VOLUME 70, NUMBER 7

PHYSICAL REVIEW LETTERS

15 FEBRUARY 1993

Observation of Free Flux Flow at High Dissipation Levels in YBa;Cu307 - ; Epitaxial Films
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The total resistivity (p=FE/J, not dE/dJ) was measured in epitaxial YBa,Cu3O7-; films up to high
dissipation levels using a pulsed current source. In the reversible region, p(J) has an S shape; it is Ohm-
ic at low J (thermally activated free flux motion), goes through a nonlinear transition region (depin-
ning), and becomes Ohmic again at the highest J (free flux flow, i.e., purely viscous motion). The free-
flux-flow resistivity par obeys pae/pn=H/H:2(T), with dH»/dT = 2 T/K.

PACS numbers: 74.60.Ge, 74.40.+k, 74.60.Ec, 74.72.Bk

The motion of an isolated vortex line in an ideal type-II
superconductor in the mixed state is governed by simple
viscous damping. In the steady state the drag force per
unit length of the vortex, F4rag, €quals the force driving
the motion [such as the Lorentz force exerted by a
current Figrenz=(J X®g)/c] and is proportional to the
drift velocity v, so that Fgrg=nv, where n is the
coefficient of viscosity. We will refer to this dissipative
condition of a superconductor as the free-flux-flow state
since the term flux flow is used rather loosely in the
literature to mean just about any situation where the flux-
ons are not completely pinned in place against driving
and thermal forces. Various models [1-4] calculate n
from fundamental considerations and, under certain con-
ditions, yield a surprisingly simple relationship between
the resistivity in the free-flux-flow state pgyr, and the mag-
netic flux density B within the superconductor:

pri/pn = B/ Hco(T) . (1)

Here p, is the resistivity in the normal state and H,, is
the upper critical field at the temperature 7. The right-
hand side (RHS) of Eq. (1) is roughly equal to the
volume fraction of normal material, and is expected to be
correct within a prefactor of the order of unity only when
the vortices translate rigidly without a backflow current
passing through the vortex core [3,4]. In the case of a
gapless superconductor, the prefactor can be field depen-
dent and can cover a range 0.33-5.2 [4]. Because of the
highly demagnetizing geometry in our measurements and
because H>> H.;, B = H and distinction between the ap-
plied field H and B can be neglected.

In the original theories of free flux flow it is presumed
that pgr is the rotal resistivity (ie., E/J), not the
differential resistivity (dE/dJ), of a linear region that
may be observed after an offset caused by pinning. In
general the two are related in a complicated way and be-
come equal only in the limit J>>J.o [5]; here J.o is the
depinning critical current density in the absence of
thermally activated processes. Most earlier work, such as

that of Kim, Hempstead, and Strnad [6], took the flux-
flow resistivity to be dE/dJ. In other cases it was ob-
served [7] that E o J in the limit of J— 0, and this low-J
resistivity was assumed to arise from flux flow. It is now
established [8] that the Ohmic behavior observed at low
dissipation is due to thermally activated flux motion
(TAFF) [9] and not free flux flow. Thus in a real super-
conductor at finite temperatures the behavior is compli-
cated by pinning forces, intervortex correlations, and
thermal agitation. To our knowledge the simple behavior
predicted by Eq. (1) has not been observed for the total
resistivity with the use of the appropriate temperature-
dependent H.,(T), over an extended field range (B << H.,
to B==H,,).

High-T,. superconductors have notoriously poor pin-
ning and weak intervortex correlations at high tempera-
tures and fields (especially for Hllc, the orientation used
here). In fact it has been proposed that the vortex solid is
molten [10] above the irreversibility line, although this
interpretation is controversial [8]. This makes the Hllc
reversible region an ideal candidate for the observation of
free flux flow. In addition we measure the response (E
and p) up to much higher current densities (power dissi-
pation densities as much as 3x10% W/cm?) than have
been explored in the past. The motivation is that at a
sufficiently large driving force pinning and intervortex
correlation forces should become negligible compared
with the driving and viscous forces. We found that the
total resistivity p(J) is a monotonically increasing func-
tion of J but has J-independent plateaus (i.e., Ohmic be-
havior) in the limit of very low J (TAFF) and very high J
(free flux flow). The high-J plateau values of the resis-
tivity for different fields and temperatures were found to
follow Eq. (1) over three decades [B/H.,(T)~0.001 to
11. The upper critical fields found from Eq. (1) are con-
sistent with values found in the literature. Thus this
method presents a new approach to measuring this impor-
tant fundamental parameter, and elucidates the conven-
tional nature of the vortex state in high-7, materials.
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In this study we investigated two c-axis-oriented epi-
taxial films of YBayCu3O7-5 The films were deposited
and postannealed on (100) surfaces of LaAlO3 substrates
by means of the BaF, process, described elsewhere [11].
The precise stoichiometry and postannealing conditions
were chosen to provide films with few microstructural de-
fects. The single-crystal-like quality of the films is sup-
ported by the following observations: (i) Ion channeling
along the ¢ axis gives minimum yields ymin < 3%, similar
to the low values observed in single crystals; (ii) a large
zero field J.o=10% A/cm? (iii) relative insensitivity of
Jeo to magnetic fields applied parallel to the a-b planes,
but a rapid decay for Hllc; (iv) a weak irreversibility line
(e.g., Birr==2 T at 77 K); and finally (v) enhancement of
the irreversibility line and J.o(H) when defects are intro-
duced by ion irradiation [12]. The bridge that was mea-
sured was photolithographically patterned on the film,
and had the following dimensions (zx/Xxw): 100 nmx3
mm X 100 um.

