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Vortex-related phase-transition-like behavior in the electrical properties ofc-axis normal
and vicinal YBa2Cu3O7Àd films
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We examine the electrical transport behavior close to vortex ‘‘phase-transition-like’’ region in YBa2Cu3O72d

films that have theirc axes tilted from the film plane normal by angles of 0°, 5°, 10°, and 15°. TheI -V
isotherms for all films collapse accurately under the vortex-glass scaling algorithm, for magnetic fields of
0.01–1 T applied at anglesu of 0° to 90° with respect to thec axis. The critical exponentn lies in the range
1.3–1.7 for all films, field strengths and field orientations. The critical exponentz is magnetic-field strength
dependent in all films and forBic is considerably larger for the group of tilted films than for the 0° film.z
varies with magnetic-field angle in an opposite sense in the 0° film and in the group of tilted films. The
‘‘transition’’ temperatures,Tt(B,u), are broadly described by the expression (Tc2Tt)/Tt}(«uB)b, where«u

5@cos2(u)1«2sin2(u)#1/2 and«5(mab /mc)
1/2. However,b>1/2, for the 0° film whileb'1 for the group of

tilted films. Thus, we find that the tilted films have a number of common behaviors that are quite distinct from
those of the 0° film, indicating a dependence of the ‘‘phase-transition-like’’ behavior on film structure. The
high and variable values ofz and the lack of ‘‘universality’’ between film types does not allow an interpretation
of the accurateI -V collapses as being evidence for a continuous equilibrium phase transition such as one
between a vortex liquid and a vortex glass and we consider models based on flux creep and inhomogenous
pinning due to defects.

DOI: 10.1103/PhysRevB.65.184509 PACS number~s!: 74.60.Ge, 74.76.Bz, 74.90.1n
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I. INTRODUCTION

In the mixed state of the high temperature supercond
ors ~HTS!, the combination of highTc values, small coher-
ence lengths and material anisotropy, gives rise to a
variety of vortex dynamics and vortex-related pha
transition-like behavior. For HTS materials containing a lo
density of defects, a first-order transition occurs between
vortex-liquid state and a Bragg-glass state that exhibits a
braic long-range order,1–3 while at high magnetic fields or fo
a higher defect density, it is believed a continuous ph
transition occurs between the vortex-liquid state and eit
vortex-glass4 ~VG! or Bose-glass5 ~BG! state depending on
the nature of the defect structure.

The supposition of a continuous thermodynamic transit
implies associated scaling laws involving ‘‘universal’’ crit
cal exponents, under which physical measurements suc
I -V isotherms may be collapsed onto master curves.4,5 Over
the last decade, many experimental results for YBa2Cu3O72d

~YBCO! thin films have been presented in the literature
support of a VG transition, this conclusion being based up
the satisfactory collapse of the data under the VG algorit
and the observed ‘‘universality’’ for the critical expone
values.6–10 However, many of these claims for universali
are based upon work onc-axis normal YBCO films of a
similar thickness ('300 nm). Other work has found that th
critical exponents can vary with film thickness11–13and track
width,14 while work on 10° tiltedc axis,13 a axis,15 and~103!
YBCO films16 has found excellent scaling collapses but ve
high and variable values of the critical exponentz, and even
variation of the ‘‘transition temperature’’ (Tt) with transport
0163-1829/2002/65~18!/184509~8!/$20.00 65 1845
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current direction.15,16 These findings and the ranges of th
time and length scales implied by the scaling,12,13,15,16have
raised doubts concerning the interpretations of scaling
lapses as being evidence of ‘‘critical’’ behavior and of a co
tinuous thermodynamic liquid-glass phase transition.17,18

Other authors have considered that the data is evidence
percolation transition.19–21 However a true percolative tran
sition constitutes a continuous phase transition with ‘‘univ
sal’’ scaling exponents; this interpretation too is subject
the same problems.

