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The resistive transitions of a wide variety of Bi,Sr,CaCu,0s. 5 thin films have been measured in u,H|/¢
from 0.01 to 15 T. For all samples, the transitions can be well approximated by the thermally activated
form: R(T,H)=~R,exp{— A(1—T/T,)/kzTV'H} in the range 107 °R, <R <1072R,. The energy
scale 4 is 1740 K for smooth, in situ films made by molecular-beam epitaxy, and is 890 K for rough,
polycrystalline films made by ambient temperature sputtering with an ex situ anneal. The field and tem-
perature dependence of the activation energy, as well as its overall magnitude, is consistent with a model
in which U (T, H) arises from plastic deformations of a viscous flux liquid above the vortex-glass transi-
tion temperature. The flux lattice shear mechanism proposed by this model is shown to be energetically
preferable to direct lattice shear in highly anisotropic materials, thus explaining why the activation ener-
gy in Bi,Sr,CaCu,0 ;. 5 has a different field dependence than that for YBa,Cu;0;.

I. INTRODUCTION

The resistive transitions of all high transition tempera-
ture superconductors broaden in applied magnetic
fields.! ™3 This broadening exists in the limit of zero
current, and is more pronounced in more highly aniso-
tropic materials. The broadening is widely believed to re-
sult from the thermally assisted motion of magnetic flux,
except perhaps near T,, where fluctuations of the order
parameter may be important. However, there is not a
complete consensus on how the relatively high tempera-
tures and strong anisotropy lead to the observed resistive
transitions. This is because neither the underlying pin-
ning mechanisms nor the high-temperature dynamics of
vortices in these extremely anisotropic systems are well
understood.

Experiments have shown that the broadening is
thermally activated between approximately 10 °R, and
1072R,,.'~* However, the origin of the activation energy
is unknown. Despite the tremendous amount of experi-
mental work in this area there has been little effort to sys-
tematically study the broadening of the resistive transi-
tions on a wide variety of samples as a function of their
microstructure and surface morphology. We present
such a study using thin films of Bi,Sr,CaCu,04,5. This
material was chosen because its high anisotropy and reli-
able in situ fabrication make it an ideal model system.

Section II summarizes the properties of the in situ and
ex situ films made both by sputtering and by layer-by-
layer molecular-beam epitaxy (MBE). Section III de-
scribes the measurement procedure and the assumptions
made in interpreting the data. The results are described
in Sec. IV. The main result of this paper is that the resis-
tive transitions of all samples can be well approximated
by the thermally activated form

R(T,H)=Rgexp{ — A(1—T/Ty)/kzyTVH}, (1)

where R, and T, are nearly equal to the normal-state
resistivities R, and transition temperatures 7., respec-
tively. This result will be shown to be valid in the range
107°R, <R <107 2R, for 0.01 T<pu,H<1 T, and for
107 %R, <R <107 *R, for 1 T<pu,H=<15 T. In Sec. V
we compare the experimental results to a model based on
the thermally activated motion of edge dislocations in the
flux lattice, and find reasonable agreement without any
adjustable parameters. We argue that the type of shear in
the vortex lattice is different for Bi,Sr,CaCu,0g, 5 than
for YBa,Cu;0,, and that the vortices become three di-
mensional in the lowest magnetic fields and temperatures
considered. Three-dimensional vortices are required for
the existence of a finite-temperature vortex-glass transi-
tion as predicted by Fisher, Fisher, and Huse.*

II. FILM PROPERTIES

Table I summarizes the properties of the samples mea-
sured. Films were made by ambient temperature sputter-
ing followed by an ex situ anneal (SPU-A and SPU-B),
elevated temperature sputtering (SPU-1 and SPU-2), and
layer-by-layer MBE (MBE-1 and MBE-2). All films were
on (100) SrTiO; substrates except SPU-A, which was on
(100) MgO. The films were from 100 to 160 nm thick,
and were highly textured with the € axis perpendicular to
the substrate. Samples had a wide variety of surface mor-
phologies ranging from rough and polycrystalline to
atomically smooth, epitaxial, and untwinned. The resis-
tivity of most samples at 100 K was approximately 300
©Q cm, which is roughly five times that of the highest-
quality single crystals.>> Transport critical current den-
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TABLE 1. Properties of all samples measured. Films were made by ambient temperature sputtering followed by an ex situ anneal
(SPU-A and SPU-B), elevated temperature sputtering (SPU-1 and SPU-2), and layer-by-layer MBE (MBE-1 and MBE-2). All films
were on SrTiO; substrates except SPU-A, which was on MgO. Samples MBE-1 and MBE-2 represent two separate devices patterned
on the same untwinned film with the current applied along the 2 and b axes, respectively. The parameters T and p, are the best fits

to the activated resistivity p(T, H)=peexp{ —

A(1—T/T,)/k; TVH}.

Sample  Deposition T, Surface Thickness py (100 K) T. J. 42K) T,
no. technique (°C)  Annealed morphology (nm) (uQ cm) (K) (A/cm?) (K) — P

SPU-A Sputter 40 yes rough 160 290 84 7% 10* 89.3 1.91
SPU-B Sputter 40 yes rough 160 740 80 5% 10* 84.0 1.23
SPU-1 Sputter 710 no smooth 110 300 51 1X10° 54.1 1.67
SPU-2 Sputter 680 yes smooth 130 300 73 4% 108 79.4 2.69
MBE-1 MBE 650 no smooth 100 270 79 1X10° 89.3 12.4
MBE-2 MBE 650 no smooth 100 1900 79 1X10° 88.5 31.2

sities (J.) ranged from 5X10* A/cm? for ex situ films to
greater than 10® A/cm? for in situ films.* Samples MBE-
1 and MBE-2 were actually two separate devices pat-
terned on the same untwinned film, with the current ap-
plied along the @ and b directions, respectively.

