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Superconducting transport properties of epitaxial YBa2Cu3O7 z thin films:
A consistent description based on thermally-activated fiux motion
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The electrical-transport current properties of a series of epitaxial YBa2Cu307 z thin films have been
investigated using a range of techniques, including the activated electrical resistivity for fields B)B;„,
the irreversibility field; the I-V curves for both B)B;„and B & B;„;and the resistive transitions in mag-
netic fields. The results are analyzed in the framework of a model for thermally-activated flux motion.
The model utilizes a pinning barrier that is dependent on the current density J, temperature T, and ap-
plied magnetic field B, given by Uo ~ exp( —J/J, o)(1—t)"/B, with n —1.8. The exponential J depen-
dence agrees well with the behavior U ~ J " (p-0. 8) of the collective-flux-creep model in the regime
J(J,o, while properly describing the finite pinning potential observed in the activated-flux-flow regime
as J~O. The resulting analysis using this form for Uo provides a quantitatively self-consistent interpre-
tation of all sets of measurements.

The description of flux motion in high-T, supercon-
ductors is an interesting and complicated problem. The
relationship between dissipative flux motion and the
flux-piniiing mechanism has been discussed extensively,
but is still not well understood. Because the effective pin-
ning potential barrier U(J, T,B) is an important parame-
ter for interpreting the flux motion, several expressions
have been proposed by various authors. ' Moreover,
since the thermal energy kT in the superconducting state
of high-T, oxides can be much higher than for conven-
tional superconductors, the effect of thermally-activated
flux motion is stronger, even for pinning energies of com-
parable magnitude. These effects have been considered'
and the flux-motion state described in terms of
thermally-activated processes.

Recently, Fisher indicated that there is a glasslike vor-
tex phase at low magnetic Geld, and experimental evi-
dence was given to support a proposed vortex-melting
transition at a characteristic temperature. In the
vortex-glass phase, flux motion is described by a power-
law dependence of the effective pinning barrier on the
current density J, with U ~J ". The same dependence is
derived from the theory of collective flux creep, ' which
depicts the hopping of coherent bundles of flux lines.
Within vortex-glass theory, it is thought that the ex-

ponent p has some universal value, while in the
collective-flux-creep model p varies with the magnetic
field and depends on the effective dimensionality of the
flux-line lattice (FLL). Experimentally, substantial evi-
dence has accumulated for a field- and temperature-
dependent exponent p. This general formalism has also
provided a good modeling of the quasiexponential tem-
perature dependence of J,(T) at lower temperature, ' as
well as flux-creep —magnetic-relaxation studies" on
YBazCu307 s (YBCO) samples with various oxygen
stoichiometries.

Another model for U(J) was proposed by Zeldov
et al. , who obtained U ~ —lnJ, based on observed resis-
tive transitions of an epitaxial film as a function of
current density J and magnetic field B. Subsequent deter-
minations of U( J) from magnetic-relaxation experiments
on single crystals have indicated a similar form. '

These different J dependencies of U lead to different
predictions for the transport characteristics as a function
of magnetic field B and temperature T. Here we have
studied the field- and temperature-dependent transport
properties of a series of high-J, epitaxial YBCO thin
films. The characteristic flux motion in these thin films is
consistent with a modified flux-creep model, signified by
an exponential dependence of U on current density. This
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Uo
v =voexp — sinh (la)

W= JBVbX (lb)

Here vo is a characteristic attempt frequency and 8' is
the work done by the Lorentz driving force against Uo,
resulting in the effective pinning potential U= Uo —8',
where Uo is the J-dependent activation barrier of range
X . The flux-bundle volume Vb may be taken to be the
one defined by Larkin and Ovchinnikov' in the context
of collective processes. Note that we do not assume that
Uo=const, as in the traditional Anderson-Kim formula.
If a FLL bundle moves with velocity v, an electric field
E=BXv Ic is generated by the driving force, resulting in
nonlinear E (J) curves

E =Eoexp
kT kT

model is founded on related work that explored the flux-

pinning scaling behavior in epitaxial YBCO films' and
the long-term magnetic-flux relaxation of high- J„
proton-irradiated YBCO single crystals. It is shown that
the current-voltage relationships below and above the ir-
reversibility line are systematically consistent; further-
more, the experimental data in these respective regimes
of creep-limited J, and of dissipative flux flow can be de-
scribed by the theory of thermally-activated flux motion.

