
PHYSICAL REVIEW B VOLUME 50, NUMBER 17 1 NOVEMBER 1994-I

Phase-slip dissipation and dimensionality above the irreversibility line in Bi2SrzCaCn2os+„
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The analysis of several sets of data for the resistivity in Bi2Sr2CaCu208+„ films, measured as a function
of the temperature, the magnetic field, and the field orientation, allows us to show that a phase-slip-
dissipation model is able to accurately describe the experimental results when the fluxon thermal Quctua-
tions are governed by a glasslike activation law A/[T —Ts(H) j, where Ts(H) is the irreversibility line.
In this framework, we obtain the temperature and magnetic-field dependence of the quasi-activation-
energy A. A qualitative explanation is given for the temperature and magnetic behavior in terms of a
3D-2D crossover due to the softening of the Aux lines with increasing field.

I. INTRODUCTION

Recently, there has been a good deal of discussion
about the actual nature of the dissipation processes in
high-T, superconductors (HTCS's) in the presence of a
magnetic field. Various interpretations have been pro-
posed to explain the mechanism by which the fluxon sys-
tem gives rise to dissipation. The first explanation of the
magnetic-resistive behavior was given in the traditional
framework based on the conventional flux creep and flux
flow. However, various inconsistencies have been found
in the application of this model, the main one being the
assumption that the Lorentz force causes the fluxon dissi-
pation. As it is well known, no dependence of the
dissipation on the relative angle between the current I
and the magnetic field H has been observed in
BizSrzCaCuz08+, ' indicating the experimental lack for
the Lorentz force in this superconductor family. Fur-
ther, also in YBazCu307, in which a Lorentz-force-like
contribution has been found, the application of a creep
model turns out to be cumbersome and needs question-
able ad hoc hypotheses. Thus, the experimental frame
seems to indicate that a conventional flux motion frame-
work is inadequate to give a coherent interpretation of
the magnetic resistive measurements.

We have shown in the past that, by applying an alter-
native dissipation model, it is possible to give an overall
interpretation of the resistive transition in the presence of
a static magnetic field both in YBazCu 307 and in
BizSrzCaCuzO, +„.' The model can be summarized by
the following points:

(i) existence of a vortex solid phase, below a field-
dependent temperature Ts(H), in which the system of
fluxons is practically motionless and the dissipation is not
detectable.

(ii) the dissipation at temperatures greater than T (H)
is due to thermal fluctuations of fluxons over a region of

inhomogeneities of the phase of the order parameter
(phase slippage).

Within this model, the irreversibility line T;„(H)
present in the H-T phase diagram of HTCS's is interpret-
ed as the transition line Ts(H) between the solid glass
phase and the fluid phase of the fluxons system. The
main point of our model is that above Ts(H) the thermal
fluctuations are governed by a glasslike activation law,
that is the usual Ulks T term has to be replaced by the
expression A/[T —T (H)], where A is a quasi-
activation-energy.

In the present work, we focus our attention on the
behavior of the physical quantities involved in the
presented model for the measured dissipation in several
BizSrzCaCuz08+, samples. From our data, we extract
the temperature and magnetic dependence of the quasi-
activation-energy A (H, T). We find that the magnetic
dependence of A (H, T) exhibits a nearly temperature-
independent broad maximum around a few kilogauss.
We show that above this characteristic field an angular
scaling of the resistivity data occurs. We find also that
the obtained irreversibility line presents a change of cur-
vature in correspondence of the same field. All these re-
sults are obtained through the analysis of several sets of
data for the resistivity, measured as a function of the tem-
perature, the magnetic field, and the field orientation 8
with respect to the (a, b) planes. A consistent explana-
tion of all the previously summarized features is given in
the following, in terms of a three-dimensional-two-
dimensional (3D-2D) crossover due to the softening of
the flux lines in the e direction with increasing magnetic
field.

