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Anisotropic in-plane properties of „103…Õ„013… oriented YBa2Cu3O7Àd thin films grown on exact
and miscut „110… SrTiO3 substrates

R. P. Campion, P. J. King, K. A. Benedict, R. M. Bowley, P. S. Czerwinka, S. Misat, and S. M. Morley
School of Physics and Astronomy, University of Nottingham, Nottingham NG7 2RD, England

~Received 28 January 1999; revised manuscript received 1 November 1999!

YBa2Cu3O72d ~YBCO! grows upon~110! oriented SrTiO3 substrates with two equivalent tilt orientations
and exhibits regions of each 45° tilt. If the substrate orientation is ‘‘miscut’’ from the exact~110! orientation,
the two tilts are no longer energetically equivalent, enabling the fabrication of films with controllable tilt
disorder. We have carried out a comparative study of~103!/~013! YBCO films deposited onto exact cut(0°)
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 the~110! orientation and which have normal-state resistivitiesr001 comparable tora 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 the@001# 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 exponentz, and 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.
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I. INTRODUCTION

The high-temperature superconductors may exhibit ap
ciable dissipation in response to a transport current due to
relatively weak pinning of the fundamental excitations of t
system, the vortices associated with the quantization of m
netic flux.1,2 The vortex movement and thus the voltage a
determined by the response of the system to the Lore
force imposed by the transport current in the presence
intervortex repulsion, vortex pinning, and thermal fluctu
tions. Although many features of the dissipation are und
stood, there are still areas of major concern. These inc
the nature of the phase-transition-like behavior which occ
at temperatures just below regions of flux flow~FF!,3 ther-
mally assisted flux flow~TAFF!,4 and thermally activated
flux creep~TAFC!.5 This behavior has been widely attribute
to a continuous phase transition between a vortex liquid
a vortex glass phase6,7 and many authors have reported th
data from this region scale under algorithms appropriate
such a transition.8–12 Nevertheless, concerns have been
pressed that the size and nonuniversality of the scaling
ponents indicate that such a model does not fully desc
the situation.13–18

It is particularly interesting to study vortex dynamics
thin films which have considerable in-plane anisotropy sin
the transport current direction may be varied while keep
the defect structure and mean density and direction of
vortices constant.18 The preferred growth of the cuprate s
perconductors along thea andb directions rather than alon
the c direction19 ensures that many types of in-plane anis
PRB 610163-1829/2000/61~9!/6387~14!/$15.00
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tropic films are relatively difficult to fabricate compared wi
c-axis normal films.20,21 They often present challenges ass
ciated with contacting, aging, and crack formation upon th
mal cycling.22 Yba2Cu3O72d ~YBCO! thin films with ~103!/
~013! orientation@i.e., films whose~103! or ~013! planes lie
parallel to the sample surface# may be grown reproducibly
upon ~110! cut SrTiO3 or LaAlO3 substrates by carefully
controlling the substrate temperature during growth.23–25

Such films offer very low normal-state resistivities togeth
with substantial in-plane anisotropy both in the normal a
in the superconducting states.26

At any point within these films the YBCOc axis is
aligned at 45° to the substrate normal in one of two equi
lent orientations@Fig. 1~a!#, this leading to the formation o
‘‘tilt domains’’ within the film. For accurately cut~110! sub-
strates~where the normal to the cut of the substrate lies in
@110# direction! ‘‘tilt domains’’ of either orientation occur
with equal probability. A number of researchers have inv
tigated the use of substrates cut with normals tilted aw
from high-symmetry directions by very small angles~vicinal
cuts! or by larger angles~‘‘miscuts’’ ! in order to manipulate
growth morphology.27–29 We use the term ‘‘miscut’’ for all
angles including vicinal cuts. The use of miscut substra
drastically affects the spiral growth found inc-axis normal
films,29–32 and the use of larger angles of miscut can indu
substantial in-plane electrical anisotropy and may enha
the critical current by introducing extended defects.30 Tilting
the normal to the cut of SrTiO3 substrates by a few degree
away from the@110# towards the@11̄0# direction is known
to cause the preferential growth of one of the two alternat
6387 ©2000 The American Physical Society
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6388 PRB 61R. P. CAMPIONet al.
c-axis directions during the fabrication of~103!/~013! YBCO
films.33–36This is illustrated in Fig. 1~b!. This substrate mis-
cut enables control of the tilt disorder, an additional tool
our study.

In the present paper we describe a successful method
the fabrication of high-quality~103!/~013! thin films. We
present a detailed comparison of the electrical transport p
erties of films grown upon exact cut~110! substrates with the
properties of films grown upon 3° and 5° miscut substra
~Throughout this paper a film grown upon, for example, a
substrate will be described as a ‘‘3° film.’’ The films grow
upon 0°, 3°, and 5° miscut substrates will be referred to
the three ‘‘classes’’ of film.! We then describe detailed ele
trical measurements, both for the normal and for the sup
conducting states, where we observe scaling behavior w
is characteristic of a phase transition. The data collapse
tremely well onto two scaling curves over very wide rang
of temperature. Our study of the scaling behavior as a fu
tion of miscut angle and transport current direction and
the anisotropy of the superconducting behavior raises im
tant questions about the nature of the vortex behavio
these films.

II. FABRICATION OF „103…Õ„013… THIN FILMS

The heteroepitaxial growth of thin films is controlled by
number of factors which include the substrate film latt
matching, the growth temperature~through such parameter
as adatom diffusion lengths!, and the adatom supersatur
tions. While the preferred crystalline orientation of YBC
grown upon~110! SrTiO3 substrates certainly depends up
the substrate temperature via the different lattice matchin
different temperatures resulting from differential thermal e

FIG. 1. ~a! The two equivalent tilts@~103! and (2103)# of an
YBCO film grown upon an exact~110! cut SrTiO3 substrate. The
distinction between the~103! and ~013! orientations is not shown
the only difference being whether it is thea or b axis that is per-
pendicular to the plane of the paper.~b! The use of a substrat
‘‘miscut’’ by an angleum leads to one tilt being preferred durin
growth.
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pansion, the balance is tipped only delicately in favor of t
~110! or the~103!/~013! orientations.23 Since the adatom su
persaturations may vary enormously between differ
preparation methods, it is not surprising that there are va
tions between the reported optimal growth conditions
~013!/~103! YBCO films and between the orientational pur
ties achieved. Further uncertainty results from possible in
curacies of several tens of degrees in some reported subs
temperatures that have often not been measured directly

Terashimaet al.23 report amorphous films grown usin
substrate temperatures below 540 °C. They observe the~110!
orientation@i.e., films whose~110! planes lie parallel to the
sample surface# for temperatures between 540 °C an
550 °C, a mixture of~110! and ~103! between 540 °C and
600 °C, and pure~103! films above 600 °C. Since this repor
many authors have used substrate temperatures in the r
720–750 °C for~103!/~013! film growth.25,33–35 In a more
recent and very detailed study by Poelderset al.,36 made on
films prepared by a cylindrical magnetron sputtering te
nique, the substrate temperature has been carefully m
sured. Poelderset al. find amorphous films for growth below
600 °C and pure~110! orientation for temperatures jus
above this. As increasing substrate temperatures are use
proportion of the~110! orientation steadily declines, but eve
at 800 °C a~110! volume fraction of about 15% is reported
The ~103! orientation is first found at 620 °C, the~103! frac-
tion reaching a broad plateau of about 50% by about 700
By 740 °C appreciable~013! orientation appears. It shoul
be noted that in the work of Poelderset al., which extends to
820 °C, there is no temperature at which the films are free
the ~110! orientation.