Samples SPU-A and SPU-B were prepared by
ambient-temperature sputter deposition followed by an
ex situ anneal. This process is described in detail by Face
et al.”® These films were typical of polycrystalline, ex
situ films in that they were extremely rough, with
numerous secondary phase surface precipitates and a mi-
caceous surface morphology.” The existence of weak-link
grain boundaries in these films has been suggested by our
ability to pattern them into dc superconducting quantum
interference devices,? by the fact that their transport J,’s
were 20 times smaller than typical intragranular J,’s,!!
and by the suppression of J, (4.2 K) in magnetic fields of
about 100 Oe applied parallel to their € axes.'> While
SPU-A was representative of most ex situ films, SPU-B
appeared to consist of a poorly connected array of weak
links. Films prepared in the same deposition as SPU-B
did not support any current when patterned into lines
narrower than 100 gm. In addition, the resistivity of
SPU-B was nearly twice that of SPU-A, suggesting that
the effective cross-sectional area for current flow was a
factor of 2 smaller than that of SPU-A. The current-
voltage (I-V) characteristics of SPU-B exhibited a sharp
voltage onset similar to that seen in single Josephson
junctions. In contrast, SPU-A had a rounded voltage on-
set similar to that seen in all the other films.

Samples SPU-1 and SPU-2 were sputter deposited onto
elevated temperature substrates in the presence of pure
ozone. This process is described in detail by Kucera
et al.'* As-deposited films were superconducting with
R =0 transition temperatures (T,) of 40—-50 K, and zero
field J,’s of greater than 10° A/cm? at 4.2 K. Some of
these films were annealed to increase their transition tem-
peratures to near the bulk value of 80 K. Sample SPU-1,
with an as-deposited T, of 51 K, was included in the
study as a control in order to understand the effects of in-
tentional broadening due to sample inhomogeneity. Sam-
ple SPU-2 was annealed and had a transition temperature
of 73 K. The surfaces of SPU-1 and SPU-2 were much
smoother than those of polycrystalline ex situ films such
as SPU-A and SPU-B.!* As-deposited films had typical

surface roughness of less than 5 nm as confirmed by
high-resolution scanning tunneling microscopy. An-
nealed films were slightly rougher, but were still very
smooth compared to SPU-A and SPU-B. The relatively
large transport critical current densities in these films
were comparable to the intragranular J,’s observed in
Bi,Sr,CaCu,04, s microbridges,'! suggesting that grain
boundaries do not affect the transport properties of these
films.

Samples MBE-1 and MBE-2 were actually two
different devices patterned along the a and b directions,
respectively, of the same untwinned film. This film was
deposited layer-by-layer by molecular-beam epitaxy onto
a vicinal SrTiO; substrate cut 2° off {100} towards a
(111) direction. Details of the sample fabrication and
characterization are described by Eckstein et al.!>!6
Step edges in the substrate resulted in untwinned growth
and anisotropic transport properties The room-
temperature resistivity along the film’s @ axis (parallel to
the steps) was one-fifth that along the b axis. In addition,
the @ axis normal-state resistivity decreaged more rapidly
with decreasing temperature than the b-axis resistivity.
This anisotropy might be due to the intrinsic anisotropy
between p, and p,,,’ or to the presence of the step edges.!’
The step edges cause a small component of the current to
flow along the high-resistivity € direction in sample
MBE-2. Films made by MBE had extremely smooth sur-
faces with widely dispersed outgrowths.!® Like high-
temperature sputtered films, MBE films showed no evi-
dence for grain boundaries in their transport characteris-
tics. The as-deposited transition temperature for both
MBE-1 and MBE-2 was 80 K, and zero-field critical
current densities were estimated to be greater than 10°
A/cm*at42K."

III. EXPERIMENTAL PROCEDURE

Most of the data were obtained by measuring the resis-
tance as a function of temperature for various fixed mag-
netic fields. For the remainder of this discussion, the
“resistance” will be defined to be the zero-bias resistance
dv/dI|;_, This quantity should not be confused with
the “flux-flow” resistance dV/dI|,;. I The zero-bias

resistance comes from the linear portion of the current-
voltage characteristic near I=0. This quantity is
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nonzero only at temperatures and fields above the
vortex-glass transition.

The zero-bias resistance was measured ac at frequen-
cies of either 25 or 519 Hz. This resistance was
confirmed to be independent of the choice of measure-
ment frequency. The modulation current was 50 pA
peak-to-peak, corresponding to current densities of be-
tween 250 and 700 A/cm? depending on the sample
geometry. The modulation current was small enough to
remain within the linear portion of the 7-V characteristic
at all temperatures and fields. This was confirmed by
measuring the I-V characteristics at a number of fixed
temperatures and fields, and by remeasuring several of
the resistive transitions with reduced current modula-
tions.