II. EXPERIMENT

A. Setup and samples

A set of resistivity measurements on BizSrzCaCuz08+~
films grown with different techniques is presented. The
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TABLE I. In the table are reported the critical temperatures
T, and the transition widths hT, for our samples. T, is deter-

mined as the temperature corresponding to inflection point of
the resistive transition curve and hT, as the temperature width

corresponding to [90-10]% of the same curve.
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samples I, IIa, and IIb, grown by liquid-phase epitaxy
(LPE), were about 1 pm thick, 9 mm long, and 2 mm
wide. The mosaic spread was less than 0.15', according
to x-ray difFraction. The sputtered film (sample III) was
about 0.3 pm thick, 6 rnm long, and 2 mm wide. In Table
I, information about the transition temperatures and
transition widths of these samples is also reported. The
latter film exhibited a slow degradation with time and

thermal cycles, showing a reduction of the zero-resistance
temperature. This fact could be ascribed to the slow
release of oxygen, as suggested by the fact that a succes-
sive reoxygenation restored the original features of the
sample. Every set of measurements on this sample was
taken in short-time intervals, and the stability of the sam-

ple for those intervals was checked by a daily repetition
of the zero-field transition. Several sets of measurements
were taken, with difFerent degrees of degradation. As it
will be seen, it is of interest to compare the overall prop-
erties of such a sample. The LPE films exhibited neither
degradation nor change in the resistivity curves.

Voltage-drop measurements were taken by a lock-in
version of the four-probe technique. The measuring fre-
quency was 20 Hz. The probing current varied slightly
from sample to sample, but it was always in the range
5 —20 pA (current densities are in the range 0.1 —1

A/cm ). The voltage sensitivity was about 5 nV. The
temperature was measured by a Pt sensor, and was stabi-
lized within 0.03 K during any fixed-temperature mea-
surement.

The resistivity was then measured as a function of the
temperature, the magnetic field, and the field orientation
8 with respect to the (a, b) planes. The measuring
configuration was such that the probing current, which
flowed in the a-b plane, and the magnetic field were al-
ways mutually perpendicular. The angular accuracy was
0.1 . The maximum attainable field was 18 kG in the an-
gular measurements, and 60 kG in the orthogonal-field
measurements.

B. Angular-dependent resistivity
measurements and scaling properties

We have measured the voltage drop at fixed tempera-
ture T, as a function of the applied magnetic field H, for
several angles 8. In Fig. 1 we show the typical results for
the voltage drop at fixed temperature, at various angles
(sample I). As a consequence of the high anisotropy of
the Bi2Sr2CaCu208+„compound, the resistivity drops

FIG. 1. Magnetoresistivity at fixed temperature for several

angles between the field direction and the (a, b) plane: 8=90'
(full circles), 8=20' (open squares), 8=5' (open diamonds),
8=2' (full squares), 8=1' (open circles), 8=0.5' (full dia-

monds), 8=0.2' (open triangles), 8=0 (full triangles). The ob-

served dissipation is strongly depressed at angle near the paral-

lel orientation, due to the large anisotropy of Bi&Sr&CaCu&08.

dramatically approaching the parallel-field (8=0') orien-
tation. Due to the relatively low fields attainable in the
variable-angle setup, any investigation of the dissipation
for 8=0' below T=79 K was not available. The angular
measurements are thus confined to the temperature range
close to T, .

In these measurements, it is possible to identify an on-
set field for the dissipation, that comes out to be
temperature —and angle —dependent. Detailed experi-
mental investigations of these dependencies were given
elsewhere. ' We now focus the attention on the angu-
lar scaling properties of the entire resistivity curves
p(H, B).

The angular scaling procedure has been applied to
several transport properties. "' As a general rule, such
procedure is successful when the H dependence and the 8
dependence of the transport property is of the type
p(H, B)=ptH/f (8)], where we have taken the resistivity
as an example.

On theoretical grounds, it has been argued that such a
dependence is obtained at least when no Lorentz force
acts on the fluxon system. ' This is exactly the situation
in Bi2Sr2CaCu20s+„, where both p, i, (Ref. 1) and p, (Ref.
14) experiments demonstrate that there is no observable
Lorentz force. The appropriate scaling function f(8)
has been the subject of several papers. Anisotropic 3D, '

coupled-layers, ' and thin-film' expressions were em-
ployed in the scaling of various anisotropic proper-
ties. "' In the present approach, we will leave f (8) as a
scaling parameter, and we will compare successively the
result to the appropriate function.