Our own ~103!/~013! YBCO films were grown on~110!
SrTiO3 substrates by a self-templating two-temperatu
method which has been found empirically to give hig
quality films with extremely low proportions of the YBCO
~110! orientation. They were deposited by 90° off-axis
magnetron sputtering from a stoichiometric YBCO targ
The substrates were mounted using silver paste onto a s
less steel block, which was heated by enclosed quartz h
gen projector bulbs. The temperature was sensed by a
mocouple attached to the block; the heater blo
temperatures~which are quoted! are typically 5 °C higher
than the actual substrate temperatures. The growth cham
was filled with a (60% O2)/(40% Ar) mixture to about 60
mTorr and, just before the film growth process, the subst
was heated to 750 °C for 10 min in this atmosphere.
10–15 nm YBCO template layer was then grown over
min at a temperature of 650 °C. The temperature was t
raised to 750 °C at 10 °C/min while growth continued. T
remainder of the growth took place at this higher tempe
ture. Following growth, the chamber was flooded with ox
gen to atmospheric pressure. The block temperature was
held at 750 °C for 20 min, and then cooled to room tempe
ture at 10 °C per minute. The film quality was finely tune
by modest adjustments to the chamber pressure. While
growth method was optimized using ‘‘exact’’~110! cut sub-
strates, the same growth method was used to fabricate fi
upon miscut substrates with equal success.

X-ray diffraction ~XRD! measurements indicate that th
fraction of ~110! orientation in films prepared by this metho
is usually below the limit of delectability (,1%). Thevol-
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ume ratio of the two tilts has been determined from the c
responding XRD lines.

Following XRD and microscopic examination, the film
were patterned by wet lithography and silver contacts dep
ited by thermal evaporation. Usually the tracks were 50mm
wide and 5000mm long between the pair of voltage con
tacts. Electrical measurements on films grown upon exac
substrates have been made on long tracks oriented alon
substrate@001# and @110# directions. In the case of miscu
substrates, measurements have been made along the@001#
and along the orthogonal direction which we will refer to
the @110#* direction, for convenience, even though this d
rection differs from the@110# direction by the small angle o
miscut.

III. MICROSTRUCTURE OF „103…Õ„013… YBCO THIN
FILMS

Consideration of how~103!/~013! YBCO of either tilt
nucleates and grows upon a~110! SrTiO3 substrate leads to
the conclusion that yttrium and barium cube subunits
required at the substrate surface in addition to full unit ce
This is shown in Fig. 2~a!. Where this does not occur a
antiphase boundary will be generated which may grow ou
the film thickens via stacking faults, which are known
occur readily in YBCO. Eomet al.25 and Marshall and
Eom37 have carried out transmission electron microsco
~TEM! and scanning electron microscopy~SEM! investiga-
tions of the microstructure of the later growth. They rep
that initial nucleation of very many grains of either tilt
followed by rapid growth along theab planes, leading to the
formation of large numbers of triangular grains separated
either basal plane faced tilt boundaries or by symmetric
almost symmetric tilt boundaries. Thus the first 5 nm or so
the thickness of a film consists of very many small grai

FIG. 2. ~a! Growth of tilted YBCO upon a~110! SrTiO3 sub-
strate, noting the need for additional yttrium~Y! or barium~B! cube
units which are fractions of the full unit cell in order to avo
massive growth disorder.~b! The structure of miscut substrate
showing steps and terraces. Nucleation at a step is preferred. A
cube units are required to avoid a large number of growth defe
In thicker films any residual mismatching will tend to grow out v
stacking faults.
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~In our own films these triangular grains should be very fi
due to the relatively low temperature of nucleation.! Since
the ab planes are no longer exposed, further growth occ
predominantly along thec axis, and far larger grains of bot
tilts develop. These are referred to as ‘‘tilt domains.’’ Th
boundaries between domains of opposite tilt are either b
plane faced tilt boundaries or symmetric~or almost symmet-
ric! tilt boundaries, the latter dominating in thicker films a
studies by Guilloux-Viryet al.33 and by Rosselet al.34 con-
firm. These features are illustrated in Fig. 3.

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

@11̄0# direction. This is evident in the observed surfa
structure, which has a topology illustrated as being simila
that of a rustic brick wall, an individual ‘‘brick,’’ a tilt do-
main, being approximately rectangular in shape, and ty
cally about 5 times longer in the@001# direction than in the

@11̄0# direction.25,37The simplified illustration of Fig. 3 also
suggests that the domains will be of alternate tilt along

@11̄0# direction. However, a more detailed examination
the actual domain shapes shows that, while they are certa
elongated in the@001# direction, the shapes are intermesh
and closer to irregular rice grains than to rectangles. Fig
4~a! shows an atomic force microscope~AFM! picture of a
~103!/~013! film of average thickness 125 nm grown upon
nominally exact cut~110! substrate, the display being
‘‘three-dimensional’’ representation viewed as if fro
above. The domain structure is quite evident from the thi
ness variations. The tilt domains are elongated in the@001#
direction, being on average about 0.5–0.8mm long and
0.1–0.2 mm wide at the surface. The rms variation in thic
ness of the film is 9 nm, with variations of twice that amou
being uncommon. Only occasional secondary phases ma
observed at the boundaries between domains. The form
the domain intermeshing and consideration of the tiling o
plane with shapes of two types indicates that the tilt antic
relation along the@11̄0# cannot be complete, while tilt cor
relation along the@001# direction must be weak. The degre
of correlation in the@001# direction is important in the inter-
pretation of the normal-state resistive anisotropy of th
films.38

In this structure domains of opposite tilt are connec
along the@001# direction by 90° twist boundaries, and in th

@11̄0# direction by basal plane tilt boundaries or more co
monly by symmetric or almost symmetric tilt boundaries.25,37

These boundaries are illustrated in Fig. 3. The supercond

ain
ts.

FIG. 3. Simplified structure of a~103! YBCO film grown upon
an exact cut~110! SrTiO3 substrates. The lines schematically re
resent the superconducting copper-oxygen planes. BPT, basal
tilt boundary; ST, symmetric tilt boundary.
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6390 PRB 61R. P. CAMPIONet al.
ing order parameter is now known to have a predominan
d-wave nature. Here 90° twist boundaries provide lob
matching and no severe disruption of the superconduct
properties, while tilt boundaries provide mismatching an
severe disruption.38,39 Further disruption at tilt boundaries
may be provided by crystallites of secondary phases, wh
are preferentially found at these sites. Tilting the cut
SrTiO3 substrates by a few degrees away from the@110#
towards the@11̄0# direction causes the preferential growt
of domains with one of the two alternativec-axis directions;
the two tilts are no longer energetically equivalent.33–35Even
though XRD and TEM studies confirm the dominance of on
tilt in films miscut by only a few degrees, little has bee
published concerning the first or subsequent stages of gro
immediately following nucleation. The effect of tilting the
normal to the substrate cut away from the~110! direction
will be to introduce steps and terraces; see Fig. 2~b!. The

FIG. 4. AFM images of the surfaces of typical films.~a! A film
grown upon an exact cut substrate.~b! A film grown upon a 3°
miscut substrate.~c! A film grown upon a 5° miscut substrate. In

each case the@001# and @11̄0#* directions are indicated.
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mean step height to terrace spacing corresponds to the m
angle. The terrace spacing will normally be somewhat
regular following polishing. It has been reported that t
atomic mobility which occurs during a high-temperature a
neal induces regular terrace spacing,30,31but in our own work
we have not approached the temperature at which thi
likely to occur (950 °C) and the terracing will be less reg
lar. The growth of YBCO films on a miscut substrate will b
determined by competing nucleation at steps and on the
races, this depending upon the different adatom diffus
lengths at the growth temperature. Since a 3° miscut c
tainly induces a preferred tilt in~103!/~013! films, it follows
that nucleation is strongly preferred at the steps and that
diffusion lengths must be greater than the mean terr
width, about 8 nm for 3° films. The growth of relativel
defect-free films again relies on the existence of partial u
cell cube units at the interface. However, it may be seen fr
Fig. 2~b! that, even then an antiphase boundary will be g
erated if the number of cells across a terrace is not divis
by 3. These antiphase boundaries may grow out via stac
faults as the film thickens.