The YBCO c-axis-perpendicular epitaxial thin films
were prepared on (001) surfaces of various substrates
LaA103, SrTi03, YSZ, and KTa03 either in situ by laser
ablation' or ex situ by coevaporation and post-
annealing. ' ' The transport measurements on patterned
films were carried out by a standard four-probe dc tech-
nique. ' I-V curves were taken at various fixed tempera-
tures for magnetic fields B parallel to the c axis, and the
criterion of critical-current density J, was set at 1

pV/cm. In-field resistive transitions were measured using
transport-current densities in the range of a few A/cm .

In the standard flux-creep model, the flux-bundle hop-
ping frequency is given by

come negligible, and n = 1 —1.5.
We now make a plausibility argument for the observed—J/J 0dependence Uo ~e '. In general, the jumping dis-

tances and FLL-bundle volumes vary with current, tem-
perature, and magnetic field. ' ' ' In addition, we con-
sider a distribution of pinning potentials due to the vari-
ous pinning strengths and mechanisms, ' such that when
an external current passes through the a-b planes, some
FLL bundles remain pinned because the driving force is
not strong enough to overcome the total pinning force.
From Eq. (1) the work W increases with J while Up de-
creases as a result of the reduction in volume Vb. Be-
cause of the conditions that 8 =0 at J=0 and that
W = Up( J p } at J=J,p, we ProPose the following relation
between an average Uo and 8' in terms of the reduced
current density j=J/J, p..

dUG(j, T,B)
W(j, T,B)= Up(j, T,B)+(1—j)

dj
(4)

jUG(T, B}
X sinh exp( —j} (6)

In the following we employ Eq. (6) to describe the trans-
port properties over a range of current densities, fields,
and temperatures, both above and below the irreversibili-
ty line B;„(T).

First, we use this result to interpret the transport prop-
erties in the dissipative regime for B)B;„,where Eq. (6)
yields, in the limit of small j,

The second term comes from that part of the activation
energy which is larger than the driving force. The
present experimental data and previous observa-
tions' ' show that W~ jwhen j ((1,and from Eqs. (1)
and (3) it is seen that at large j, W =jUp. Substitution in
Eq. (4) yields a solution

Up(j, T,B)=Up(T, B)exp( —j) . (5)

Then Eqs. (2) and (5) lead to the general result
r

Up(T, B)
E=Ep exp — exp( —j)

where Ep =vpBx Ic and Up = Up(J T B)' x is an average
hopping distance.

In the critical state and in the absence of thermal ac-
tivation, the driving force resulting from the critical-
current density J,o is compensated by the pinning force
such that

E Ep(T, B) Up(T, B)
J J 0(T B) 1&T

UG(T, B)
X exp kT

Up(T, B)
kT

Up( J,p, T,B)= W =J,GB V~X (3)

Depending on the details of the flux-pinning system, J,o is
some particular function of B and T. For example, from
interpretation of the present experiments' and on
theoretical grounds, ' we have

J,p( T,B)=J,p( T, O) 1+ B
0

—n

(1 b), —

where b =B/B,z, B,z(T) is the upper critical field, Bp(T)
represents a field below which intervortex interactions be-

This flux-hopping resistivity corresponds to the linear
portion of E(J~0). Data for several epitaxial films were
analyzed, and the results are typified by the plots in Fig.
1, which pertains to a film deposited on LaA103. The
Arrhenius-like plots of ln(p) vs 1/B are shown for several
temperatures in the range T) 77 K, where the region
B & B;„is experimentally accessible. In the limit of van-
ishing j, the slope of these plots gives directly the quanti-
ty UGB IkT Over several decad. es in p, the ln(p)-vs-1/B
curves are substantially linear, indicating that Uo ~ 1/B,
except perhaps very close to the normal-state boundary
where inhomogeneity and fluctuation effects may become
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FIG. 1. Arrhenius-type plot of resistivity p vs 1!B for
B & B;„„atthe fixed temperatures shown. Solid lines are fitted
to Eq. (7) with j~0.

important. With this observed field dependence extract-
ed, we illustrate in Fig. 2 the derived temperature depen-
dence of the pinning energy. By plotting the product
UOB vs a standard, high-temperature thermal factor
(1—T/T, ), a power-law dependence is found, with ex-
ponent =1.8 Incorporating these dependencies, we con-
clude that, in this high-temperature range,
Uo(j, T,B)=Uooe J(1 b)/b(1 —t)', wit—h Uoc=6800
K = 0.58 eV. For the other films investigated, Uoo
values fall in the range of 5000—20000 K. For cornplete-
ness, we have included here the factor (1 b), which—
must be present to account for overall gap suppression by
the average magnetic field, but the factor is unimportant
in the range of fields involved in the linear analyses.