As first evidence, we have noted that the scaling of the
entire resistivity curves is not possible: while for fields
H )2 ko the data collapse well (Fig. 2), the lower-field
tails deviate from a perfect scaling. This behavior is not
unreasonable, and can be understood as follows: if a
crossover from a 3D to a 2D behavior appears with in-
creasing field, as it seems to be established by both angu-
lar measurements ' and neutron diffraction, ' the scal-
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FIG. 2. Magnetoresistivity as a function of the reduced field

H/f (8) for fields greater than 2 kG (see text). Same symbols as
in Fig. 1. As can be seen, all the data collapse onto a single
curve.
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FIG. 4. Reduced resistivity R /R„as a function of tempera-
ture for 8=0.1 (circles), 0.5 (squares), and 2 kG (triangles), for
sample II (open symbols) and sample III (full symbols).

ing function changes with the field, so that a single-
parameter scaling must not be expected. The result of
the scaling procedure (data with H ) 2 kG) is shown in
Fig. 2 for T =81 K, and it comes out to be extremely sa-
tisfactory. Consistently with the assumption of 2D
behavior, we have found that the resulting scaling func-
tion has the shape given by the thin-film, quasi-2D Tink-
ham expression'

fz.(&)=
2 2

[+sin 8+4e cos 0—~sin8~ ],
c cos

The anisotropy ratio c is found to increase with in-
creasing temperature: such a behavior is exactly what is
expected by the quasi-2D model, in which
s-(T —T, )

'/ (Ref. 17). A detailed discussion of the
temperature-dependence of the anisotropy ratio has been
given in Refs. 9, 12, 21, and 22.

In summary, our experimental results on the angular
measurements of the resistivity are consistent with a 2D
scaling for the data points with H )2 kG. The scaling
breaks down for lower fields.

where the anisotropy ratio e is left as a fit parameter (Fig.
3). The fit is very good in the full 8 range, except very
close to 8=0', where several transport measurements
have shown the need for a much more complex theoreti-
cal treatment. ' '

100

C. Orthogonal-field resistivity measurements

The temperature range under investigation can be
largely extended below 79 K by considering the
orthogonal-field measurements, due to the much greater
dissipation in the 8=90' configuration. Such measure-
ments were performed as a function of the temperature,
at fixed magnetic fields [p&(T)], or as a function of the
magnetic field, at fixed temperature [pz.(H)]. In Fig. 4
we report typical data of the reduced resistivity defined as
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FIG. 3. Scaling function f (8) In the same figure th. e predic-
tion for the 2D case (continuous line) and the I /~sin(B)

~

behavior are drawn. Apart from orientation very close to 8=0
(8(0.6'), the 2D prediction is fully verified. The ~sin6~ scaling
breaks down for relatively large angles. In the insert the anisot-

ropy ratio data are shown. Full dots refer to the scaling of the
resistivity for the sample IIb. Open circles refer to the scaling
of J, data shown in Ref. 12. T2, defined as c. (T2)=0, is ob-
tained through the linear fit of c. vs T {for details see Ref. 12).

1 0-4
L~

60

FIG. 5. Reduced resistivity R/R„as a function of tempera-
ture for H =0.1 (circles) and 2 kG (squares) for sample III at
different degradation stages (see text). Open symbols refer to
first measured data, continuous lines are the fits obtained by
Eqs. (2) and (3). To avoid crowding, only 10% of the experi-
mental points is shown. Fits (continuous lines) are obtained by
Eq. (2).
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p=R lR (100 K) against the temperature at fixed magnet-
ic fields for samples II and III, and in Fig. 5, the resistivi-
ty curves from a different set of measurements in sample
III (as explained before} are shown.

The measurements shows a pronounced increase of the
resistivity above some magnetic-field-dependent tempera-
ture. Below these thresholds the resistivity is negligible,
and experimentally undetectable. It is an experimental
result that although different samples present different
shapes of the p~( T) curves in the dissipative regime, the
experimental onset temperatures for the dissipation are
almost the same (Figs. 4 and 5) for the same field.

III. DISSIPATION MODEL AND DISCUSSION

The absence of an experimentally measurable effect of
the Lorentz force acting on the flux lines' suggests a non-
conventional dissipation in the high-T, superconductors.
In previous papers, we developed a model for dissipation
which overcome those difficulties, linking a fluctuation-
induced dissipation mechanism with glassy dynamics of
the flux lines system. We briefly recall the main points of
the model, referring the reader to Refs. 4 and 5 for a de-
tailed discussion.