Our own studies show that films grow on miscut su
strates at much the same rate as on exact cut substrate
similar sputtering conditions. Figure 4~b! shown the equiva-
lent AFM representation of a 130-nm-thick film grown upo
a 3° miscut substrate. XRD studies show that this film ha
volume tilt ratio of 95%:5%; any~110! phase exists at a leve
well below 1%. Surface structure which appears to cor
spond to ‘‘domainlike’’ growth areas is evident but the mo
or less regular domain arrangements of the films grown u
exact cut substrates reported by Eomet al.25 and others@and
evident in Fig. 4~a!# are not present. In particular large are
of the film are connected relatively smoothly with only we
discontinuities where ‘‘domains’’ meet. The film clearl
shows a defect structure where growth areas meet, but we
unable to identify which areas correspond to the 5% mino
tilt. The films are generally far smoother than those gro
upon exact cut substrates; the rms variation in thicknes
typically 3 nm, a factor of 3 less than for exact cut substra

Figure 4~c! shows the AFM representation of a typic
film grown upon a 5° miscut substrate. In this film XRD an
transport measurements indicate that the fraction of the
nority tilt is about 2%; no~110! phase is detected at the 1%
level. The surface topology is somewhat similar to that of
3° film shown in Fig. 4~b!. The surface features produced b
the merging of the different growth areas are again shallo
than for the films on exact cut substrates and many ‘‘d
mains’’ join relatively smoothly with small surface distu
bances. The rms variation in thickness is 3 nm, similar to t
of the 3° film.

In films where one tilt dominates, nucleation will gene
ally not be followed by the development of triangular grain
followed then by the growth of larger domains. However
film mainly of one tilt with small areas of the other, the tw
being separated by symmetric tilt boundaries, does not p
vide sufficient release for the stress induced by
SrTiO3 /YBCO lattice mismatch except in the case of ve
thin films. Whether this release is caused via the numer
stacking faults originating at the substrate/YBCO interface
not clear; nor has the development of the antiphase bou
aries been studied in this system. Nevertheless, the sur
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PRB 61 6391ANISOTROPIC IN-PLANE PROPERTIES OF . . .
indications of many distinct growth areas in~103!/~013!
films grown upon miscut substrate are evidence for the p
ence of numerous internal defects which need to be cha
terized so that their effect on the transport properties can
ascertained. More work on the microstructure of these fi
is necessary.

In summary, the films grown upon exact cut substra
show the expected tilt domain structure with pronounced s
face features where domains join. The films on 3° and
miscut substrates also show considerable, but much
regular, surface structure together with much shallower f
tures where growth areas join. On average these films
‘‘smoother’’ by a factor of 3. No cracks have been seen
the films studied.

IV. ELECTRICAL MEASUREMENT TECHNIQUES

Cryogenic measurements ofR(T) and of variousI -V-B-T
characteristics were made by conventional four-probe m
surements under computer control using an Oxford Ins
ments helium gas flow cryostat. The dc voltages were sen
using an EM Electronics A10 sub-nanovolt low-noise amp
fier; at each measurement the current direction was reve
to ensure consistency. The error in the measurement o
voltage was better than 1% over the whole range repo
here plus a random error of 1 –2 nV. ‘‘Zero-field’’ measur
ments were made with the cryostat tail and sample scree
by a double mu-metal shield, reducing the Earth’s field b
factor of 5000. Magnetic fields were applied perpendicula
the substrate surface in all cases. All measurements in
superconducting state were made by applying the magn
field at or aboveTc and then cooling to the temperature
measurement.

V. COMPARATIVE NORMAL STATE BEHAVIOR

By comparing the normal-state properties of films gro
upon exact cut and upon 3° and 5° miscut substrates a
consistent picture emerges. Figure 5 shows the resist
r(T) as a function of temperatureT for one film of each
class and for current flow both in the@001# and in the

@11̄0#* directions. Table I provides numerical data both f
these films and for one further 3° and 5° film. The values
r [001] are not only remarkably consistent between the th
classes of film, but are comparable in magnitude with
resistivity of a very-high-quality YBCO single crystal.
may be seen thatr [001] extrapolates close to the origin i
each case, as would also be found in a well-oxygena
single crystal. Friedmannet al.40 quote values for
ra(100 K) of 40 and 53mV cm, and forrb(100 K) of 21
and 25 mV cm at 100 K for well-oxygenated samples; o
own range of 37–50mV cm is comparable to the values fo
ra . Agreement with the single-crystal values forra rather
than forrb may be due to both the dominance of~103! over
the ~013! orientation and to some twinning which disrup
the copper oxygen chains which are responsible for the lo
rb resistivity. Since in the case of films on exact cut su
strates@001# transport must involve 90° twist boundarie
whereas twist boundaries are not involved in@001# transport
for the miscut films, the consistency ofr001 between the
classes of film is an indication of the very small impedime
s-
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imposed by twist boundaries in the normal state.
The data forr [11̄0]* extrapolate less close to the origin

r(0 K)/(r100 K) being consistently close to 0.35 except f
the occasional sample thought to be less well oxygena
~see Table I!. The anisotropy ratior [11̄0]* /r [001] at 100 K is,
however, dramatically different when we compare the ex
cut samples to the samples grown upon miscut substra
The anisotropies of films grown upon exact cut substrates
the technique described lie in the range 14–25, gener
toward the lower end of this range, depending upon the
tails of the growth conditions. In contrast it may be se
from Table I that the anisotropies of the typical 3° films a
45.5 and 51.5 at 100 K, while the equivalent numbers for
5° films are 40 and 48.