A number of authors17,18,22,23have considered models fo
the dissipation based on flux flow24 and thermally activated
flux creep25,26but with spatially inhomogeneous distribution
of local critical currents. They show that these very simp
models predict current-voltage characteristics that appea
collapse under the scaling of the VG algorithm.17,18,22,23

While VG scaling is a convenient way to characterize t
data there is then no real phase transition. The ‘‘transit
temperature’’ is actually an artifact and the scaling expone
z andn are no longer required to be ‘‘universal’’ but becom
functions of the inhomogeneous defect distribution. A
judgement on whether the vortices are in a liquidlike or s
idlike phase is a matter of time scale. However, it is not
clear whether the quality of scaling collapse offered by th
models is comparable to some of the excellent scaling
lapses observed experimentally16 and further work needs to
be done on relating the pinning homogeneities to the sca
parameters and thus to experimental data.

The present paper considers the electrical dissipation
curring close to the phase-transition-like region of the hig
temperature superconductor YBCO and examines the eff
of magnetic field, magnetic-field angle, and tilt of the cry
©2002 The American Physical Society09-1



t

til
t
o

is

al

ns

te

t
fil

.

d

n
m-
ith

ata
ract

e-
or

,
-
r

n

ed
ber

l
nd
t-
a

s

O
e
y
0°

-
s,
i-

0°,
the

ut
°,

in-

fore

ta

t t
BC

P. S. CZERWINKAet al. PHYSICAL REVIEW B 65 184509
tallographic axis of the film. We examine theI -V data ob-
tained from four 280-nm-thick YBCO films with differen
crystallographic orientation. Thec axis of the films is either
normal to the substrate plane (0° film! or tilted away from
the substrate normal by 5°, 10°, or 15°. The variation in
is achieved by growing the films on vicinally cu
SrTiO3(001) substrates. Figure 1 shows the geometry
these vicinal substrates. The vicinal ‘‘miscut’’ orientation
away from the~001! plane and rotated about the@010# direc-
tion by angles (a) of 0°, 5°, 10°, and 15°.

The film structure of films grown upon 0° and vicin
substrates are quite different. On 0° substrates,c-axis film
growth is known to proceed by two-dimensional~2D! or 3D
island formation,27–29which encourages screw dislocatio
and spiral growth features.30,31 However, the ‘‘terrace and
step’’ surface structure of vicinal substrates encourages s
flow film growth and a suppression of spiral growth,32–34with
antiphase boundaries and stacking faults forming above
steps to relieve the mismatch between substrate and

FIG. 1. The upper diagram shows the crystallographic orien
tions of a vicinal-cut~001! substrate surface and thec axis of an
YBCO film grown upon it. The transport current directionsl andh
are shown. The lower diagram shows the step and terracing a
substrate surface and illustrates antiphase boundaries in the Y
growth.
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These defects may partially grow out as the film thickens32

The growth of YBCO films upon vicinal cut SrTiO3(001),
therefore, enables us to compare theI -V behavior of ac-axis
normal film with films of variable in-plane anisotropy an
structure differences.

For each film typeI -V(B,u,T) measurements have bee
taken for orthogonal track directions over a range of te
peratures and in applied magnetic fields of 0.01–1 T w
Bic and at field angles 0290° ~see Fig. 1! with respect to
thec axis in a field of 1 T. In each case the scaling of the d
under the VG scaling algorithm has been used to ext
values for the ‘‘transition temperature’’Tt and for the critical
exponentsn andz.

We find theI -V isotherms for thec-axis normal and the
group of tilted films reveal a number of quite different b
haviors when analyzed using the VG scaling algorithm. F
all films and magnetic fields we find that the exponentn is
broadly in line with previously published values forc-axis
normal films withBic. The exponentz for our c-axis normal
(0°) film with Bic is also comparable with other findings
and broadly in line with the predictions of VG theory. How
ever, for the tilted films, thez values are considerably highe
in magnitude, and the variation ofz with magnetic-field
angle isfundamentallydifferent to that of the 0° film. While
Tt(B,u) for all films is broadly described by the expressio
(Tc2Tt)/Tt}(«uB)b, we find quite different values forb
between the two film types. Thus although the group of tilt
films have common behaviors, these are distinct in a num
of important ways from those of the 0° film.

II. EXPERIMENT

Four YBCO films were deposited upon vicina
SrTiO3(001) substrates, miscut at angles 0°, 5°, 10°, a
15° ~Fig. 1!, using an inverted cylindrical magnetron spu
tering technique. Film deposition lasted for 120 min at
substrate temperature of 820 °C in gas pressures ofPaO2
50.5 mbars andPaAr50.3 mbars. Following deposition
the films were annealed at 450 °C in O2 at a pressure of 850
mbars for 40 min, before cooling to room temperature.