As a first hypothesis, we assume that the dissipation in
the presence of a magnetic field arises from the phase
slippage due to the flux-line motion over a region of inho-
mogeneities of the phase of the order parameter, analo-
gously to the flux motion over a network of Josephson
junctions. The origin of these inhomogeneities can be
due to an unavoidable disorder in real samples or to an
intrinsic spatial phase modulation in the a, b plane. It is
to be noted that the "size" of such inhomogeneity regions
should be compared to the coherence length: taking into
account the smallness of the latter one can deduce that,
within this model, also nearly atomic-scale inhomo-
geneities contribute to dissipation.

The second hypothesis is that the flux motion is an ac-
tivated process of the glass type: the activation energy is
finite only above the glass temperature Tg and, in the re-
gion above T, it follows a Vogel-Fulcher phenomenolog-
ical behavior. Because of the conceptual difFerence be-
tween an ordinary activation energy and a glass expres-
sion, we will refer to the latter as "quasi-activation-
energy. "

The two hypotheses can be collected in the following
expression for the reduced resistivity valid for low values
of the current [J«J,(0)]:

R y(H, T)
0 (2)

where

A (H, T)
2 T —T(H)

and I0 is the modified Bessel function of order zero.
While in the original Vogel-Fulcher expression, A does

not depend on T, when such a conceptual frame is ap-
plied to the case of the superconducting system, a T
dependence is expected, at least near T„due to the gra-

dual weakening of the superconductive parameters. This
weakening naturally results in a lowering of the quasi-
activation-energy for flux motion.

To proceed with the fit of the data, as a starting point
for the determination of the parameters T and A we as-
sume that

A(H, T)=A, (H)A~(T) . (4)

A~(T)= 1—
C

(5)

is well suited both for YBazCu307 and
Bi2Sr2CaCu20s+„. Using Eq. (4) in expression (2) for
the resistivity, one is left with Tg (H) and A, (H) as fit pa-
rameters. These parameters are easily obtained from the
fits of the curves pH(T) at fixed values of H. Typical fits
are shown in Fig. 5. The consistency of the assumption
(5) has been checked by considering the pr(H) data, as
explained in the Appendix.

We stress that the A2(T) behavior is completely
different from those predicted for the temperature depen-
dence of the activation energy in the conventional
theories of type-II superconductors. In these theories,
the thermally activated flux motion is described by means
of the activation term expI U(B,J, T)/k' TI, where B is
the magnetic induction and J is the current density in the
hypothesis of linear relation between the current and the
gradient VB. The resulting pinning energy as a function
of the temperature, obtained by fitting the data for the
high-T, cuprates, shows an unusual maximum and ad
hoc hypotheses are needed to take into account this
anomalous behavior. The square-root behavior of Eq.
(5), instead, is representative of the temperature depen-
dence of the energy coupling in a Josephson-junction
strong coupling, consistently with the dissipation mech-
anism assumed in our model.

In Fig. 6 we report the behavior of the magnetic-field
dependence of the A i(H) at fixed temperature for all the
samples under study. The magnetic-field dependence
A, (H) of the quasi-activation-energy sharply increases at
low values of the magnetic field and then slowly decreases
in the high magnetic field range (Fig. 6), resulting in a
broad maximum in the kG range.

In Fig. 7 we report the behavior of Tg as a function of
H (we reported in previous papers ' that Tg as achieved
in our model reproduces quite well the commonly ob-
tained irreversibility line measured by means of several
techniques).

While it is evident that the model proposed accurately
describes the magnetic dependence of the resistivity, and
the temperature dependence A2(T) can be understood

Performing the fits, we note that the parameter Tg(H) is
not strongly dependent on the particular choice of the
form of A2( T}, if A2 is assumed to be a slowly varying
function of T far from T, (this assuinption is consistent
with the expected temperature dependence of A: far from
T„ the superconducting parameters are not expected to
vary significantly with the temperature). In previous pa-
pers, we have shown that an expression such as

'4 1/2
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FIG. 6. Magnetic-field dependence A&(H) of the quasi-
activation-energy for all the measured samples: sample I (full

diamonds), sample IIa (full squares), sample IIb (full triangles),
and sample III (empty circles, squares and diamonds) at three
different degradation stages.
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FIG. 7. Irreversibility line for all measured samples. Sym-

bols are the same as in Fig. 6. An inversion of curvature is evi-

dent in the kG region. Continuous line is a guide for eye.

within the Josephson-junction nature of the dissipation in
this model, an explanation of the general features of the
magnetic behavior of A, (H) and Ts(H) is needed.