Fletcheret al.41 have pointed out that current may flow i
helical paths along a 90° twist boundary byab-plane con-
duction alone. Campionet al.38 have used this mechanism t
propose that in the domained films which occur upon ex
cut substrates@11̄0# transport occurs by forward flow alon
the twist boundaries and sideways flow acrossab planes,
thus avoiding the tilt boundaries, which are expected to c
tribute considerable impediment to flow. Campionet al.have
been able to make a crude estimate of the normal-state
isotropy by estimating the effective length of the tortuo
current paths involved on the plausible assumption that
domain tilts are uncorrelated in the@001# direction. They
estimate anisotropies in the range 10–20, consistent with
finding. For films grown upon miscut substrates, such t
one tilt occurs with a very low fraction, the current paths
Campionet al. become very long and the shuntingc-axis
conduction dominates.38 The observed in-plane anisotrop
may then be deduced from the resistivity for a single crys
tilted by 45° with respect to the@110# crystallographic axis
of the substrate:r5rabsin2(45°1um)1rccos2(45°1um)
whereum is the miscut angle, andrab is a suitable ‘‘aver-
age’’ of ra andrb . In the light of ourr001 values we will use
rab5ra , and rc /rac5120 ~see Friedmannet al.40!. The

FIG. 5. Resistivity plotted against temperature for current fl

along the@001# direction and the@11̄0#* direction. Film 32 grown
upon an exact cut substrate, solid lines; film 40 grown upon a
miscut substrate, dashed lines; film 41 grown upon a 5° mis
substrate, dotted lines. Measurements were made using a tran
current of 1mA. Each film was about 130 nm thick.
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TABLE I. Normal-state behavior.

Film Angle Tc r [001](100 K) r [11̄0]* (100 K)

No. ~Mid! (mV cm) (mV cm)
r@1 1̄0#*~0 K!

r [11̄0]* ~100 K!
Anistropy

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 51.5
41 5° 84.5 40 1600 0.32 40.0
42 5° 84.6 43 2100 0.35 48.0
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predicted anisotropy is then 54 for theum53° and 49 for
um55°. These estimates are in good agreement with
findings given in Table I.

VI. BEHAVIOR IN THE SUPERCONDUCTING STATE

Detailed superconducting-stateI -V measurements hav
been made in a range of magnetic fields for both the@001#
and the@11̄0#* transport directions. A typical family of cur
rent voltage curves for a range of fixed temperatures is il
trated in Fig. 6; in the figure the temperature reduces fr
left to right. The different regions of behavior include Ohm
behavior~O! found over a range of temperatures belowTc ,
and nonlinear behavior~N!, found at lower temperatures an
higher currents. At one particular temperature, which we
Tt , the curvature of the log(I)-log(V) characteristics change
discontinuously from positive, through straight line behavi
to negative. We will show that the data scale over a w
region about the ‘‘transition temperature’’Tt , and then con-
sider the anisotropy in the Ohmic region aboveTt and in the
region belowTt , where the data show critical current beha
ior.

FIG. 6. An illustrative family of current-voltage curves taken
various fixed temperatures, presented on logarithmic scales.
data were taken on film 34, for transport in the@001# direction, in a
perpendicular magnetic field of 0.6 T.Tc , the region of Ohmic
behavior~O!, the phase transition temperature (Tt), and the low-
temperature, nonlinear regime~N! are indicated. The point P indi
cates a typical ‘‘bias’’ point for angular studies, while U and
indicate typical upper and lower limits of the region for whic
excellent scaling is obtained.
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A. Theoretical ideas

In the high-temperature superconductors the dissipa
results from the motion of vortices, the dynamics being d
termined by the interplay of vortex-vortex interaction
vortex-pin interactions, the Lorentz forces induced by t
transport current, thermal fluctuations, and visco
damping.1,2 As yet no complete theory exists for this com
plex system which would enable the overall form of curre
voltage characteristics, such as those of Fig. 6, to be qu
tatively related to the physical properties of the samp
However, many of the elements of such a theory are now
place, enabling some interpretation of the data. At tempe
tures not far belowTc is a region of Ohmic behavior wher
viscous damping dominates the effects of pinning, a reg
often described as the ‘‘flux flow’’ regime~FF in Fig. 6!.3 As
the temperature is lowered pinning plays an increasingly
portant role. At first pinning impedes flux flow, which is
however, assisted by thermal excitations. This behavio
described as thermally assisted flux flow.4 At yet lower tem-
peratures the effect of pinning is sufficiently large that fl
movement would not proceed without thermal activatio
The Anderson-Kim analysis of thermally activated flux cre
predicts Ohmic behavior at low currents, with the ratioV/I
increasing exponentially with current at higher currents. E
perimentally, however, power law rather than exponen
behavior is almost invariably observed. The simp
Anderson-Kim expression has been modified to prod
power law behavior by introducing barrier heights depend
upon current as ln(I0 /I), whereI 0 is a temperature-depende
constant.1,42

Experimentally the temperature dependence of the Oh
resistivity predicted by Anderson and Kim for thermally a
tivated flux creep is often found over limited ranges of te
perature; it is sometimes not seen at all. Usually, the lo
current Ohmic resistivity plummets increasingly rapidly as
‘‘transition temperature’’ is approached from above; the c
vature of the current-voltage characteristics changes from
ing positive above the transition temperature to being ne
tive below. Power law behavior is found at the transiti
temperature itself. These features may be found in the da
Fig. 6, where the transition temperature is marked asTt . The
transition temperature separates a higher-temperature re
in which dissipation occurs at arbitrarily small currents, fro
a lower-temperature region in which there is an abrupt on
of dissipation at a critical current whose value depends u
temperature.

These features have been attributed to a continuous t
modynamic phase transition at which the system passes
a vortex liquid to a vortex glass~VG!,6,7 a phenomenon ex

he
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TABLE II. Scaling parameters obtained by collapsing theI -V data for 0° film 24 on the basis thatd

53. H refers to transport along the@11̄0#* direction while L refers to transport along the@001# direction.

Field ~T! n z Tt (K) T1 T2 Class of fit

0.0 L 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
0.1 L 1.26 10.0 81.30 83.6 79.1 A
0.3 L 1.28 10.3 80.28 83.0 78.1 A
1.0 L 1.22 10.7 78.50 82.1 73.2 A
0.0 H 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
0.1 H 1.36 11.7 79.48 82.6 75.8 A
0.3 H 1.36 12.5 78.00 81.6 74.2 A
1.0 H 1.38 12.6 75.55 81.2 65.5 A
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pected in systems with considerable point disorder. Ma
authors have since demonstrated that dc and ac response
from superconducting single crystals andc-axis normal thin
films obeys the class of scaling expected on general grou
if the physical processes leading to the transition are dep
dent on a single scale length and a single time scale.7,43–46

However, the existence of scaling does not, by its
prove beyond doubt that there is a thermodynamic ph
transition; nor does it lead directly to an understanding of
mathematical form of the two functions onto which the da
collapse under scaling.8,13,47–50

B. Scaling behavior

At a continuous thermodynamic phase transition the c
relation lengthj and the correlation timet both diverge in
the critical region. Many authors have supposed that s
length and time scales govern the dynamics of vortices
that near the phase transition these divergent scales ar
only relevant parameters.6,7 By constructing appropriate di
mensionless numbers an algorithm may be devised for s
ing all of the data onto a pair of curves, one for temperatu
above the transition, the other for temperatures below.
vector potentialA has the dimensions of an inverse leng
and so the electric fieldE (}]A/]t) can be expressed i
terms of the dimensionless parameterEjt. The current den-
sity j is proportional to] f /]A, where f is the Ginzburg-
Landau free energy density. Hencej j12d is a dimensionless
parameter. Ind dimensions we expect

Ejt5F6~ j j12d,Bj2!,

whereF1(x) is the scaling function for temperatures abo
Tt , F2(x) is the scaling function for temperatures belo
Tt , andB is the magnitude of the magnetic induction fiel
Near Tt the correlation length is expected to diverge asuT
2Ttu2n and the correlation time to diverge asuT2Ttu2zn,
wherez andn are critical exponents. If the length scale a
sociated withB can be ignored, the data are expected to sc
as6,7

EuT2Ttu2n(z11)5F6~ j uT2Ttu2n(d21)!.