The YBCO orientation and grain alignment of the film
were examined fromu-2u and v rocking scans obtained
using a Philips PW3710based diffractometer. Theu-2u
scans for all four samples revealed strong YBC
(00l ) (c-axis orientation! reflections perpendicular to th
SrTiO3 (00l ) planes; thec axis, therefore, being tilted awa
from the substrate normal by the miscut angle. For the
film, a small fraction ('6%) of a-axis orientation was de
tected, while for the films grown upon vicinal substrate
only c-axis orientation was detected. Full width at half max
mum ~FWHM! values of the YBCO~005! peaks of 0.10°,
0.28°, 0.30°, and 0.34° for the miscut angles 0°, 5°, 1
and 15° respectively indicate an increasing strain within
film structure. The FWHM values of thev scans at the
YBCO ~005! peak also increase with increasing misc
angle, with values 0.24°, 0.43°, 0.52°, and 0.62° for the 0
5°, 10°, and 15° films, respectively, these indicating an
creasing misalignment of crystal grain structure.

Silver contact pads were evaporated onto the films be

-
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TABLE I. Normal state properties.

Resistivity Anisotropy r(T)5A1BT Tc(midpoint) DTc

Film Track r(mVcm) rh /r l A B ~K! ~K!

~100 K! ~100 K! (mVcm) (mVcm/K)

0° l 128.7 1.0 11.7 1.17 88.40 1.2
h 128.7 11.7 1.17 88.40 1.2

5° l 80.6 1.6 212.4 0.93 90.35 0.65
h 129.7 6.7 1.23 90.45 0.9

10° l 80.4 2.9 214.6 0.95 90.75 0.6
h 233.6 58.6 1.75 90.90 0.8

15° l 82.3 4.6 217.7 1.00 90.26 0.7
h 377.5 121.5 2.56 90.36 0.9
sin
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two perpendicular measurement tracks were formed u
conventional UV lithography and wet etching using 0.8
concentration orthophosphoric acid. The track geometry
of the usual four-point-type, with a track width of 50mm
and track length of 5000mm between voltage points. Th
orientation of the tracks with respect to the film plane and
substrate crystallographic axes are shown in Fig. 1. O
track, which we will refer to as ‘‘l ,’’ lies parallel to the sub-
strate@010# direction and at right angles to the track that w
will refer to as ‘‘h.’’

Cryogenic dc electrical measurements were made u
an Oxford CF200cryostat. AKeithley 220current source
enabled transport currents in the range 1 nA–100 mA to
passed through either of the tracks. The voltage terminal
the tracks were connected directly to a low noise batt
operatedEM Electronics A10nanovoltage amplifier~gain
3880! and the output measured using aKeithley 195voltme-
ter. A magnetic field of up to 1 T could be applied to th
sample at orientations 0 –360° with respect to the sam
normal @see Fig. 1#.

Families ofI -V isotherms were obtained for each samp
in fields ranging from 0.01–1 T (Bic) and at field angles
0 –90° with respect to thec axis in a 1 T magnetic field. Eac
I -V family contained typically'60 isotherms encompassin
a range of temperatures fromTc to well below the ‘‘transi-
tion temperature’’Tt , the temperature at which the curvatu
passes from from positive to negative. We used a temp
ture drift criterion of 60.5 mK between consecutive da
points of eachI -V curve that gave a maximum temperatu
drift of typically 10 mK between all data points of a sing
curve. The noise level of our system was sufficiently low
allow voltage measurements down to 1 nV.