For all experiments, the magnetic field was applied
along the average € axis of the highly textured samples,
and was perpendicular to the direction of the current.
The films were patterned by wet chemical etching, into
four-point resistance bridges 50-100-um wide by
0.5-2.0-mm long. The sample temperature was mea-
sured with a calibrated carbon-glass thermometer, and
accurate corrections were applied to account for its mag-
netoresistance in fields above 2 T.?°

IV. EXPERIMENTAL RESULTS

In this section we will discuss the magnetic field and
temperature dependence of the activation energy deter-
mined from the low-resistance portion of the transitions.
First we will discuss the resistive transitions in fixed mag-
netic fields. These will be shown to be thermally activat-
ed for R <<R,. Then we will investigate the field and
temperature dependence of the activation energy. The
field dependence will be shown to be well approximated
by U < H ~'/? over three orders of magnitude in magnetic
field. This result will be shown to hold regardless of the
temperature dependence of U. The temperature depen-
dence will be shown to go like (1—T/T,) for poH =1 T.
For poH >1 T, the temperature dependence is less cer-
tain. We will argue that the (1—7/T,) dependence is
reasonable even in this high-field regime, because it con-
sistently explains the anomalously high prefactors to the
activated resistivity,2 and because it leads to the same
field dependence for U. Finally, we will show that
R,=R, and T,=T, independent of the magnetic field.

Figure 1 is an Arrhenius plot of the resistance as a
function of temperature for sample MBE-1 in various
fixed magnetic fields. This plot displays over six orders of
magnitude in resistance, and emphasizes the lowest-
temperature portions of the transition where R <<R,.
The qualitative shapes of the resistive transitions of all
samples studied were similar to those depicted in Fig. 1
despite the wide variety of surface morphologies and
deposition techniques used to produce the films. This
suggests that the mechanisms responsible for the
broadening are universal to these Bi,Sr,CaCu,0yq_ 5 films.
The only sample with a slightly different transition was
SPU-1. This sample had a reduced transition tempera-
ture, but for R < IO_ZR,l its resistive transitions were
similar to those of the other samples when the tempera-
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FIG. 1. Arrhenius plot of the resistive transitions of sample
MBE-1 in fixed magnetic fields pH|[c=0.1, 0.5, 1.0, 2.0, 5.0,
10.0, and 15.0 T (left to right). Resistive transitions of all other
samples were qualitatively similar to those depicted here.

ture was scaled by its reduced T.

For poH =1 T, Arrhenius plots of the resistive transi-
tions of all films were linear from 10 °R, ~1072R,,. This
confirmed that the resistance was thermally activated
with

R =Rgexp(— Uy /kgT) . 2)

The activation energy U, is determined from the slope of
the line tangent to the transition at the lowest-resistance
portions of the curve. The prefactor R is determined
from the intercept of this line with 1/7 =0.

For poH >1 T, the regime over which the Arrhenius
plots remained linear shifted to lower and lower resis-
tances with increasing magnetic field. However, even at
the highest fields of 15 T, the transitions remained linear
over more than two orders of magnitude in resistance.
The rounding of the transitions at higher resistances may
result from a nonlinear temperature dependence to the
activation energy. This possibility will be considered
later. For now we will define U, to be the slope of the
Arrhenius plot of the resistive transition in the lowest-
resistance regime. This approach allows us to compare
the resistive transitions from several different samples
and magnetic fields on the same footing. In addition, the
low-resistance regime should reflect the physics of the un-
derlying pinning mechanism, because this is where the
vortices are primarily impeded by thermally assisted de-
pinning rather than by viscous drag (flux flow).

Now we will investigate the field dependence of the ac-
tivation energy. Figure 2 shows U, as a function of mag-
netic field for all the films measured, and for a bulk single
crystal of Bi,Sr,CaCu,0y, 5 measured by Palstra et al.’
The activation energies of all films fell into one of two
classes. Smooth in situ films with high J,.’s had activation
energies approximately twice as large as rough ex situ
films with low J,’s.?! The fact that rougher films had
lower activation energies indicates that flux pinning was
not enhanced by roughness. One would not expect pin-
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FIG. 2. Activation energy as a function of field for films
MBE-1 (W), MBE-2 (A), SPU-1 (¥), SPU-2 (@), SPU-A (%),
and SPU-B (4), compared to that of a bulk single crystal (X)
measured by Palstra et al. (Ref. 2). The field dependence of the
activation energy of the films is well approximated by
Ug(H) =< 1/VH.

ning to be enhanced by the second phase precipitates be-
cause they are much larger than the coherence length (£).
However, the voids and terraced surface topography
might be expected to enhance the pinning in rough films.
Our results show that neither of these effects are impor-
tant in determining the activation energies.

The activation energy was most strongly correlated
with J, for the thin-film samples. This is not surprising
because the activation energy is determined by the height
of the pinning barrier, while the critical current density is
determined by its slope. The activation energies of the
films were greater than or equal to those of the bulk sin-
gle crystal. It was impossible to determine if the correla-
tion with J, applied to the crystal, however, because its
critical current density was not reported.

For both classes of films, the activation energy fol-
lowed a power law U, < H ~“ over three orders of magni-
tude in field. For the higher activation energy class of
films, a=0.45 and U, (1 T)=1740 K. For the lower ac-
tivation energy class of films, @=0.41 and U, (1 T)=890
K. The fact that the field dependence observed for
oH =1 T extended to uoH > 1 T supports the interpreta-
tion that the activation energy should be determined
from the lowest-resistance portions of the transitions
when uoH > 1T.