The functionsF1(x) andF2(x) approach each other fo
large x, each asymptotically assuming the form of a pow
y
ata

ds
n-

f,
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law of gradient (z11)/(d21). For temperatures aboveTt
the behavior becomes Ohmic for smallx, that is,F1(x)} x
for small x.

In practice we measure the voltage dropV over a length
l (V5El) and the currentI through a cross-sectional are
S(I 5 jS). It is better to consider the scaling ofV/I versusI
since the Ohmic behavior found at higher temperatures
low currents simplifies the scaling procedures. The relati
ship betweenV/I and I is described by

~SV/I l !

uT2Ttun(z2d12)
5G6S I

SuT2Ttun(d21)D .

In practice we use the logarithm of this equation and
parameter log(S/l) appears as an irrelevant constant, as d
log(S). ~The areaS and the lengthl allow the generation of
other dimensionless ratios involving the correlation length
is explicitly assumed in the analysis that such parameter
l /j and S/j2 are irrelevant in the scaling function.! To test
whether the log(V/I) versus log(I) curves for fixed tempera
tures exhibit scaling properties, individual curves are shif
onto a master curve by simple displacements along
log(V/I) and log(I) axes. The log(V/I) versus log(I) isotherms
taken aboveTt scale onto the master functionG1 , while the
log(V/I) versus log(I) isotherms taken belowTt scale onto
the second master functionG2 using exactly the same sca
ing parameters z andn. The scaling is only predicted ove
the range of temperatures for which the time and len
scales vary as an inverse power ofuT2Ttu. The two func-
tions G1 and G2 approach each other atTt , each asymp-
totically assuming the form of a power law of gradientz
2d12)/(d21).

We have analyzed the extent to which data for our th
classes of film collapse under scaling using software wh
appropriately scales log(V/I) versus log(I) curves in response
to chosen values ofTt , andz. Tt is initially selected within
the narrow range of temperature for which the curre
voltage characteristics have behavior closest to power lawn
andz are then adjusted to produce the most satisfactory s
ing both above and belowTt . Tt is then adjusted by very
small amounts to see whether any overall improvement
be obtained, aided by a zoom facility in the computer so
ware. The resulting fitting parameters for a 0°, a 3°, an
5° film are shown in Tables II, III, and IV,z and n being
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TABLE III. Scaling parameters obtained by collapsing theI -V data for 3° film 34 on the basis thatd

53. H refers to transport along the@11̄0#* direction while L refers to transport along the@001# direction.

Field ~T! n z Tt (K) T1 T2 Class of fit

0.0 L - - - - - C
0.01 L 1.40 5.5 81.00 81.8 79.7 B
0.03 L 1.45 8.3 80.18 81.7 78.1 B
0.1 L 1.52 9.5 79.35 81.5 77.1 A/B
0.3 L 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
0.0 H 2 2 2 2 2 C
0.01 H 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
0.1 H 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
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quoted assumingd53. In general the quality of collaps
worsens appreciably if data from temperatures above an
per limit T1 and below a lower limitT2 are used; the value
T1 and T2 which have been used are also given in t
tables. Typical upper and lower limits of the temperatu
range for which we have scaled the data are indicated in
6 by U andL.

Much of the data scale excellently over surprisingly wi
ranges of temperature. The excellence of the better sca
collapses may be seen from Fig. 7 which presents data f
film 24 taken at a magnetic field of 0.3 T and with a curre
direction of @001#. The remarkable quality of the scaling
evident from the expansions to the right of the main diagr
which show that the spread of the log10(V/I ) data is on the
scale of 0.1–0.2 % of the overall logarithmic voltage ran
that is, about 25.~An appreciable fraction of this spread ca
be attributed to the small temperature drifts which occur d
ing the measurements of a singleI -V curve. The spread re
sults from the fact that during the scaling, each data point
been assigned the mean temperature of the set rather tha
actual temperature at which each point was measured. T
Fig. 7 underestimates the true accuracy to which the d
scales.! The quality of the scaling collapse for each film a
magnetic field is indicated in the tables by a letter: ‘‘A
indicates that the data from the specified temperature ra
p-

e
g.

ng
m
t

,

r-

as
the
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ta

ge

collapse onto the two master curves very well indeed wit
spread of less than 0.5% of the overall logarithmic volta
range; ‘‘B’’ indicates somewhat poorer scaling, the spread
data being up to 1.5% of the overall logarithmic volta
range. In the case of ‘‘C’’ the individual lines are distorte
from the form that would make good scaling possible: th
is, for example, no temperature at which good power l
behavior is displayed. Where the data scale to the quality
have described as ‘‘A’’ it is generally possible to determi
Tt to 60.15 K, n to 60.05, andz to 61.0 at low fields, the
corresponding figures at fields of 1 T being 60.3 K,
60.3 K, 60.1,and61.2.Where the letter C occurs in th
table no scaling parameters are given.

In general the data taken in low fields scale somewhat
well. However, for the 0° films the scaling is excellent on
the applied field exceeds 0.02 T. It may be seen from Ta
II that n lies in the range 1.2–1.4 for both transport dire
tions, whilez is close to 10 for the@001# direction and 12 for
the @11̄0# direction. In each case there is a slight but sign
cant increase inz with increasing magnetic field.Tt falls
smoothly as the magnetic field is increased. While the d
for the 3° films scale better at higher fields, the scaling
relatively poor compared with that for the 0° films, partic
larly for @001# transport~Table III!. Only at higher fields is
TABLE IV. Scaling parameters obtained by collapsing theI -V data for 5° film 41 on the basis thatd

53. H refers to transport along the@11̄0#* direction while L refers to transport along the@001# direction.

Field ~T! n z Tt (K) T1 T2 Class of fit

0.0 L 1.13 8.1 81.80 82.4 79.6 B
0.03 L 1.02 12.5 80.50 82.3 74.7 A
0.1 L 1.12 14.8 79.20 81.7 73.7 A
0.3 L 1.20 14.4 77.70 80.8 71.9 A
1.0 L 1.21 13.3 74.90 79.6 64.7 A
0.0 H 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
0.1 H 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
1.0 H 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
Data below 10 nV are not included. The diagram encompasses 25 decades of voltage and over 8 decades of current. The two
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 lo
voltage range aboveTt and within a range of 0.25% belowTt .
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excellent scaling obtained. In the nonlinear regime the in
vidual I -V curves show a tendency towards Ohmic behav
at lower voltages than occurs for the 0° or 5° films, and
have removed some of the higher-voltage data from the s
ing. Over the range of fields for which the scaling paramet
are quoted,n lies in the range 1.2–1.5 for both transpo
directions, whilez shows a tendency to increase with ma
netic field, lying in the range 8–10 for the@001# direction
and 10–13 for the@11̄0#* direction once the field is large
enough to ensure excellent scaling. AgainTt falls smoothly
with increasing magnetic field.

The data for the 5° films scale very well indeed excep
fields below 0.03 T.n lies in the range 1.0–1.2 for the@001#
transport direction and 1.3–1.65 for the@11̄0#* direction,
while the correspondingz ranges are 13–15 and 8–12 ov
the field range in which good scaling is found~Table IV!.
Again Tt falls increasingly rapidly as the magnetic field
raised.