III. RESULTS

A. Normal-state properties

Numerical data for the normal-state properties of the f
films are shown in Table I. It may be seen that the midpo
transition temperatureTc of the 0° film is a little lower than
those of the tilted axis films and the transition widthDTc is
somewhat greater, probably due to a greater defect den
HoweverTc and DTc for the vicinal films are close to the
optimal values observed for YBCO films.
18450
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The resistivities of all the films are metallic when me
sured along thel direction; the data can be fitted to the e
pressionr(T)5A1BT, and the low values ofA show that
r(T) extrapolates close to the origin. This direction corr
sponds to transport along theab planes, and the lowerr l
magnitudes observed for the tilted films indicate a lesser
ruption of theab structure than for the 0° film. For high
quality YBCO untwinned single crystals, values ofra
'45 mVcm, rb'25 mVcm (T5100 K) have been
reported,35 these being significantly lower than the valu
typically observed for YBCO film systems. Lemberger36 re-
ports rab570–120 mVcm for films grown on
SrTiO3(001) 0° substrates, Haageet al.32 report rab
557 mVcm for a 320-nm-thick film grown on 10° vicina
SrTiO3(001), and Campion et al.16 report rab540
248 mVcm for ~103! films grown on vicinal SrTiO3(011)
substrates.

Our figures for thel tracks of the tilted films are highe
than those of Haageet al. and Campionet al., but close to
the lower limit of Lemberger’s range. The figure for the 0
film is at the upper limit of Lemerberger’s range, influenc
by thea-axis inclusions. The data for theh tracks shown in
Table I reveals the increasing influence of the higher re
tancec-axis direction for increasing film tilt. The anisotro
pies shown in Table I may be compared with the figures o
1.6, 3.5, and 5.7 for the 0, 5, 10, 15° films, respective
which may be derived for a tilted single crystal with ac/ab
anisotropy of 85.32 It may be seen that, as the tilt increase
the observed anisotropy falls below the ideal value, indic
ing an increased degree of crystalline disorder with increa
tilt.

B. I -V scaling under theVG algorithm

The families ofI -V isotherms from the superconductin
region of all four samples were analyzed using the VG sc
ing algorithm.4 At temperatures in the vicinity of the vortex
glass transition it is proposed that the behavior of the sys
can be described by a diverging length scale and a diverg
time scale, varying asuT2TVGu2n anduT2TVGu2zn, respec-
tively, whereTVG is the vortex-glass transition temperatu
andn andz are defining critical exponents. Dimensional co
siderations then allowsI -V data to be related to the param
etersT, TVG , n, andz by the VG scaling algorithm,
9-3
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~V/I !uT2TVGu2n(z2d12)5F6I uT2TVGu2n(d21). ~1!

Hered(.2) is the dimensionality of the system andF6 are
universal functions for temperatures above~1! and below
~2! TVG . A family of I -V isotherms plotted asV/I vs I with
the axis scaled byuT2TVGu2n(z2d12) anduT2TVGu2n(d21),
respectively, should then overlay to map out the functio
F6 for temperatures above and belowTVG , respectively.

Custom written computer software was used to plot
scaled data in log10(V/I ) vs log10(I ) form in order to obtain
values for the transition temperatureTt and the critical ex-
ponentsn andz on the supposition thatd53. The following
procedure was adopted: First, approximate values forTt and
z were found by noting the temperature and the gradien
the isotherm that most accurately displayed power-law
havior. At the transition temperature the gradient is given
(z11)/(d21) that enables a value forz to be deduced.
These initial values, together with a trial value forn were
used to scale all isotherms of the data set, with subseq
iterative rescaling making small adjustments ton, z, andTt ,
until we obtained a ‘‘best-fit’’ collapse of the data onto tw
master curves.

Figure 2 shows a typical family ofI -V isotherms before
and after the scaling procedure. It may be seen that the
from a region of temperature extending both above and
low the transition temperatureTt collapses extremely wel
onto the two master curvesF1 and F2 . Above an upper
temperatureTU the collapse fails abruptly. AtTU the resis-
tivity is typically 1% of the value atTc ~midpoint!. Below a
lower temperatureTL the collapse gradually worsens. It
possible to collapse the data for all films, magnetic fiel
and field angles in this way, to obtain a typical precision
60.2 K in Tt , 68% in the exponentz and 610% in the
exponentn.

C. Variation of the scaling exponents with magnetic field

We find that the critical scaling exponentn exhibits no
strong variation with film type or with magnetic-field ang
and shows no significant differences between the two tra
that lie outside the experimental error. In all cases,n values
lie within the theoretical predicted range of 1–2.4,6 n typi-
cally increases by about 0.2 between very low fields and 0
T while at higher fields it remains relatively constant with
the range 1.560.2 for all films.