We have shown Uy(H) to be a power law over more
than three orders of magnitude in magnetic field. Most
other measurements have been performed only over one
or two orders of magnitude in field. Even then, the re-
sults fit a power law only over a small portion of the
range of fields measured. The activation energy of the
bulk single crystal depicted in Fig. 2 is typical of other
measurements. For H <3 T, the power law is a=0.16,
while for H >3 T, a=0.33.

The strong field dependence of the activation energy
suggests some form of collective pinning. An intuitive
model proposed by Tinkham?? predicts

U« iuHE G , 3)
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where TuoH 2 is the condensation energy per unit volume,
and the volume has some power of the average intervor-
tex spacing a,~1 ®,/B. This expression is valid for
H, <<H <<H_,. In Tinkham’s model, the activation en-
ergy is the energy required for a correlated volume of flux
to shear past neighboring vortices. The energy is related
to the free-energy difference between the normally tri-
angular flux lattice and the square flux lattice created
during the displacement. The exponent for the activation
energy is expected to be a=(3—m)/2, where m =0-3.
The limiting form m =0 also corresponds to the expres-
sion for core pinning of independent vortices. Because the
observed values of a are much closer to 5 than to 1 or 5 we
will approximate the activation energy by U< 1/V'H for
the remainder of this discussion. This approximation is
reasonable given the scatter of the experimental data
points in Fig. 2. -

Field dependences of roughly 1/V H have also been
seen by Woo et al.? in one polycrystalline TBCCO film,
and by White, Kapitulnik, and Beasley?* in a quasi-two-
dimensional multilayer sample of Mo-Ge/Ge in the limit
of weak Josephson coupling. This contrasts with the
1/H field dependence, which is typically seen in YBCO
films and crystals.>?* In Bi,Sr,CaCu,04 5 films, field
dependences of roughly 1/V'H have been found in cer-
tain very limited field regimes,”®?’ but the activation en-
ergies for these results were determined over less than
two orders of magnitude in resistance, and in the high-
resistance portions of the transitions where the broaden-
ing may not be thermally activated. There have been
several other reports of activation energies following a
1/V' H field dependence in bulk Bi,Sr,CaCu,Oq, 5 (Ref.
28) and Tl,Ba,Ca,Cu;0,y;5 (Ref. 29) powders, and in
Pb-doped Bi,Sr,Ca,Cu;0,,. 5 films,*® but these measure-
ments have been performed only over roughly one order
of magnitude in field and in very limited ranges of resis-
tances. .

It is surprising that the 1/V'H field dependence ex-
tends to fields as small as 0.01 T. The intervortex separa-
tion would be expected to become larger than the typical
a-b penetration depth (A,,) in fields smaller than 0.1 T, el-
iminating the possibility of collective pinning. However,
the low-field data is taken at temperatures close to T,
where A, (T) begins to diverge like (1—7/T,)”'2. For
uoH =0.01 T, the entire transition was measured at tem-
peratures above 76 K. Using the experimentally deter-
mined value of A, (0) in Bi,Sr,CaCu,04,5 of =~3000
A3 Agp(T) 25000 A for T>76 K. Thus, the intervor-
tex spacing remains less than the penetration depth and
collective pinning is possible. In fields below 0.01 T, the
activation energy falls below the 1/V H line, as would be
expected from a crossover to individual vortex pinning.
The largest value of @, /A, that is consistent with collec-
tive pinning depends on the strength of the individual
forces relative to the intervortex forces. The individual
pinning forces are expected to be greatly reduced by
thermal fluctuations for temperatures near 7,.>* There-
fore it may be possible to observe collective pinning for
values of a, /A, slightly greater than 1.

The 1/V'H field dependence was confirmed by mea-
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surements of the resistance as a function of field at vari-
ous fixed temperatures. Figure 3 is a plot of log;o(R)
versus 1 /V H for sample SPU-A. This data was taken by
fixing the temperature and increasing the magnetic field
from zero to 5 or 10 T. The transitions are linear over
the lowest three orders of n‘/@_gnitude in resistance,
confirming that R <exp(— A /V' H) in this regime. This
shows that the activation energy is proportional to
1/V H regardless of its temperature dependence.

Now we return to discuss the temperature dependence
of the activation energy. The thermally activated model
has been assumed to hold only for the lowest-resistance
portions of the transitions where the Arrhenius plots are
linear. This implies that the activation energy is either
constant or linearly dependent on temperature. It is also
possible that the resistive transitions are thermally ac-
tivated over a larger range of resistivities, and that the
nonlinear Arrhenius plots for uoH >1 T result from a
nonlinear U(T). In this case, the activation energy can
be obtained by inverting expression (2). This gives

R (T,H)

U(T,H)=—kzTln
R,

4)

Figure 4 shows the activation energy as a function of
temperature for sample MBE-1. For this graph, R, has
been taken to be the linear extrapolation of the normal-
state resistance to below T.. This choice is physically
reasonable, and it allows U(T) to go to zero at T,. The
resulting U (T) is relatively insensitive to the choice of R,
so long as R is not exponentially dependent on tempera-
ture.