The behavior ofTt for the two transport directions i
shown in Fig. 8 as a function of magnetic fields between 0
T and 1 T. The solid lines are fits to all the data, includi
data for fields below 0.01 T, using the function formTt(B)
5Tt(0)/(11aBb). The resulting fitting parametersa, b,
and the zero-field values ofTt are given in Table V. For the
5° film, the transition temperatures for the two transport
rections are the same to within the experimental error.Tt(0)
lies about 2.8 K belowTc in each case. The exponentb
50.5160.05. For the 3° film appreciable differences b
tween the values ofTt are observed for the two transpo
directions, differences which at higher fields lie clearly o
side the experimental error. The difference, however, is
significant at zero magnetic field, theTt(0) values lying just
over 2 K belowTc . The b value is 0.3660.04. For the 0°
film the values for the two directions are similar at 0.
60.04. However, the difference between theTt values for
i-
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t

1
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-
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-

the two transport directions is very marked@Fig. 8~a!#, lying
well outside any experimental error. Even at zero field
two Tt(0) values 83.6 K~@001#! and 82.7 K (@11̄0#* ) are
clearly distinct.

C. Comparative behavior in the Ohmic regime

For domained films it has been previously reported t
when the magnetic field is rotated in the plane containing
@110# and @11̄0# directions the Ohmic resistance exhibi
maxima at angles corresponding to the field being align
with the c axis of either tilt.24 In measurements close t
region P of Fig. 6 we confirm two almost equal maxim
When such measurements are repeated on 3° and 5° fi
however, only a single peak is found, confirming that t
dissipation is controlled by one tilt alone, the tilt shown
Fig. 1~b!.

Figure 9 shows the Ohmic resistivity for the ‘‘exact cut
film 24 as a function of temperature, both in zero field and
a field of 1 T, plotted in Arrhenius form as log10(r) versus
1/T. Data for perpendicular fields of 0.03, 0.1, and 0.3
were also obtained, the results lying smoothly between
curves shown in Fig. 9. This data cover the normal st
aboveTc , the fluctuation regime close toTc , the flux flow
regime belowTc , and the lower-temperature region whe
thermally activated flux creep occurs.

Our data indicate the presence of a phase transition
temperatures not far below the Ohmic regime, scaling w
into the Ohmic region. Thus at least over the lower ranges
the Ohmic regime the temperature dependence is of the f
uT2Ttu(z122d) rather than the activated behavior predict
by Anderson and Kim.1 The temperature dependences o
tained by the use of the values ofTt , andz from our scaling
analysis are shown as solid lines in Fig. 9. It is seen that
data follow this dependence extremely well over a range
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lower temperatures, but asTc is approached the experiment
resistivities fall below those predicted by scaling.

Figure 9 reveals that the zero-field curves for the t
current directions fan out, corresponding to an increase f
the normal-state anisotropy which rises with falling tempe
ture. At large fields the superconducting-state anisotrop
more weakly temperature dependent. The variation of
resistive anisotropy with temperature is shown in Fig. 10
the various film classes and magnetic fields used. The low

FIG. 8. The phase transition temperature,Tt , as a function of
magnetic field for the two transport directions in~a! film 24, 0°, ~b!
film 34, 3°, and~c! film 41, 5°.
m
-
is
e
r
r-

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

Figure 10~a! shows the Ohmic anisotropy for a 0° film.
may be seen that in zero field the anisotropy rises far ab
the normal-state value as the temperature falls. At hig
fields the rise is less pronounced, the Ohmic regime exte
ing to lower temperatures. Figure 10~b! shows the corre-
sponding data for a 3° film. While the anisotropy in ze
field rises slightly as the temperature falls, the variation
much less dramatic than in Fig. 10~a!. The variation of an-
isotropy with temperature in finite fields is very small, ha
ing much the same magnitude as in the normal state.
results for a 5° film shown in Fig. 10~c! exhibit even less
variation with temperature.

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

D. Comparative critical current behavior

The critical current has been measured to observe the
plane anisotropy in the pinning and to identify any weak li
behavior. A voltage criterion of 231027 V cm21 has been
used. In zero field,Jc@001# for film 32 (0° miscut! is 5

FIG. 9. The Ohmic resistivity as a function of temperature
YBCO film 24 which was grown upon a nominally exact cut su
strate. Data are shown for both zero field~a! and a field of 1 T~b!,
and for the two principle current directions. The solid lines ha
been obtained by using the scaling parameters.
TABLE V. Fitting parameters for the function given in the text for the variation ofTt with magnetic field.
The midpoint values of the superconducting transition temperatureTc are also given. L refers to@001#

transport while H refers to@11̄0#* transport.

Film Miscut Tt(0) a b Tc

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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3105 A cm22 at 75 K and 1.33106 A cm22 at 70 K. The
corresponding values for film 34 (3° miscut! and film 41 (5°
miscut! are 33105, 83105 and 73105 and 1.3
3106 A cm22, respectively. The values for the 0° and 5
films are similar while those for the 3° film are lower by
factor of about 2. At 70 KJc@001# falls with increasing field
initially linearly and reaching half its value by about 0.15
in the 0° films, by about 0.4 T in the 3° films and by abo
0.3 T in the 5° films. This confirms the absence of weak l
behavior in any of the films.

The in-plane anisotropy ratiosJc@001#/Jc@11̄0#* for the
three classes of film at 70 K in applied fields of 0.1 T and
T are 6.6 and 6.4 for the 0° films, 6.3 and 8.6 for the
films, and 10.0 and 9.1 for the 5° films. There is a gene
but very slow decline in the anisotropyJc@001#/Jc@11̄0#*
with lowering temperature and the anisotropies have a v
low dependence upon magnetic field. The ratios for the
and 5° films decrease slightly with field; those of the 3° fi
slightly increase. The changes over the magnetic field ra
0–1 T are slight.

The dissipative voltages of the two transport directions
the same driving force on the vortices have a ra
V@11̄0#* /V@001#, which is of order (Jc@001#/Jc@11̄0#* )g,
whereg is the local gradient of log(V) versus log(I). Sinceg
is equal to (z11)/2 atTt , and increases as the temperatu
is decreased, we note that the in-plane anisotropy in the
sipation is very large indeed, even when the in-plane ani
ropy in Jc is modest.

VII. DISCUSSION

We will restrict our discussions to three topics: the grow
of YBCO films with in-plane anisotropy, the anisotropy
the in-plane resistivity in the normal and superconduct
states, and the electrical behavior in the critical regime.

We have decribed a two-stage process for reproduc
fabricating ~103!/~013! YBCO films. They have an ex
tremely low proportion of other phases such as the~110!
phase and very low normal-state resistivities,r [001] , compa-
rable to thea-axis resistivity of a high-quality YBCO single
crystal. The in-plane anisotropy values of the 0° films are

FIG. 10. The Ohmic regime anisotropy as a function of tempe
ture. Data are shown for various classes of the perpendicular m
netic fields used.~a! Data for film 24~exact cut substrate!. ~b! Data
for film 34 (3° miscut substrate!. ~c! Data for film 41 (5° miscut
substrate!.
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agreement with the meandering-current-path–helic
current-flow model38 which assumes that the 90° twis
boundaries form a negligible impediment to current flow
the @001# direction, while enabling current flow in helica

paths along the@11̄0# direction. The model is supported b
the anisotropies observed on very narrow tracks that inh
circuitous current paths. The normal-state anisotropies of
3° and 5° films, on the other hand, are consistent with th
expected of appropriately tilted good quality single crysta
free of disruptive internal boundaries.