The exponentz also shows no significant variations b
tween measurement tracks except for the 10° and 15° fi
where there are differences at levels of 2–3 standard de
tions. z, however, exhibits strong variations as a function
both magnetic-field strength and field orientation. As a fu
tion of magnetic-field strength and forBic, z(B) for the 0°
film falls from 9.5→6.5 as the field is increased from 0.0
→1 T. For the 5°, 10° and 15° tilted films, the correspon
ing z(B) variations across fields of 0.01→1 T, are approxi-
mately 17→12, 17→12, and 16→15, respectively. The only
agreement with the VG prediction ofz'4 –7 ~Refs. 4 and 6!
is for the 0° film in fields above 0.6 T. Despite these ma
nitude differences ofz(B) for the film types, in all films
z(B) decreases with increasing field strength. However,
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find fundamental differences between the 0° film and
group of tilted films for the dependence ofz(u) upon
magnetic-field orientation. Figure 3~a! shows, for the 0°
film, the variation ofz with field angle for a magnetic field o
1 T. z increases smoothly from values of 6.560.3 for Bic to
7.860.6 for Bi(a,b). Figure 3~b! shows the correspondin
data for the 5° film. Herez falls with increasing angle from
values of aroundz512 at Bic to aroundz58 for Bi(a,b).
The results for the 10° and 15° films are of a similar for
For the 10° filmz falls from aroundz512 atBic to around
z59 at Bi(a,b). For the 15° filmz falls from aroundz

FIG. 2. ~a! Typical family of log10(V) vs log10(I ) isotherms
showing the flux–flow~FF! and thermally activated flux creep re
gimes~TAFC!, the midpoint of the normal-superconducting tran
tion Tc~mid!, the ‘‘critical’’ isotherm displaying linear behaviorTt ,
and typical upper (TU) and lower (TL) temperature of the isotherm
for which good scaling collapse is observed.~b! The data of~a! in
the form log10(V/I ) vs log10(I ) collapsed under the VG scalin
algorithm.
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VORTEX-RELATED PHASE-TRANSITION-LIKE . . . PHYSICAL REVIEW B65 184509
515 atBic to aroundz511 atBi(a,b). Thus the trends ofz
with changing magnetic-field angle in the 5°, 10°, and 1
films arefundamentallydifferent from that of the 0° film.

D. Variation of Tt with magnetic field

Using the scaling procedure described earlier, we h
obtained values forTt(B,u50), as a function of field
strength~at 0.01, 0.03, 0.1, 0.3, 0.6, and 1 T! at the field
orientationBic for each tilt of film. We have also obtaine
values forTt as a function of the magnetic-field angleu with
respect to thec axis, using a fixed magnetic-field strength
1 T. In analyzing this data we compare our results with
prediction for the melting temperature (Tm) of a vortex lat-
tice based on the Lindemann melting criterion,37 which for
an anisotropic material is given by38

Tm~B,u!>
«cL

2f0
5/2

m0pkBl2~T!~«uB!1/2
. ~2!

Here «5(mab /mc)
1/2 is the effective-mass anisotropy wit

1
7 ,«, 1

5 ,38 and«u5@cos2(u)1«2sin2(u)#1/2 is the angular de-
pendent anisotropy parameter, whereu is the field angle with
respect to thec axis. The Lindemann parametercL is the
fraction of the lattice parameter (ao) that a vortex line is
considered to deviate from equilibrium to define a vort
lattice ‘‘melting’’ and is expected to lie in the rang
0.1–0.2.38 If the temperature dependence of the magne

FIG. 3. Variation of the scaling exponentz with magnetic-field
angle for~a! the 0° film and~b! the 5° film. A magnetic field of 1
T was used in each case.
18450
°

e

e

c

penetration depth takes the formlab
2 (T)5lab

2 (0)Tc /(Tc

2T), then Eq.~2! may be written as

Tm~B,u!

Tc2Tm~B,u!
5

«cL
2f0

5/2

m0pkBlab
2 ~0!Tc~«uB!b

, ~3!

whereb51/2.
Tm(B,u) then takes the form

Tm~B,u!5
Tc

11a~«uB!b
~4!

with a5m0 pkBlab
2 (0)Tc /«cL

2f0
5/2.