For fields less than or equal to 1 T, the activation ener-
gy is linear in temperature over most of the transition
and extrapolates to zero at 7. For higher fields, the ac-
tivation energy is given by the nonlinear function depict-
ed. This function has an unusual upward kink for
T <T,/2 in the highest-field transitions. The activation
energy regains its linear temperature dependence in the

log, [R ()]

[ 48K

(IJ'OH).V2 (T-1/2)

FIG. 3. Resistance as a function of field for sample SPU-A at
various fixed temperatures. Higher fields are closer to the origin
on this graph of log,o(R) vs 1/V H.
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FIG. 4. Activation energy as a function of temperature for
sample MBE-1 in yH|¢=0.1 0.5, 1.0, 2.0, 5.0, 10, and 15 T.
Lines of constant resistance pass through the origin with in-
creasing slope for smaller resistances. The activation energy is
nearly linear in temperature in the low-resistance regime above
the dashed line.

higher activation energy portions of these curves. This
corresponds to the low-resistance portions of the Ar-
rhenius plot depicted in Fig. 1, and is the regime where
U >>kgT. This is where the vortex motion is expected to
be determined by thermally activated hopping. The
dashed line in Fig. 4 separates the regime of linear (above
the line) and nonlinear (below the line) U (T).

The nonlinear portions of U(T) are not consistent with
that predicted by Eq. (3). Using the conventional temper-
ature dependences for H, and &, the activation energy be-
comes

U(t)o((1_t2)2-‘n/2(1+t2)n/2 , (5)

where t =T /T, and n =0-3 is the power of £ in Eq. (3).
Only the n =0 curve has the correct curvature below T..
However, none of the curves can account for the sudden
upward kink in the observed U (¢) below z=1. This kink
cannot be explained by any model using the conventional
superconducting length or energy scales because none of
them change rapidly for ¢ < 1.

It is possible that the kink represents a transition be-
tween different regimes of behavior. One possibility is
that the kink is a crossover from thermally activated flux
motion to flux flow. However, this crossover occurs at
too low of a resistance to be consistent with the flux-flow
resistivity p,=p,H/H,,, unless H, is much larger than
has been previously estimated. Another possibility is that
the kink is a crossover from three-dimensional (3D) to
2D behavior as the temperature is increased. This possi-
bility will be discussed further in Sec. V. A sudden in-
crease in the activation energy at low temperatures has
also been seen by Safar et al.* in a bulk single crystal of
Bi,Sr,CaCu,0q 5.

As was pointed out by Beasley, Labusch, and Webb,*®
the activation energy obtained from the slope of the Ar-
rhenius plot is the T =0 extrapolation of the line tangent
to U at the temperature at which the slope is measured.
Thus the values plotted in Fig. 2 are actually the extrapo-
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lation of the low-resistance linear portions of U(T) to
T =0. This is equivalent to U (T =0) if the activation en-
ergy is linear in temperature below some critical resis-
tance. Although the data presented in Fig. 4 suggest this
interpretation, it is not known whether the activation en-
ergies remain linear all the way to T =0 because of the
finite resistance sensitivity in these experiments.

The data shown in Fig. 4 shows that U(T)
~(1—T/T,) for uoH <1 T. This plot is typical of all
samples measured, showing that the activation energy is
linear in this regime. The linear temperature dependence
near T, has been confirmed by plotting the slopes of the
fixed temperature transitions shown in Fig. 3.

The most compelling evidence for a linear temperature
dependence to U is provided by the prefactors R, ob-
tained from the intercept of the tangent lines to Fig. 1.
For all samples, R is found to be from 3 to 20 orders of
magnitude greater than R,. In addition, R, varies with
field as exp(c /V' H). Either we must postulate a separate
physical mechanism to explain this peculiar magnitude
and field dependence, or we can simply explain it as origi-
nating from a linear component to the activation energy.
In other words, if

U(T)=g(H)1—T/T,), (6)

then

g(H) g(H)

ln(R)‘—’ln(RoH‘ kBTO kBT ’

@)

and the intercept of the tangent line

I,=1n(R0)+7‘i;—1;,I:— . (®)
The second term in (8) explains why the intercept is
greater than In(R,) and is field dependent. However, it
requires another fitting parameter T,. This parameter
cannot be obtained independent of R,. Figure 4 suggests
that T,=T,, at least for the low-field transitions, but an
independent test of this idea can be performed. If both
R, and T, are assumed to be independent of the field,
then a plot of I, versus the slope of the tangent line

S,=—g(H)/kg ©)

should yield a straight line whose intercept determines
R, and whose slope determines T,.

Figure 5 is a plot of I, versus S, for three representa-
tive samples. All points from a given sample lie on a
straight line, supporting the assumption that R, and T,
are independent of field. The slopes and intercepts of
these straight lines determine the sample specific Ry’s
and T;’s in Egs. (1) and (6). The values of Ty and Ry/R,,
determined for each sample are listed in Table I. For all
films, T, is within 5 to 10 K of T,, and R is within an
order of magnitude of R,. This shows that

R(T,H)=R,exp{— A(1—T/T,)/kzyTVH} (10)

is a good approximation of the resistive transitions for all
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FIG. 5. Plot of the intercept (I,) vs the slope (S,) of the
tangent lines to the Arrhenius plots for samples SPU-1, SPU-2,
and SPU-A.

samples measured, where R, and A are independent of
field.

