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The equilibrium resistive transition of YBa;CuyO7—; epitaxial films was measured at high pulsed
current densities J to promote homogeneous current flow and free flux flow. The superconducting transi-
tion temperature T, was then depressed as a function of J in fixed ficlds #. The shifts in T., defined
near midtransition, scaled following Ginzburg-Landau behavior: AT (H,J)/T.(H ,0) =14/J5]%3, where

Jq is 4 field- and current-independent constant.

PACS numbers: 74.60.Jg, 74.20,De, 74.25.Dw, 74.62.—¢

The formation of the superconducting state is governed
by a competition between four energies: condensation,
magnetic-field expulsion, thermal, and kinetic. The order
parameter, which describes the extent of condensation
into the superconducting state, is reduced as T, H, and J
are increased. The boundary in T-H-J space that
separates the superconducting and normal states is where
the three parameters attain their critical values T.(H . J),
H (T, J), and J4(T,H), and any one of these functions
completely defines the boundary. So far, to our
knowledge, the shift in the T.(H,J) boundary caused by
the pair-breaking (depairing) action of high currents has
not yet been demonstrated in any high-T, superconductor
and only the locus 7.(H,J == 0) has been measured. The
commonly measured J.(H,T) boundary that separates
p=0 from p>0 behavior is a sample-microstructure-
dependent quantity of lesser fundamental importance, al-
though of pivotal importance to applications.

A related but separate motivation for measuring p{7")
at high J is to reveal more fully the bulk-equilibrium be-
havior. The resistive transition shape is altered at low J
in two ways. For a finite T, distribution, a weak current
is more likely to sample higher 7. percolative paths rath-
er than flow uniformly through the entire specimen cross
section. Also the tail of the transition is affected by non-
equilibrium processes such as flux pinning and flux creep
which tend to lower the resistivity below the free-flux-
flow value. Both effects tend to make the transition
sharper and give an apparently higher 7,.. High current
densities tend to promote uniform current flow as well as
free flux flow [1], resulting in a resistive transition that is
broader but more intrinsic and representative of the en-
tire sample volume. In addition to these extrinsic effects,
high current densities may also alter the transition in
various intrinsic ways: e.g., by modifying the nature of
fluctuations. Presently a complete theoretical model for
p(T) does not exist.

The measurement of J4(T,H) lor equivalently
TAH,/)] is made difficult in high-T, superconductors
because of the large normal-state resistivity p,, combined
with the large J;(0,0)—a.consequence of the high T,.

Thus to produce a sizable shift AT.(H.J)=T.(H J)
— T.(H,0) (distinguishable from flux pinning and inho-
mogeneily effects) involves high current densities that, in
combination with the large p,, can cause serious heating
problems. In a typical continuous-de (CDC) measure-
ment, the temperature rise ATy is targer than the intrin-
sic AT.(H,J) by an order of magnitude. Further, the
thermal-conduction problem involved in the calculation of
ATy is relatively complicated because of the long time
scales.

In a previous Letter [1] we described an apparatus that
allows precision pulsed-current (PC) measurements on
microsecond time scales, resulting in negligible tempera-
ture shifts, at enormous dissipation levels. In this work,
we have refined the apparatus to permit similar high-
current measurements over the enlire resistive transi-
tion— well into the normal state. Compared with a CDC
measurement, the use of current pulses of short duration
and low duty cycle greatly reduces the temperature shift
(by a factor of ~50) for a given power dissipation densi-
ty p=P/V=J%. Additionally the shorter time scales
simplify the thermal-conduction problem allowing precise
calculation of the small temperature shift. Rather than
being concerned with merely minimizing heating to negli-
gible levels, we carefully calibrate the total thermal resis-
tance Ry, between the film and the heat sink. In this way
we can subtract the heating-related temperature shift
ATy =Rup [which is much smaller than the intrinsic
AT (H,J} anyway] to deduce the true temperature. In
this way we find the intrinsic shift AT.(H.J), defined
near midtransition, to fit the Ginzburg-Landau expression
for the depairing effect [2,3]:

AT AH T AH,0)=11/10)%". ()]
The depairing current density at 7=0 and H =0 is given
by
cH {0) iy

J4(0,0)=041J= = .
! ’ 3V6rha(0)  12v3232,(0)£,,(0)

The sample was a c-axis-oriented epitaxial film of
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Y Ba;CuiO7—4 on a (100) LaAlO; substrate. The film
was deposited and postannealed by meuns of the BaF;
process, described elsewhere [41. The precise stoichiome-
try and postannealing conditions were chosen to produce
films that were relatively defect-free and had single-
crystal-like quality [1,5]. The patterned bridge that was
measured had dimensions (rx/xw). 100 nmx3 mm
X 100 pm.