We have fitted our experimentalTt(B51 T,u50) data
to Eq. ~4!. The resulting values ofa, b, andTc for the four
films are given in Table II. In all cases the fitting quality
satisfactory allowing for the errors of60.2 K in our values
of Tt . The values ofTc lie in each case at about 0.9 K lowe
than the midpoint values given in Table I. For the 0° film t
value of b is very close indeed to the value of 0.5 of th
Lindemann vortex-lattice melting model, corresponding to
(Tc2Tt)/Tt}B0.49 dependence@Eq. ~3!#. A similar depen-
dence to this has been observed for the vortex-lattice mel
in ‘‘clean’’ YBCO crystals.39,40Other workers41,42report val-
ues ofb close to 0.7 for similar crystal samples, while fo
c-axis films, b in the range 0.6620.75 has been
observed,6,43often for much larger magnetic-field strength
than our own. For the tilted films we find a quite differe
dependence to that of the 0° film. The tilted films have
common behavior, theb values all lying within the range
'1.060.1, giving (Tc2Tt)/Tt}B.

Figure 4~a! showsTt /(Tc2Tt), plotted as a function ofu,
for the 0° film. Our experimentalTt(u) values for this film
were obtained for field angles in the range210° –95°, but
the geometrical symmetry for this film allows us to use the
values to form the2120° –1120° angular plot shown. The
data is compared with the angular predictions of Eq.~3!,
using lab(0)51400 Å , andTc587.17 ~Table II!. We find
that«50.20, andcL>0.20 provide the best overall fit to th
data. This value for the Lindemann parameter is physica
reasonable and compares favorably with the range of va
expected for vortex-lattice melting ofcL50.120.2.38 It may
be seen that the experimental data is in broad agreement
the prediction of Eq.~3! with an accurate agreement fo
anglesu*40° but with some discrepancy foru&40°. We

TABLE II. Parameters obtained by fitting theTt(B) (Bic) data
to Eq. ~4!.

Film Track a b Tc

0° l 0.052 0.49 87.17
5° l 0.057 0.87 89.46

h 0.056 0.94 89.33
10° l 0.053 1.10 89.74

h 0.064 0.90 89.93
15° l 0.078 1.06 89.35

h 0.077 1.04 89.49
9-5
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P. S. CZERWINKAet al. PHYSICAL REVIEW B 65 184509
should consider whether this behavior, whereTt remains
relatively constant or possibly reduces slightly as the field
tilted away from thec axis before rising for anglesu*40°, is
indicative of Bose-glass behavior. The Bose-glass mo
considers linelike or planar pinning effects upon the vor
system and predicts a lowering of the BG transition tempe
ture TBG when the applied field is tilted away from suc
defects. This might arise from strong vortex pinning ata-b
twin boundaries aligned parallel to thec axis. BG like be-
havior in a thick ~1000 nm! YBCO c-axis film has been
reported by Safaret al.44 who observed a distinct reductio
of Tt with field tilt (0° –30°) away from thec axis. They
quote exponent values ofn851.360.1 and z856.360.3,
these comparing favorably withn85160.1 andz85660.5
expected from Bose-glass theory.5~Note: BG and VG expo-
nents are related byn852/3n and z851/2(3z11)). If we
interpret our data using BG and VG scaling we obtain ex
nents values~at Bic) of n851.260.1, z8510.361.0 andn
51.860.1, z56.560.5 respectively. Thus our ‘‘z’’ values

FIG. 4. ExperimentalTt data plotted asTt /(Tc2Tt) vs
magnetic-field angle (u) for, ~a! the 0° film and~b! the 5° film,
measured in a field of 1 T. The continuous lines are the predict
of Eq. ~3! using the parameters described in the text.
18450
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are far higher than those of Safaret al. and are in closer
agreement with those expected of VG predictions; we h
no unambiguous evidence for the existence of a Bose-g
transition in our film.