We now show that Eq. (6) also is quantitatively con-
sistent with the transport properties below the irreversi-
bility line. Figure 3 is a set of E-J curves taken at T =77
K for magnetic fields from 0.1 to 8 T. For B & 1 T, the
curves are nearly linear with slight negative curvature,
while those curves taken above 1T have positive curva-
ture, as indicated in Eq. (7). The solid curves are fits to
Eq. (6), where Uo(T, B) is a deduced parameter to be dis-

cussed below and values for J,o were taken from an
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FIG. 2. Temperature-dependent component of the activation

barrier Up, plotted as the product UpB. A linear regression
{solid line) gives Up(T) ~(1 t) in this regime using the ob-
served T, (R =0)=90 K.
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FIG. 3. Measured E(J) at 77 K for a YBCO film deposited
on LaA103, for several applied magnetic fields. The solid curves
are fits to Eq. (6), while the inset shows that, at low fields, the
data are also consistent with the predictions of vortex-
glass —collective-Aux-creep models, where E ~ exp( —j "), with

@=0.8.

analysis of quasiscaling of the pinning-force density' on
the same sample. Interestingly, at low fields, where j & 1,
the main term of Eq. (6) mimics that given by a power-
law current dependence of the pinning energy, U ~j
This fact is illustrated in the inset, which shows that the
present data can be fit by the vortex-glass —cohective-
creep model with p=0. 8. This latter value is consistent
with Fisher's limit that p ~ 1; however, the exponent IM

decreases' rapidly for B) 1 T. This observation is quali-
tatively similar to the decrease with field that was ob-
served in flux-creep studies on proton-irradiated single
crystals of YBCO.

Results for Uo( T,B), obtained from fits to the shape of
the F. (J) curves as described by Eq. (6), are presented in

Fig. 4 vs 1/B. For B ) 1 T, the previously deduced
dependence Uo(T, B)~1/B, derived from the activated
resistance for B & B;„,is again observed both above and
below B;„as illustrated in the inset. At low fields

B &B„UO approaches saturation at a final value corre-
sponding to single-vortex pinning in the dilute limit.

In Fig. 5 experimental temperature-dependent resistive
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FIG. 4. Activation barrier Up {77K,B) obtained from fits of
Eq. (6) to the E-J curves over the entire field range. The solid

line represents Up ~1/B, observed for B &Bz. This latter re-

gime is shown on an expanded scale in the inset. Note that

Up ~ 1/B for both B & B;„and B & B;,„.
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FIG. 5. Arrhenius plots of the resistive transition in the mag-
netic fields indicated. Solid curves were generated from Eq. (7),
using the parameters previously determined from an analysis of
E-vs-J measurements (Fig. 4). The model deviates at tempera-
tures where full flux-flow and fluctuation effects become prom-
inent.

transitions in a magnetic field for the same YBCO film
are plotted on an Arrhenius diagram. The solid curves
were generated by substituting into Eq. (7) the parame-
ters obtained in the analysis of Fig. 4; a temperature
dependence of the form (1 t) was u—sed, with the m to
be determined experimentally. The results have only log-
arithmic sensitivity to the temperature dependencies of
Eo(T,B) and J,o(T,B), but are strongly influenced by the
B and T dependencies of Uo(T, B). The agreement is
good in the extensive low-p region, but fails as Eq. (7)
loses validity, when flux-flow and perhaps fluctuation
effects dominate close to the resistive onset at T,(B).
From Fig. 5 we obtain a temperature dependence
Uo(T) cc(1—t), with m =1.8+0. 1, which agrees well
with both theoretical predictions and the experimental

observations of Fig. 2. It is worthwhile to emphasize that
the slope of the curves in Fig. 5, at any field B and tem-
perature T, yields the local value of Uo(B, Tj ~0)/k I.t
can be seen that curvature persists over a wide range of
T, pointing up the difficulty in extracting a representative
value of the temperature-dependent Uo from a single
linear flt to ln(p) vs 1/T.

In summary, we have shown that the high-temperature
superconductive transport properties of high-J, epitaxial
thin films can be quantitatively and self-consistently de-
scribed in terms of a model of thermally-activated flux
motion, with a pinning activation barrier that has the
form Uo~(1 —T/T, )' exp( —J/J, o)/B. Within the ex-

perimental detection limit and at the magnetic fields and
temperatures accessible, we find that this form duplicates
the results of the vortex-glass and collective-pinning
theory in the regime J, (J,o Ii.e., well below the irreversi-
bility line B;„(T)j. Moreover, this potential properly ac-
counts for the intermediate cases J, &J,o and successfully
describes the finite pinning potential observed in the
activated-flux-flow regime B)B;„as J~0. The J
dependence of Uo discussed here applies as well to other
work' on the observed quasiscaling of the pinning-force
density F with respect to a scaling field B*=B;„.
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