First, as it can be seen in Fig. 7, T (H), when plotted
in the usual log-lin scale, shows an inversion of curvature
in the kG region. This change of curvature has been in-

terpreted as a magnetically induced 3D-2D crossover,
due to the progressive weakening, as the field is in-

creased, of the flux rigidity.
Regarding the magnetic behavior of the quasi-

activation-energy, because of the connection of the dissi-
pation mechanism here described with the motion of the
flux lines in the fluid state (as opposed to the solid state
below T~), one is led to some analogy with the well-

known theories of pinning. In analogy with the behavior
of the pinning force, one could try to explain the qualita-
tive features of A, (H) with the traditional model of Kra-
mer. It refers to the elastic energy stored in the flux-
line lattice (FLL) when it is in static interaction with the

pin system. At low magnetic field the pinning increases
when the FLL is subjected to two types of pins, a large
number of individual point pins and a small number of
strong line pins. Increasing the magnetic field and then
the Lorentz force, the elastic deformation becomes
larger, the nearest flux lines to a strongly pinned one will

move, sampling other pin arrangements. The number of
the point pins along this flux line increases and the proba-
bility that the flux line itself will be strongly pinned
raises. As a result, the number of the flux lines strongly
pinned increases with the magnetic field. At high mag-
netic field, the line-pinning forces produce plastic defor-
mation of the FLL when the shear stresses exceed the
shear strength. The latter is proportional to the FLL
shear modulus C«which is a decreasing function of H,
as pinning force indeed will result. It is possible to show
that the pinning force is a function of the magnetic field

only through the reduced field h =H/H, 2(T) (Ref. 30)
and, as a consequence, the shape of the field dependence
of the activation energy should depend on the tempera-
ture. The qualitative feature emerging from the present
work, consistent in a temperature-independent maximum
for A, (H), cannot be reconciled with the results of this
model. Furthermore, the Kramer's model is founded on
the balance between the Lorentz force acting on the flux

lines and the pinning forces, so that a deeper objection to
this framework lies in the experimental lack of the
Lorentz force in Bi&Sr2CaCu208+~.

The main experimental finding of the appearance of a
maximum in A &(H) can be explained by some sort of
matching between the flux lattice and the pinning site dis-

tribution: increasing the magnetic field, the distance be-
tween the fluxons decreases to the dominant spacing be-
tween pins, ao, and at the corresponding magnetic field

the pinning efficacy is maximum. In a conventional
frame ' the flux-lattice parameter is supposed to be in-

dependent from the temperature, and the matching con-
dition at the field H =H,„—= 3 kG gives for the spacing

a„ the value ao=(40/B~, „)'~ =1000 A. This model,
which could explain the independence of the H,„ from

the temperature, gives a too large spacing between the
p1ns.

Keeping the validity of the general concept of match-

ing between the fluxons system and some kind of pinning,
a qualitative description can be given as follows: assum-

ing the existence of a large number of point pins, the in-

creasing of the pinning effectiveness at low magnetic field

can be related to the softening of the flux line, which al-

lows a better arrangement of the line itself on a larger
number of the point pins. The origin of the softening in

this case is assumed to be due to the reduction of the cou-

pling between Cu02 planes induced by the magnetic field.

By increasing the magnetic field, the in-plane fluctuations
of the vortex becomes larger and larger, so that the corre-
lation of the flux line over different Cu02 layers is almost

lost. As a consequence, the vortex system crosses over
from a 3D to a 2D behavior. This view is consistent with

both experimental and theoretical results on highly lay-
ered superconductors, and the crossover field is about

2 —3 kG. ' ' ' This value is in accordance with the field
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80 150 crossover field is expected to be, consistent with the ex-

planation proposed.
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FIG. 8. Irreversibility line (open circles, left scale) and

quasi-activation-energy (full circles, right scale) for sample I.
The maximum of A &(H) is in the same field range (dashed zone)

as the change in curvature of Tg(H).

at which the measured T (H) changes its curvature (Fig.
8}. More, the angular measurements of pr(H) scale in

the whole angular range only if the data above H =2 kG
are considered, and the resulting scaling function is well
fitted by the one predicted for a 2D superconductor (see
Fig. 2).