Figure 4~b! shows a similar comparison between the d
for the 5° film and the angular prediction of Eq.~3!. How-
ever, we note from Table II that the magnetic-field depe
dence ofTt(B,u50) for this film does not follow the expec
tation of the model. Therefore to extract a value for t
Lindemann parameter by fitting Eq.~3! to this data would be
unsound. Rather we have presented the angular depend
in Fig. 4~b! by using the angular dependence of Eq.~3!,
together with the appropriate values ofb, scaling the mag-
nitude of the prediction to give the best overlay. The over
agreement using,«50.2 andTc values from Table II@for the
Tt /(Tc2Tt) term#, is seen to be good, although it is evide
there is slight asymmetrical angular dependence of theTt(u)
data. There is no evidence of BG behavior in this film, t
general trend being a smoothly varyingTt(u) as a function
of field angle. Similar asymmetrical behaviors and fie
angle dependencies are found for the 10° and 15° films.

In summary we observe that the angular dependence oTt
for all films may be generally described by the express
(Tc2Tt)/Tt}(«uB)b. However, only the 0° film, withb
>1/2, shows the dependence upon magnetic-field magni
in accordance to the Lindemann critereon; the group of til
films having quite different dependences withb'1.

IV. DISCUSSION

The vortex melting transition has a dramatic influence
the electrical behavior of HTS thin films, producing wh
appears to be the signature of a higher-order phase trans
with a magnetic-field-dependent transition temperatureTt
separating ohmic small-current behavior atT.Tt from non-
dissipative small-current behavior atT,Tt . This transition
is closely related to the ‘‘irreversibility’’ line of magnetic
studies, which also indicates a transition from an essenti
mobile state, to a state in which the vortices are far l
mobile.

The ‘‘transition’’ observed in thin-film systems certainl
show none of the characteristic features of first-order beh
ior. An interpretation of the phenomenon as a continuo
equilibrium phase transition, such as one between a vor
liquid and a vortex-glass phase, leads to the scaling a
rithm, which we and others have described. Within the lim
tations of the assumptions being made, which include asp
of the defect topology, there is also an expectation that
same scaling exponents will be found for different spec
superconductors, for different geometries, for different def
structures and for different magnetic fields. This is the e
pectation for a ‘‘universal’’ phase transition. Scaling co
lapses under this algorithm have been widely observed b
for HTS single crystals and for a range of HTS thin-fil
systems, and these observations have been used to justif
assumption of a continuous thermodynamic phase trans
based on the ‘‘melting’’ of a vortex glass. Scaling collaps
under the VG algorithm are common; in some cases they

s
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spectacularly good,16 collapsing data taken over very wid
ranges of temperature.

However, many aspects of this interpretation caus
number of concerns. These concerns include the lack of
versality of the scaling exponents, the very high values of
exponent z found in film systems other thanc-axis
normal13,15,16 and the variation ofTt with transport current
direction found in at least two systems.15,16 The inability, at
least in electrical transport measurements, for the collaps
fail asTt is approached, leads to absurdly large ranges of
length and time scales of the problem on this interpretat
At the same time, experimental evidence for critical slowi
is sparse, and some argue, that vortex-glass transit
should not exist even in three dimensions once screening
been correctly treated.45

In the present paper we have examined the ‘‘transitio
behavior in YBCO thin films of the same thickness, and tra
geometry, but with two quite distinctive structures.c-axis
normal films exhibit a defect structure with stress relief v
twinning and spiral growth while the films grown on vicin
substrates exhibit a different defect structure, the stress r
occurring via the formation of stacking faults and the a
tiphase boundaries that originate from the substrate terr
step structure.

We observe good scaling collapses in all of our films o
the magnetic-field range 0.01–1 T, and from these collap
obtained sets of values ofn, z, and Tt . It is clear that the
films grown upon tilted substrates share a number of co
mon properties, which differ from those of thec-axis normal
film. While the values for the exponentn show some ‘‘uni-
versal’’ behavior for all films, the magnitude of exponentz is
markedly different between the 0° film and tilted films whi
thez(u) dependence on field angle isfundamentallydifferent
between the two film types. Further differences between
film types are found in both the field angle and field stren
dependence of the transition temperatureTt .

These findings are not compatible with the idea of a ‘‘u
versal’’ continuous equilibrium transition between a vorte
liquid and a vortex-glass for both film systems. It is clear th
an alternative model is required, one which offers the sca
of the data onto two branches as in continuous equilibri
phase-transition models, but one that is not dependent u
the same assumptions concerning length and time scales
also one which does not require the assumption of unive
behavior.