Much may be learned from studying the anisotropy in t
electrical properties in the superconducting state. In the
perconducting state the dissipation is the result of the mo
ment of vortices, the voltage being directly proportional
the mean vortex flux. Transport current applied in the@001#
direction will result in a mean vortex movement in th

@11̄0#, (@11̄0#* in the case of miscut substrates! direction.
In the 0° films vortices moving in this direction will have t
cross symmetric tilt boundaries where the superconduc
order parameter is suppressed. Transport current applie
the @11̄0# direction, on the other hand, will result in vorte
movement in the@001# direction, along which such pinning
processes are not available since the order parameter is
expected to be appreciably suppressed at 90° tw
boundaries.38 This may well explain the increasingly stron
anisotropy in the Ohmic behavior found in 0° films as t
temperature is lowered through the flux flow regime into t
TAFF and TAFC regimes where pinning becomes more a
more influential. In the 3° films, where the tilt boundari
are fewer, this anisotropic behavior is less evident, and in
5° films it is barely detectable.

The fact that the normal-state in-plane anisotropy is p
served through the Ohmic regions of the superconduc
state in 5° films at all fields, and in the 3° films for a ran
of higher fields, is remarkable; the same anisotropy is fou
in the normal state, in the critical fluctuation regime, throu
the flux-flow regime where the influence of pinning is wea
through the TAFF region, and into the TAFC region, regim
where pinning is influential~Fig. 10!. Only as the tempera
ture passes into the nonlinear regime does the dissipa
anisotropy rise towards the very large values which, as
have noted, are found belowTt .

In the superconducting state in-plane anisotropic beha
may result from three basic causes. First, the pinning cen
themselves may lead to anisotropy behavior via their sh
and arrangement. Second, the vortices themselves may
axial symmetry as a result of the anisotropic superconduc
properties of the medium. In the present 45° tilted structu
the vortices will be slightly elliptical in cross section with th
major axis along the@001# direction. Such vortices will move
more easily along the@001# direction than along the@11̄0#
direction. The third mechanism involves the viscous dam
ing of the vortices. A vortex moves in response to a forceF,
which is the sum of the Lorentz force, forces due to vorte
vortex and vortex-pin interactions and the forces of therm
excitation. The resulting velocities are limited only by th
viscous damping via the realtionshipF5hv, whereh is the
viscosity. Any anisotropy inh will produce an anisotropy in
the dissipation.

Of the three mechanisms for in-plane anisotropy, ani
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tropic pinning and lack of axial symmetry are ineffective
the flux flow regime. The third mechanism, anisotropy in t
viscous damping, is the only one which is expected to
effective in both the flux flow regime, in the TAFF regim
and in the Ohmic portion of the TAFC region. Thus o
results appear to require that anisotropy in the viscous da
ing determine the anisotropy in the flux flow regime of t
superconducting state, and that the viscous anisotropy
be the inverse of the in-plane anisotropy of the normal-s
resistivity. The same viscous anisotropy will also control t
anisotropy in the TAFF regime and in the Ohmic portion
the TAFC regime, save in the unlikely event of there bein
change in the viscous anisotropy on entering that regime
compensating changes due to the influence of anisotr
pinning and/or anisotropy due to elliptical vortex cross s
tions.

It might be argued that, since the mean vortex movem
is almost transverse to the transport current, if the dissipa
results from current through the normal core transverse to
movement, then the anisotropy in the dissipation will
equal to the normal-state anisotropy as we have obser
However, in Bardeen and Stephen’s calculation an eq
damping is provided by currents near the core.3 Hao and
Clem have extended the calculation to vortices lying alo
the principal axes of an anisotropic superconductor and s
that the damping from currents outside the core invol
components of the normal-state resistivity other than t
transverse to the vortex movement.51 The damping is then a
superposition of resistivity components; the anisotropy in
damping is less than the anisotropy of the normal-state re
tivity. We await a realistic analysis of our own situatio
where the vortices lie at an angle to the principal crysta
graphic axes of the material, and the motion of the vortice
varied within the plane of the film.

In all films we have observed transition behavior at
temperatureTt which is typically 2–3 K belowTc for low
fields, falling in temperature with increasing field. The qu
ity of the scaling collapses is generally very good inde
Only close to zero field in the 3° films may it be argued th
the assumptions for critical scaling behavior are not met

A number of the authors21,22 who have associated th
transition with the melting of a vortex glass into a vort
liquid have pointed out that the scaling for a continuous th
modynamic transition should be ‘‘universal.’’ Universalit
implies that scaling should be observed with same crit
exponents and master curves for different samples and
ferent sample geometries, for different materials, and for
ferent values of the magnitude and angle of the applied m
netic field. The equivalent critical exponents should
obtained using different measurement techniques. In t
extensive work on microtwinned YBCO single crystals Y
and co-workers lend support to ‘‘universality’’ by observin
the valuesn50.6560.03, z53.060.3 over a range of mag
netic field and magnetic field angles for ‘‘as-grown’’ sampl
as well as for samples dosed with 3 MeV protons to incre
the point defect density.8–11 However, other workers hav
obtained different values for the scaling exponents. The
ponents obtained from susceptibility measurements7,52 on
YBCO single crystals were found to depend upon the an
of the magnetic field (n53.1,z53.1,Bic; n51.6,z
56.3,B'c). Many of the reported values of the exponen
e
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obtained fromc-axis normal YBCO thin films12,43,45,53,54lie
in the rangen51.760.2,z5561 for a range of magnetic
fields above 0.1–0.5 T. Wo¨ltgens et al.45 report n51.7
60.1 andz55.8560.1, independent of magnetic field angl
Kötzler et al.52 report n51.760.1 and z55.560.5 in ac
measurements made over ten decades of frequency, a
using their results to support universality. Most of the
workers have used films which have a thickness of about
nm. These exponent values are therefore consistent
those of Sawaet al.14 who report a film thickness depen
dence of the exponents in whichz'9 for very thin films,z
'5 for 300 nm, andz'4 for films of 1000 nm thickness
Other work indicates poor scaling or no transition at all
very thin films.46 Ando et al.15 report low values ofn and
high values ofz for very narrow tracks (n50.7,z59.7, for
0.5 mm; n51.2,z55.6 for 5.6 mm). It is very clear that
sample geometry affects the exponents. In strained YB
films grown upon YSZ the exponents change fromn
51.15,z58.5 ton51.6,z55 at fields of around 0.1 T.55

In c-axis normal thin films of the very anisotropic high
temperature superconducting~HTS! thallium compounds
values ofn51.3,z57.9 have been reported for the 1:2:2
phase andn50.98,z56.8 for the 2:2:2:3 phase, in a
analysis16 based on the plausible assumption thatd53. A
report on 2:2:1:2 thallium films showsn in the range 1.3–1.6
while z steadily increases with magnetic field fromz55 at
0.1 T, throughz510 at 1 T to about z513 at 5 T, the
analysis17 again being based ond53. The very high values
of the exponentz reported for films of the 2:2:2:3 phase o
BSCCO, wheren50.7 andz512.5, have led the authors t
change their analysis fromd53 to d52, yielding n51.4
and z55.6.15 Unlike YBCO, the structures of the HTS bis
muth and thallium compounds consist of superconduct
layers that are very weakly coupled and in some situati
these materials may be regarded as two dimensional. H
ever, there are strong theoretical reasons which indicate
a true vortex-glass transition cannot exist in tw
dimensions.27 The absence of a vortex-glass transition in
trathin YBCO films has been demonstrated experiment
by Dekker and Wo¨ltgens.56

Many authors have observed scaling, but it is clear t
the claim for ‘‘universality’’ of the scaling exponents is onl
valid in a qualified sense. It is certainly true that for a pa
ticular sample, or within a group of samples prepared
much the same way, the scaling exponents may be alm
independent of the magnitude of the magnetic field o
some extended range of field, may have a low depende
upon field angle, and may not vary strongly with samp
irradiation. However, the literature also reveals considera
variations with sample, sample geometry, with material, a
between single crystals and thin films of nominally the sa
material. These variations are much larger than the error
any particular estimate ofn andz.

