of, appear to imply librium meltlng transition at a temperature that depends on
that scaling behavior occurs over an unphysical time rangethe current dlrect|on._ Neither the melu_ng of the moving glass
zv=16 implies a range of 20—30 decades. Such a range Yhase nor the details of the depinning transition are well
voltage is found in Fig. 7. understood at present.

What can be said about this intriguing situation? It is clear It is, however, not clear that such a transition should ex-

that the current-voltage behavior of all three classes of filnr"blt such clean scallng; one mlg_ht very well e_>.<pect the criti-
exhibits very clean scaling under the algorithms described ir(fal temperature for this nonequilibrium transition to.dep_end
Sec. VIB above. The origin of such clean scaling is, how-1PON the magnitude of thg cgrrent as well as upon |t_s direc-
ever, not at all obvious. The characteristics of a vortex-glasgOn _and upon the magnetic f'EI.d' _Clearly the properties of a
to vortex-liquid transition were discussed by Fisher, FisherMoVIng glass CI(_)S.e. to the depinning thre_s_ho_ld and, In par-
and Husébut the idea that the current-voltage characteristicé'cmar’ the possibility of a sharp nonequilibrium transition

should show scaling goes back to the work of Wolf Gubserd'® well worth further investigation despite the extreme dif-
and Imry’ on thin films. The work of Fisher Fish’er and ficulties of such problems. Whether or not such an investi-

Huse is based on an analogy between the putative vortezg-at'on could explain thg data presente.d her'e IS Iess'clea_lr but
I 1geems very hard to think of any way in which the direction

lass phase and the scaling theory of short-range spin glass o .
?Bray pand Moore® Fishergand H{Jség McMiIIar?w).pThg of the current can affect, within any picture based on an

basic picture is of a state in which the phase degrees oqqumbrlum phase transition.
freedom of the pairing field lock into a unique configuration
separated from metastable configurations by a hierarchy of
free energy barriers whose heights diverge in the thermody- This work has been supported by the EC under ESPRIT
namic limit. The linear conductivity of such a state vanishesProject No. 8132-WELITTD-HTS, and through a NET-
the voltage response to an applied current being nonlineat’VORK program. We are extremely grateful to D. Fuchs and
The expectation that close to the line of continuous phas®. Schneider of the Forschungszentrum Karlsruhe, Germany
transitions between the glass and liquid states the physics fer carrying out detailed XRD measurements on our samples.
entirely dominated by the divergence of a single correlatiorR.P.C. wishes to thank the EPSRC for financial support.
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