One early theory of the transition in the electrical tran
port behavior was the ‘‘parallel resistor’’ model o
Greissen,22 who combined the flux-flow model of Bardee
and Stephen24 with the thermally activated flux creep mod
of Anderson and Kim,25,26 extending the latter to include
distribution of activation energies. He found a kink in th
temperature dependence of the power-law exponenta(T)
occurring in the power law expressionV}I a, without this
being any way an indication of phase-transition behav
Later authors have examined the current-voltage charact
tics predicted by models that include flux flow, therma
activated flux creep, and spatially inhomogeneous distri
tions of pinning barriers or the equivalent in the form of loc
critical currents. The predictions have then been subjecte
18450
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scaling under the VG algorithm.17,18,23,46It is found that the
data scales under this algorithm to some degree withou
any way implying a true phase transition. The appearanc
a transition is an artifact andz andn are not universal scaling
exponents. RatherTt , z, andn are parameters of the particu
lar model, each dependent upon details of the inhomo
neous distributions of pinning strengths and other factors

Such models overcome the problems associated with
observed sample and magnetic-field-dependent valuesz,
and with considerations of length and time scales. It is e
to modify such models to include anisotropic pinning,
which case there are circumstances in which the ‘‘transit
temperature’’ would vary with the angle of the applied tran
port current. The Bose-glass situation could be dealt with
analogous way by incorporating barriers dependent on
magnetic-field lines and the local low-dimensional defe
structure. At present these models are not yet fully dev
oped. The way in which they include the material propert
is simplistic. It is not clear that all treatments of the inhom
geneities are consistent with the topological constrains
posed by the vortex movement across the sample that l
to the dissipation. Nor have investigations been fully e
tended to identify those distributions of inhomogeneties t
would lead to acceptable qualities of scaling collapse, an
consider whether such models can indeed lead to the ex
lent scaling observed in some thin-film systems, and whe
these distributions correspond to those deduced from exp
mental investigations such as magnetic measurements. H
ever, such models lead directly to relationships between
parameters such asz and details of the pinning distributions
Matsushitaet al.17 report that, in their model,z decreases as
the inhomogeneity of flux-pinning strength is increased.

It is important to note that it is the inhomogeneity of th
flux pinning on the spatial scale of a flux bundle that det
minesz in these models rather than the strength of the p
ning itself. Unfortunately very little is known about the de
gree of inhomogeneity in most HTS systems. However th
is some evidence to support Matsushitaet al.’s relationship
between inhomogeneity andz. The dramatic lowering ofz
when a 10° YBCO thin film was subject to chemic
etching13 is certainly consistent with this prediction. It i
plausible to suppose that the inhomogeneity in the pinnin
greater for films with certain classes of defect, includi
c-axis normal films with their extended twin boundaries a
screw dislocations, rather than for films on vicinal substra
where the twinning may be suppressed47 and screw disloca-
tions absent. It is also plausible to suppose that inhomoge
ity is greater for the higher defect densities found in thick
films. These suppositions would then provide an explana
for the findings of Sawaet al.11 who report thatz is lower in
c-axis normal films of greater thickness and for a number
features found in our own experiments. It is most reveal
that while there is a large discrepancy inz values ('6.5
215) for Bic between ourc-axis normal and tilted films, for
Bi(a,b) z values lie in a far narrower range ('8211). For
this field orientation there is strong intrinsic pinning of vo
tices lying between theab planes, therefore, the pinning in
9-7
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homogeneity will be similar between the film types hence
observed narrow range ofz values. However the models tha
relatez with pinning inhomogeneity are not at present bas
on firm foundations due to a lack of knowledge of pinni
strength inhomogeneity in HTS.

Although we do not rule out the possibility of a vorte
liquid-to-glass phase transition for specific classes and
tems of HTS materials, our experimental findings in th
nd
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present work do not provide firm evidence for this pha
transition.
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47J. Brötz, H. Fuess, T. Haage, and J. Zegenhagen, Phys. Rev. B57,

3679 ~1998!.
9-8