V. COMPARISON WITH MODELS

In this section we show that a model of plastic shear of
the flux lattice explains many aspects of our data for
Bi,Sr,CaCu,04 5, both qualitatively and quantitatively.
Moreover, by comparing other mechanisms for shear, we
suggest that the highly anisotropic Bi,Sr,CaCu,0Oq, is
dominated by plastic flux lattice shear, which gives a
1/V'H dependence to the activation energy, whereas the
less anisotropic YBa,Cu;0; is dominated by a type of
shear which gives a 1/H dependence to the activation en-
ergy. We also argue that the vortices become three di-
mensional in the thermally activated regime, making it
reasonable to consider the possibility of a finite tempera-
ture vortex-glass transition in this otherwise 2D material.

The experimental data show that the activation energy
is well approximated by a 1/V' H field dependence. Most
models that predict this field dependence are variations of
Tinkham’s original proposal [Eq. (3)], in which the corre-
lation volume contains one factor of the average intervor-
tex spacing a, and two factors of the coherence length &
These models also predict the observed (1—T/T,) tem-
perature dependence of U near T,.. However, these mod-
els offer no explanation of why the correlation volume
should be given by £%a,,.

One model that does give a physical reason for the
1/V'H field dependence was proposed by Geshkenbein
et al.’” and later extended by Vinokur et al.*® This mod-
el also provides a natural explanation of why U should be
lower in more highly anisotropic materials. In addition,
it predicts the correct activation energies and prefactors
without any independent parameters. In this model, the
activated process is analogous to the thermally activated
motion of edge dislocations in crystals.* Plastic deforma-
tions of crystal lattices do not occur via the shear of en-
tire rows of atoms, but rather occur primarily by the
motion of edge dislocations.** Thermal fluctuations can
overcome the barriers to edge dislocation motion, but do
not act coherently along the entire slip plane. Instead,



11 010

double kinks are created along the length of the disloca-
tion. Once the kinks have nucleated, shear forces
straighten them out, and the edge dislocation ends up in
the next row of atoms. When the dislocation has pro-
pagated to the edge, the entire crystal has sheared by one
unit cell.

In Geshkenbein’s model the dislocation is in the flux
lattice, and the vortex cores are analogous to the lines of
dislocated atoms. Dislocations in the triangular flux lat-
tice are moved by thermally overcoming the energy re-
quired to move a portion of the vortex into the neighbor-
ing minimum-energy position. The energy barrier for
thermally assisted plastic flux lattice shear is given by the
energy required to create a double kink in the vortex.
Using anisotropic Ginzburg-Landau theory, the double-
kink energy is®’

U =26 a9~ —2 iy | 22 " (1n
pl b0 417,,1,07»2 B
Here &, is the vortex energy per unit length along the
Cu-O planes
XE=A A, (12)
and
% 2: ;‘c (13)

Not only does this expression predict the 1/V'H field
dependence observed in the activation energy, but also it
predicts the (1— T /T,) temperature dependence near 7.
For Bi,Sr,CaCu,04. 5, the experimentally determined
values of A,,=2700 A2 & =31 A, *' and m /My
=6400,"2 lead to a double-kink energy of U, (1T)
=2710 K. This is within a factor of 2 of the observed
value of 1740 K in high-J, films, and requires no indepen-
dent parameters. On the other hand, m /m,, =~3000 has
also been reported for Bi,Sr,CaCu,04,* yielding
U,(17)=3790 K. Our high-J, films are expected to be
more representative of the intrinsic material than the
low-J, films because the low-J, films probably contain
grain boundaries. However, the variation in the activa-
tion energy between the high-J. and low-J, films is not
readily understood in terms of the double-kink model.
Since A,=Ag V' m,/mg, Eq. (11) predicts that
Up ~v/mg, /m.. This qualitatively explains why the ac-
tivation energies observed in more highly anisotropic
compounds like Bi,Sr,CaCu,0O4, 5 and T1,Ba,CaCu,04 5
are much smaller than those observed in YBa,Cu;0,.
Typical values of U, (1 T) in T1,Ba,CaCu,Og 5 films and
Tl,Ba,Ca,Cu;0, 5 bulk powders range from 1500-3700
K.23:2:43 Using the experimentally determined values of
Agp =2520 A3 and m /Mgy =10°* and assuming
€ =25 A, the activation energy is U, (1 T) =920 K.
Although this value does not agree w1th the experimental
results, the enormous effective-mass anisotropy predicts
an unphysically small value of £, <0.1 A, which ques-
tions the validity of the experimental parameters. For
YBa,Cu;0,, A,=1400 A5 ¢,=16 A* and
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m, /mg, =26, yielding U, (1 T)=1.1X10° K. This is
much higher than the observed values of 20000-40 000
K,>?% suggesting that there is a lower-energy excita-
tion. A different excitation mechanism is also suggested
by the fact that the field dependence of the activation en-
ergy in YBa,Cu,0 follows a 1/H dependence,”*>* rath-
er than 1/VH as seen in Bi,Sr,CaCu,04,5 and
T1,Ba,CaCu,0;,5.2% The activation energy in
YBa,Cu;0; is thought to arise from Tinkham’s*? model
of flux lattice shearing [Eq. (3)], where the vortex disloca-
tion moves without kinking. In Tinkham’s model, the
correlation volume is N,N,a3&,,, where N, is the num-
ber of vortices that move together along a C-axis length of
N,£&,,- The a3 term gives rise to the 1/H field depen-
dence. Comparing Tinkham’s expression for the energy
of lattice shearing to that of Geshkenbein’s double-kink
mechanism gives

U

shear __

U=

1

B4

\/mc/mab NN, a,
41 In(%) 2 & ’