The present study of scaling behavior is on high-qua
thin films with tilted axes. The in-plane anisotropy enab
the transition behavior to be probed with different directio
of transport current. For the same transport direction we fi
that n andz show systematic variations with both film clas
and magnetic field rather than displaying ‘‘universal’’ beha
ior. The variations ofz andn with transport direction are also
greater than the errors in any individual estimate.
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Moreover, for the 0° and 3° films differences occur b
tween the values ofTt obtained from the two transport d
rections for the same sample and the same magnetic fiel
the case of the 0° films the differences are considerable,
even in the case of the 3° films the differences for lar
fields lie well outside estimates of the experimental erro
This variation ofTt with transport direction strongly corre
lates with tilt disorder.

The existence of phase transition behavior in zero m
netic fields is also of interest. Some authors are of the o
ion that the vortex melting line for YBCO is not expected
extend to zero magnetic field since it folds back close to
boundary of the Meissner phase;1 in this case some explana
tion of the phase transition behavior is necessary other
attributing it to a vortex-glass to vortex-liquid transition.

The very high values which we have obtained for t
productzn are intriguing since they are clearly unphysical
a time scale varying asuT2Ttu2zn is involved. Examination
of Table II indicates that excellent scaling has been obser
for values ofuT2Ttu ranging over a decade aboveTt and in
some cases approaching a range of two decades belowTt .
These are lower estimates, which have been obtained b
suming that the lower limit ofuT2Ttu is given by the uncer-
tainty in estimatingTt during scaling, rather than from an
evidence that scaling has failed close toTt . Ranges as large
as these, together with high values ofzn, appear to imply
that scaling behavior occurs over an unphysical time ran
zn516 implies a range of 20–30 decades. Such a rang
voltage is found in Fig. 7.

What can be said about this intriguing situation? It is cle
that the current-voltage behavior of all three classes of fi
exhibits very clean scaling under the algorithms describe
Sec. VI B above. The origin of such clean scaling is, ho
ever, not at all obvious. The characteristics of a vortex-gl
to vortex-liquid transition were discussed by Fisher, Fish
and Huse7 but the idea that the current-voltage characteris
should show scaling goes back to the work of Wolf, Gubs
and Imry57 on thin films. The work of Fisher, Fisher, an
Huse is based on an analogy between the putative vor
glass phase and the scaling theory of short-range spin gla
~Bray and Moore,58 Fisher and Huse,59 McMillan60!. The
basic picture is of a state in which the phase degrees
freedom of the pairing field lock into a unique configurati
separated from metastable configurations by a hierarch
free energy barriers whose heights diverge in the thermo
namic limit. The linear conductivity of such a state vanish
the voltage response to an applied current being nonlin
The expectation that close to the line of continuous ph
transitions between the glass and liquid states the physi
entirely dominated by the divergence of a single correlat
,
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length and a single time leads to the scaling which has b
described in Sec. IV B.

Superficially this appears to explain the scaling which
have observed, but in fact there are severe problems with
explanation. Although the correlation length exponents t
have been extracted from the data are quite plausible,
values of the dynamical exponent are too large to be cr
ible. While one could invoke the existence of anomalo
dimensions for the electric field or current density to redu
these values there is a more serious objection.

As has been seen, the anisotropic structure of the 0°
3° samples has such a strong influence that the characte
temperatureTt in the scaling depends upon the direction
the current. This is not at all explicable within the abo
framework which assumes a change in the response
system to an applied current occurring at an equilibrium tr
sition ~with a unique temperature at a given magnetic fiel!.

Giamarchi and Le Doussal61 have considered the possibi
ity of a moving glass state in which a depinned vortex gla
is flowing with a definite average velocity. They find that th
vortices flow in static preferred channels and retain order
in the direction transverse to the average flow; Bale
et al.62 have referred to this state as a transverse sme
state. In the presence of a very anisotropic potential i
quite conceivable that such a state would exhibit a none
librium melting transition at a temperature that depends
the current direction. Neither the melting of the moving gla
phase nor the details of the depinning transition are w
understood at present.

It is, however, not clear that such a transition should
hibit such clean scaling; one might very well expect the cr
cal temperature for this nonequilibrium transition to depe
upon the magnitude of the current as well as upon its dir
tion and upon the magnetic field. Clearly the properties o
moving glass close to the depinning threshold and, in p
ticular, the possibility of a sharp nonequilibrium transitio
are well worth further investigation despite the extreme d
ficulties of such problems. Whether or not such an inve
gation could explain the data presented here is less clea
it seems very hard to think of any way in which the directi
of the current can affectTt within any picture based on a
equilibrium phase transition.
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45P. J. M. Wöltgens, C. Dekker, J. Swu¨ste, and H. W. de Wijn,
Phys. Rev. B48, 16 826~1993!.

46P. J. M. Wöltgens, C. Dekker, R. H. Koch, B. W. Hussey, and
Gupta, Phys. Rev. B52, 4536~1995!.

47D. R. Nelson and V. M. Vinokur, Phys. Rev. Lett.68, 2398
~1992!.

48W. Jiang, N. C. Yeh, D. S. Reed, U. Kriplani, D. A. Beam, M
Fonczykowski, T. A. Tombrello, and F. Holtzberg, Phys. Re
Lett. 72, 550 ~1994!.

49M. Zeise, Phys. Rev. B53, 12 422~1996!.
50M. Zeise, Phys. Rev. B55, 8106~1997!.
51Z. Hao and J. R. Clem, IEEE Trans. Magn.MAG-27, 1086

~1991!.
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54P. J. M. Wöltgens, C. Dekker, S. W. A. Gielkens, and H. W. d

Wijn, Physica C247, 67 ~1995!.
55T. Nojima, T. Ishida, and Y. Kuwasawa, Physica C263, 424

~1996!.
56C. Dekker and P. J. M. Wo¨ltgens, Phys. Rev. Lett.69, 2717

~1992!.
57S. A. Wolf, D. U. Gubser, and Y. Imry, Phys. Rev. Lett.42, 324

~1979!.
58A. J. Bray and M. Moore, inThe Heidelberg Colloquium on

Glassy Dynamics, Lecture Notes in Physics Vol. 275, edited b
J. L. van Hemmen and I. Morgenstern~Springer, Berlin, 1986!.

59D. S. Fisher and D. A. Huse, Phys. Rev. Lett.56, 1601~1986!.
60D. L. McMillan, Phys. Rev. B31, 340 ~1985!.
61T. Giamarchi and P. Le Doussal, Phys. Rev. Lett.76, 3408

~1996!.
62L. Balents, M. C. Marchetti, and L. Radzihovshy, Phys. Rev.

57, 7705~1988!.