At sufficiently high fluxon density the interaction be-
tween the flux lines (which are now described in terms of
"pancake" fluxoids, because of the crossover to a 2D
system) overcomes the interaction with the pinning
centers, so that the magnetic activation energy is not ex-
pected to depend on the details of the pinning. The
simultaneous effect of such a crossover in the flux matter
on both A, (H) and T (H) can be observed in Fig. 8. It is
immediately apparent that the maximum of Ai(H} ap-
pears in the same field region where T (K) changes cur-
vature.

APPENDIX

100— T = 63.5

It is possible to check the consistency of the assump-
tion of separability of the quasi-activation-energy, Eq. (4},
and of the fortn of the temperature dependence of A, Eq.
(5), by using also the field-sweeps data, pr(H). The con-

sistency test proceeds as follows: from the pr(H) data it
is possible to directly obtain y(H; T), Eq. (3), as a func-

tion of the field, by inversion of Eq. (2). Because the field

sweeps are taken for several temperatures, one has y as a
function of the field for the same temperatures. Now, by
using the Ts(H) values as obtained from the pH( T) data
(see Sec. III), the A, (H)'s at different temperatures can
be extracted [this procedure can be employed because
T (H) does not depend much on the explicit expression
for the temperature dependence A2(T} of the quasi-

activation-energy]. Some of the resulting A, (K}'s at
difFerent values of T are plotted in Fig. 9. The curves
can be made to coincide with each other by a multiplying
factor, indicating that the separability assumption works:
the multiplying factor constitutes the T dependence of A,
that is A2(T).

Accordingly to the magnetic dependence obtained in
the paper, the A (H; T)'s show a maximum in correspon-
dence of a field intensity of a few kilogauss. Taking the
height of the maximum as representative for every curve,
the plot of these points as a function of the temperature
gives the experimental T dependence, A2( T). In the inset
of Fig. 9 these data are compared with the

[ I —
( T/T, ) ]'~ behavior, Eq. (5). Good agreement is

found. Note that the heights have been normalized to

IV. CONCLUSIONS 74 K
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In this paper we have presented a large set of resistivity

measurements, taken as a function of temperature, the
magnetic field, and the field orientation. All the measure-
ments were successfully fitted by our previous model for
the dissipation, based on the fluctuations of the vortex
liquid over regions of inhomogeneities of the order pa-
rameter. The angular measurements were found to scale,
according to the 2D angular function, for fields greater
than 2 kG. The field dependence of the quasi-activation-
energy has been qualitatively understood in terms of the
interaction of the Buxon system with the pins ensemble,
due to the Aux-line softening. The softening is ascribed
to intrinsic properties such as the 3D-2D crossover.
Such a crossover, being induced by the field, has a very
weak dependence on the temperature, or even no depen-
dence at all, resulting in a T-independent position of the
maximum of A, (H}. We note that the field correspond-
ing to the maximum in A i(H) lies in the range where the

50—
79 K,
82 K

A

0.5-

100 1000

0
60 70 80 ~ (K)

I I I I I I I & I

10000
H (G)

FIG. 9. Magnetic-field dependence A, (H) of the quasi-
activation-energy obtained directly by inversion of Eq. (2) (see

text) for sample II. The inversion procedure is possible only if
some signal is detected, so that the lower the temperature, the
higher the first allowable value of field for which A, (H) is avail-

able. The position of the maximum is nearly temperature in-

dependent. In the inset, the normalized height of the maximum

as a function of T (empty symbols) and the predicted behavior

[1—( T/T, ) ] '~ (continuous line) are shown.
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the T =0 value (extrapolated), so as to have a dimension-
less A 2 ( T) ranging from 0 to l.

Collecting up the results of the consistency test, we are
allowed to say that all the experimental data can be fitted

by the model summarized in Eqs. (2) and (3), and that the
model is consistent with the assumption of separability,
Eq. (4), and the temperature dependence of the quasi-
activation-energy, A 2 ( T), Eq. (5).
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