(14)
pl

where 8(1/8 ,)=0.02 is the difference in the Abrikosov
parameters for the square and triangular lattices. When
Ushear /Up > 1, double-kink activation is preferred. This
ratio diminishes with increasing field, until direct lattice
shearing is favored. In YBa,Cu;0,, the Tinkham mecha-
nism is favored for fields B, >0.4(N;N,)* (mT). Brunner
et al.’! determined that the vortex correlation length
along the € axis was greater than 450 A by measuring the
increase in activation energy with layer thickness in
YBCO/PBCO multilayers. This gives B, =0.6 T. How-
ever, Hettinger et al.° obtained N,N,~2, giving
B, =1.6 mT. In either case, direct lattice shearing has a
lower energy than the double-kink activation in
YBa,Cu;0, over most of the measured field range. The
higher mass anisotropy for Bi,Sr,CaCu,04.5 and
Tl1,Ba,CaCu,0y4 , 5 makes the double-kink energy smaller
than the direct shearing energy for B <15 T. Using
the correlation length of N,=38 determined from
YBa,Cu;0, multilayers, B, =18 T for Bi,Sr,CaCu,0Og 5,
and B, =280 T for Tl,Ba,CaCu,0q4,5. Thus, it appears
that the Geshkenbein model with its 1/V H field depen-
dence is applicable to Bi,Sr,CaCu,04.5 and
Tl,Ba,CaCu,0q. 5, but the Tinkham model with a 1/H
field dependence is applicable to YBa,Cu;0,.

Vinokur et al.’® have extended the Geshkenbein model
by incorporating the idea of a vortex glass at low temper-
atures, and the transition to flux flow at high tempera-
tures. Thermal activation still controls the motion of
vortices between the vortex-glass state and the flux-flow
state, but the vortices are thought of as a viscous flux
liquid rather than as a lattice in the transition region.

We know our experimental data was taken within the
viscous liquid regime for three reasons. First, we were
above the individual vortex depinning temperature T,
defined by kpT,=(P3Bm,,/m, )" /muy’**  This
temperature was approximately 3 K at 1 T, using the
above values for &, A, and m,/m,,. Second, we were
above the vortex-glass transition because the zero-bias
resistance was finite, and because the activation energy
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was independent of the current. Finally, we were below
the flux-flow regime, which begins at pg.,
=p,H/H ,=0.03p, for H=1T.

Vinokur et al.’® calculated the prefactor for the
thermally activated resistivity p=peexp(— U /kgT) in the
viscous vortex liquid as
172

kB Tcr (15)

2Upl( Tcr)

jO gab
]c(Tcr) ao

Po= Pflow

where j is the depairing critical current density, and T
is the crossover temperature determined from p(T. )
=paow- BY assuming pq...=p,H /H,,, theoretical values
of p, are found that range from 0.1p, to p,, depending
on the magnetic field. These values compare favorably to
the range of p, to 30p,, which were experimentally ob-
served. Because the field variation is relatively small on a
logarithmic scale, the experimental data does not com-
pletely rule out such a field dependence given by pg..-
On the other hand, the expression for traditional flux-
flow resistance pgo, =p,H /H,, is not experimentally val-
id for T=T,. In this regime the flux-flow resistivity has
been experimentally observed to increase sharply as the
phase boundary is approached.’?** Also, the field depen-
dence of pg,,, is not well supported by the experimental
data. The regime of activated behavior shifts to lower
temperatures as the magnetic field is increased, whereas
the crossover temperature p(T, )=pg,,, shifts to higher
temperatures with increasing field.

Both Geshkenbein’s original model and Vinokur’s ex-
tension assume that the vortices can be described by an-
isotropic Ginzburg-Landau theory. This theory is in-
herently three dimensional because vortices extend all the
way through the sample along the direction of the mag-
netic field. It has been proposed that in the limit of large
fields and high temperatures, the conventional notion of a
flux line breaks down for these highly anisotropic super-
conductors.’ Instead, the vortices are described as two-
dimensional “pancakes” which exist only on the copper-
oxide planes.® This would alter Eq. (11) for the double-
kink energy. In the limit of zero Josephson coupling be-
tween pancake vortices on adjacent layers, the energy for
a single pancake vortex displaced by a distance 7 from the
center of a magnetically coupled stack is>®

2
U.(r)= i
oA

[y +In(r/2A,)+Ko(r/Ag)],  (16)

where A=2A,, /d; is the effective 2D screening length in
a copper-oxide plane of thickness d;, and y is Euler’s
constant (=0.5772). This activation energy reduces to

.2
o ] (17

@3

4unA

U,(r=~

in the limit of r <<A,,. Because this energy is quadratic
in the displacement, it predicts U, «1/H rather than
U,x<1/ V'H. In addition, the magmtude of the kink en-
ergy is much less than that given by the anisotropic
Ginzburg-Landau theory. Comparing Egs. (11) and (17),
we find

11011

U.(ay) _ 12

Uy 422, In(®)

aOds m.

(18)

for @y <A,. Using typical values of d,=6 A, A, =2700
A, Ea=31 A, and m./m,, = 6400, the pancake double-
kink energy is much less than the 3D double-kink energy
for fields above ~1072 Qe. It is not surprising that the
energy for shearing a stack of pancake vortices is less
than that required for shearing a three-dimensional vor-
tex because the pancake vortex model neglects the
Josephson coupling energy. The energy required to dis-
place a multiple-pancake section of a vortex should be
even less than that required to displace a single pancake.
This suggests that the 2D kink mechanism should dom-
inate over 3D vortex kinks if the Josephson coupling en-
ergy between the Cu-O planes can be neglected.