The sample resistance was measured by applying rec-
tangular current pulses of width 6 ps and rise time 0.4 ps.
To within 1%, the current was both constant over the
duration and independent of sample resistance. The re-
petition frequency was 2.5 Hz and could be increased by
a factor of 100 without causing noticeable cumulative
heating. The sample voltage and current were measured
2.6 us from the beginning of the pulse. Maximum sys-
tematic plus random error in R {unrelated to heating)
was < 2%. More information about the apparatus can be
found elsewhere [1,6].

Conduction of heat from the sample undergoes the fol-
lowing processes {7,8]: Thermal diffusion within the sam-
ple occurs essentially instantaneously; on the time scale of
nanoseconds, phonons transfer heat across the interface
between the film and substrate; heat diffuses within the
substrate in microseconds and finally into the heat sink in
milliseconds. For our time scale of r =2.6 us, heat fiow
will cause a temperature variation within the film AT, (z)
=(p/x,)(1z —2%/2), a temperature drop across the inter-
face AT2=piRps, and a temperature drop within the
substrate given by [9] AT3(z) =2.26pttw/2(D1)"?
x [4(Dr)Y2+wlc,. The symbols are defined as follows:
z is the distance of a point within the film from the inter-
face, k;==0.02 W/cmK is the thermal conductivity of
YBayCu307-5 (10, Rpy=1x10"7 Kem¥W is the
thermal boundary resistance at the film-substrate inter-
face [7,11], x3=0.32 W/cmK and ¢,~1.3 J/Kem? are
the thermal conductivity [7] and specific heat [12] of
LaAlO;, and D =x3/c, =0.25 cm?/s is its diffusion con-
stant. The temperature variation over the thickness of
the film is smalt (~5% of total), and the total tempera-
ture rise can then be taken to be AT, =AT (z =¢/2)
+AT,+AT;(r =2.6x10"°%). The corresponding total
thermal resistance is Run=ATx/p=(1.9+10+21)
x107?=33 nKem?/W. An extremely convenient prop-
erty of Ry, is its relative temperature independence
(dR/dT ~0.1%/K) over the temperature range con-
sidered here (85~110 K)—allowing accurate correction
of sample temperatures with a single value of R, which
is independent of T, H, and J.

Figure 1 shows resistivily data measured at different
PC current densities at T=100 K, where fluctuation
effects are small. The observed positive current depen-
dence can then be wholly attributed to heating and the
data can be made to fall onto the solid line {p(T,H
=0,J — 0), CDC measurement at J=5 A/em? if plot-
ted against their actual corrected temperatures: T
= Tiak + PR, Where Tini is the temperature of the sam-
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FIG. 1. The solid line is p(7T) measured with CDC. Symbols
are PC data plotted against the raw (nominal) temperature
Tsink, and the corrected temperature 7= T+ PR

ple block. The corrected data conform to the “intrinsic”
p(T) line within their scatter, yielding a value of
Ry=24*1 nKcm*W from the fit. This measured
value is consistent with the previously calculated value,
given the uncertainty in the parameters. In fact the
method described above can be used as a technique for
determining Rpy, D, and ¢, by measuring at three
different time scales and simultaneously solving the
thermal-conduction equations. One advantage of this
method is that the film does not require special patierning
{(such as required by the Swartz-Pohl method) other than
the standard four-probe pattern,

Henceforth, all temperatures of data in the main
experiment have been corrected with the Ry,=24
nKcm?/W measured above. In order to maintain a 2%
accuracy in the correction, the transitions were measured
in fields no larger than 1 T to keep them sufficiently nar-
row,