The fact that the experimentally determined activation
energies are much larger than that predicted by the two-
dimensional model suggests that the Josephson coupling
energy cannot be neglected in the field and temperature
regime over which the activation energy was determined.
This regime is plotted in Fig. 6 for sample MBE-1. In
this figure, the low-temperature boundary (dashed line) is
set by the lowest resistance that could be measured, and
should not be interpreted as a change in physical behav-
ior. However, the upper-temperature boundary marks
the region over which Arrhenius plots of the resistive
transitions became nonlinear. For fields below 2 T, the
upper boundary corresponds to p =0.03p,. This is where
conventional flux flow is thought to determine the resis-
tance. However, for H 22 T, the upper boundary corre-
sponds to p>10"3p, —10"*p,. These resistivities are too
small to originate from conventional flux flow. However,
it is possible that this high-field, high-temperature regime
is where the 2D vortex motion dominates. Glazman and
Koshelev®® have predicted a cross over from 3D to 2D
behavior in high fields even if the interlayer Josephson
coupling is larger than the magnetic coupling. The cross-
over field is given by

172
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FIG. 6. Region of magnetic fields and temperatures over
which the activation energy was determined for sample MBE-1.
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where d is  the interplanar  spacing and
T, ~2®%2, /16m*A2d. This gives crossover fields in the
range of 1 to 3 T for Bi,Sr,CaCu,04, 5 at temperatures
between 20 and 80 K. This is just the range of fields in
which the high-resistance portions of the Arrhenius plots
of the resistive transitions become nonlinear in all of the
samples studied. It is possible that this regime is, there-
fore, dominated by thermal activation of 2D vortices.
Using Clem’s* calculations, the 2D vortices should give
a 1/H field dependence to the activation energy in this
regime. Of course, this neglects the Josephson coupling
energy, and assumes that some other mechanism of flux
motion does not have a lower energy than the double-
kink activation previously described. Although the ac-
tivation energies determined from the higher-resistance
portions of the transitions are less than those determined
from the lower-resistance portions of the transitions, it is
difficult to determine the exact field dependence because
of the nonlinearity of the Arrhenius plots in this regime.

If the above reasoning is correct, then the following
picture emerges from the diagram in Fig. 6. At tempera-
tures and magnetic fields above the shaded region, the
vortices are two dimensional. As the temperature is
lowered, there is a 2D to 3D transition at the solid line
where the interlayer coupling begins to dominate.
Within the shaded region the vortices are three dimen-
sional, although we do not know how far down in tem-
perature this regime extends because of the finite sensi-
tivity of our measurements. Somewhere below the limits
of our measurements is the proposed vortex-glass transi-
tion.*3>37  Although we have no direct evidence to sup-
port or refute the vortex-glass model, the observed 2D to
3D transition is a prerequisite for considering a 3D vor-
tex glass in an intrinsically 2D material.

VI. CONCLUSIONS

We have measured the field-induced broadening of the
resistive transitions of five Bi,Sr,CaCu,0y4. 5 thin films.
Despite the wide variety of deposition techniques and
surface morphologies, Arrhenius plots of the resistive
transitions are qualitatively similar for all samples mea-
sured. This suggests the broadening is an inherent prop-
erty of the material, and is not simply a result of sample
inhomogeneities.

The lowest-resistance portions of the transitions are
thermally activated with an activation energy well ap-
proximated by U(H,T)= A(1—T/T,)/V'H over three
decades of magnetic field. The activated model holds
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over approximately four orders of magnitude in resis-
tance for puoH =1 T, and for nearly two orders of magni-
tude in resistance for yoH > 1 T.

The activation energies for smooth, in situ films with
critical currents above 10® A/cm? at 4.2 K are nearly
twice as large as those for rough, ex situ films with criti-
cal currents of about 5X 10* A/cm? at 4.2 K. This shows
that increased surface roughness does not enhance flux
pinning and suggests that U, correlates with J, in our
thin films. The activation energies in our films are much
larger than those in bulk single crystals of the same ma-
terial.

The field and temperature dependence of the activation
energy, as well as its overall magnitude, is consistent with
models by Geshkenbein er al.’’ and Vinokur et al.,>*
who claim that the activation energy arises from the
thermally activated plastic shear deformations of a flux
lattice, and a viscous flux liquid, respectively. Activation
energies for smooth, high-J. films (1740 K at 1 T) are
within a factor of 2 of the value predicted by the models
without any adjustable parameters.

The Geshkenbein and Vinokur models are shown to re-
quire less activation energy than direct lattice shear for
our highly anisotropic Bi,Sr,CaCu,04,s films in the
range of magnetic fields considered. This could explain
why the activation energy in these films follows a
different field dependence than the 1/H field dependence
observed in YBa,Cu;0;.

The magnitude and field dependence of the activation
energy is much better predicted by 3D anisotropic
Ginzburg-Landau theory than by 2D ‘“‘pancake” vortices
in the region of field and temperatures considered. The
existence of 3D vortices in this regime is significant be-
cause it allows one to consider the possibility of a vortex
glass in a system that was otherwise thought to be two di-
mensional.
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