Figure 2(a) shows a set of resistive transitions mea-
sured in H =0 at different PC current densities. The suc-
cess of the temperature-correction scheme is evident from
the fact that the curves, at different J, all converge in the
normal state (where intrinsic current dependence should
disappear). In the transition region the curves are shifted
downward in T and become broader as a function of in-
creasing J, as expected from the earlier discussion. Fig-
ure 2(b) shows similar data for H=0.3 T. Also mea-
sured were data at H=1 T [13]. Field orientation is
Hlle. The shifts tend to become more parallel as J is in-
creased, because of progressive suppression of nonequili-
brium effects as explained earlier. The shifts are most
nearly parallel near p =40 u Q cm for all three fields. We
thus assign the temperature at that resistivity level to
T.(H,J). Figure 3(a) shows those T.(H.J)'s, at dif-
ferent H and J. Figure 3(b), which embodies the main
result of this work, shows the scaled T, shift
AT.(H N/T.(H,0) plotted against [//Jo] 23 The data
at all T, H, and J scale onto the line y=x in agreement
with Eq. (1), The adherence to the two-thirds power law
is very close (0.66 +0.04) and independent of any fitting
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F1G. 2. p(T) measured at different current densities [indi-
cated in (b)] in fixed fields of (a) H=0 T and (b) H=0.3 T.
Arrows in (a) show resistivity levels used in the analysis. In (a}
only partial data are shown for intermediate currents, for the
purpose of clarity.

parameter, further illustrating that the data are free from
heating error; heating would raise the power-law ex-
ponent asymptotically to 2. All the data could be scaled
with a single value of J;(0,0) =0.41J=1.2%10% A/cm?,
to bring the slope to unity. For each field, the parameter
T.(H ,0) was chosen to make the intercept zero. The re-
sulting T.(H,0)’s are close to T.(#,0)s, the values mea-
sured using low-current (5§ A/cm?) CDC.

Recall that, in the above analysis, T.(H,J) was defined
as the temperature where p(7,H,J) =40 pficm. The
analysis was repeated at two other resistivity levels: 25
and 55 p0cm. The qualitative behavior of Fig. 3{b)
(i.e., the scaling and adherence to two-thirds power law)
is preserved; however, the fits to unity slope gave
J4(0,0) =0.83x10% and 1.7%10® A/cm? at 25 and S5
1t cm, respectively. Because of the observed broadening
of the transition rather than a completely parallel shift,
the J4(0,0) deduced in this way is sensitive to the
resistivity-level criterion and should only be taken as a
rough estimate. Note, however, that defining T.(H,J)
near midtransition is not as arbitrary as it may seem.
In an analogous experiment where resistive transitions
broaden as functions of H, Jia et al. [14] have shown that
the midpoint T, shift (for H>1 T) coincides with the
shift in 7, found by fitting to the complete fluctuation-
flux-low model [15]. In any case we. find that our
J4(0,0)=(1.2£0.4)x10® A/cm? is roughly comparable
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FIG. 3. Raw (a) and scaled (b) data showing dependence of
T.(H.7) on J at indicated fields. Jo=2.9%10* Afem? for all
H. T.(H,0) = T.(H) measured for J— 0. Lineis y =x.

to the value (3.3x10® A/cm?) calculated from currently
known values [16] of H, and A,:(0). Consistent with its
role as an upper limit on the practical quantity J,,
J4(0,0) exceeds all measured values of J. [17].

Figure 4 compares values of T.(H,0) found from the
intercepts of the scaling procedure against T.(H,0), the
actual values measured at very low current, and this was
done for all three resistivity levels and fields. As can be
seen, a slight departure between the two becomes notice-
able only at the lowest resistivity level of 25 u 0 cm where
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FIG. 4. T.(H,0) derived from the scaling [i.e., Eq. (1) or
Fig. 3(b)] and T¢(H,0) measured for J— 0. Line is yp=x.
Numbers indicate resistivity levels Isee text and Fig. 2(b}] and
fields.
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flux motion departs from free flow at low J. The conver-
gence of the temperatures at the higher p indicates homeo-
geneous current flow even at the low value of J=35
A/cm? This has a bearing on the observed anomalous
sign reversal in the Hall effect [18}. There has been con-
jecture that the phenomenon could arise due to the ex-
trinsic effect of percolating current paths [19). The data
in Fig. 4, however, tend to argue against such a mecha-
nism.

In conclusion, the resistive transition was measured in
a YBayCu3Or—; film at large pulsed-current densities to
investigate the influence of pair breaking. The observed
midtransition T, shift was found to follow the behavior
predicted by Ginzburg-Landau theory [Eq. (1) and Fig.
3(b)). It is hoped that these measurements will stimulate
the development of a comprehensive theory of the resis-
tive transition that considers pair breaking in the pres-
ence of fluctuations and flux motion.
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