The I-V characteristic was determined by sending
pulses of current through the sample and measuring the
time responses of the voltage V' (¢) across the sample and
the voltage 7(¢) R across a noninductive standard resistor
placed in series—the same four-probe configuration as
used in continuous dc measurements. The pulse width
ranged from 5 us to 2 ms. The duty cycle was varied
from 0.001% to 5% to rule out cumulative heating. The
voltages were first preamplified by instrumentation am-
plifiers and then displayed and measured on a digital
storage oscilloscope. Pulses with adjustable rise/fall
times (to control ringing and inductive coupling) were
created by a pulse generator and sent to a high-speed
voltage-to-current converter, which had a compliance
voltage of 400 V and rise time < 1 us. The design details
of the converter and other electronics built for this experi-
ment will be discussed elsewhere [13]. The apparatus
was checked for consistency and accuracy by measuring
various standard resistors and by comparing with con-
tinuous dc measurements on the same sample. The
agreement was within 2%.

Figure 1 shows three voltage pulses V(¢), V,(¢), and
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FIG. 1. The time profiles of voltage and current through

specimen II at H=0.015 T and 7=88.2 K. The plateau
currents for the three voltage pulses are I, =46 mA, I,=58
mA, and /3=69 mA. Also shown is the extrapolation pro-
cedure described in the text for obtaining V,(r =0).

V3(2), and the current pulse 73(¢) corresponding to V3(z).
The current pulse always has a flattop independent of
load and for all pulse widths. The “current” for each I-V
point is taken to be the plateau value of 7(¢). V, V>, and
V'3 are traces at different plateau currents. The top of the
voltage pulse becomes progressively more sloped as a
function of the power dissipation. From the measured
dV/dt, it was found that heating was not adiabatic and
that thermal conduction processes played a role even on
these short time scales. The last point on each I-V curve
was taken at a dissipation level such that (dV/dt)/V,=¢
was about 8%/us. V (at t=0) was obtained by extrapo-
lating the linear portion back to the leading edge of the
pulse where the sample temperature equals the nominal
temperature. The uncertainty in the time origin leads to
an uncertainty in ¥ (and hence p) of about *+ 5% at the
highest current on each /-V curve.

Figure 2 shows p versus J for various fields at a tem-
perature of 85.4 K for specimen I. The J-p curves at oth-
er temperatures and for the second specimen are qualita-
tively similar. Also shown on the figure is J4, the depair-

| ing current density, estimated for each field using [14]

¢ HAT)
3xv6 AMT)

B
H . (T)

~

Ju(T,B) =

H.(0)
1(0)

valid at high temperature, where values for the thermo-
dynamic field H.(0), the penetration depth A(0), and the
upper critical field H.»(0) are taken from the literature
(1.2 T, 1400 A, and 110 T, respectively). The dashed
horizontal line near the top of the figure is the normal-
state resistivity determined by extrapolating from the
very linear high-temperature portion of the p(7) trace
(approximated well by p,=pT/T:). Except at the
lowest fields, the curves all show an S shape, with three
qualitative regimes of behavior. The behavior is initially
Ohmic at low J (TAFF). In the second regime, dominat-
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ed by current-driven depinning, p(J) is a monotonically
increasing function of J. Viewed over this restricted
second regime, p (and E) appears to have a power-law
dependence on J. At the highest J, there is reentrance
into Ohmic behavior and p once again becomes constant.
At the lowest fields, p does not saturate completely be-
cause the higher pinning and irreversibility require a
larger current than can be safely applied. For this
reason, the present measurements are in a temperature
and field range that is largely above the irreversibility
line.

999



VOLUME 70, NUMBER 7

PHYSICAL REVIEW LETTERS

15 FEBRUARY 1993

4| _ __ __normalstate __ __ __ __ __ __
10 i 8.0 - -
N 6 |15 .
g 10° / .
CIIO 107 | 10 * 1
= ot | J(H-
Q
10° | 05
-10].
10 H=0Tesla
10—11 n I L I L Il
10" 102 10® 10* 10° 10° 107
J (Alem?)

FIG. 2. Total resistivity p=F/J, for specimen I at 85.4 K, as
a function of J at different fields. The dashed line shows the es-
timated resistivity of the normal state. The circles indicate the
calculated field-dependent depairing current density. For clari-
ty, the Jo(H) are arbitrarily assigned to the measured curves at
the extreme resistivity values.

The zero-field J-p curve in Fig. 2 shows three regimes:
a rapid initial rise as J exceeds J.o, a region of concave
curvature that almost tends to saturate, and a final steep
ascent with what appears to be a power-law behavior
— possibly due to the flow of vortices associated with the
continuously growing self-field of the current. Beyond
this the resistivity might be expected to saturate once J
reaches J;.

We will now look more closely at the resistivity on each
high-J plateau of the J-p curves, calling that value pgr, in
anticipation that it signifies free flux flow. Figure 3 shows
plots of pgr vs H for various temperatures for the two
samples. First, for specimen Il at 7=91.1 K (> T.
=88.5 K) note the near absence of magnetoresistance.
For another temperature 7 =88.2 K just below
T.(=88.5 K), the same specimen shows a positive mag-
netoresistance which does not adhere to a power law. Be-
cause of the proximity to 7., sample inhomogeneity may
lead to a field-dependent percolation pattern making the
overall behavior complicated as observed. For all other
temperatures and for both samples, p vs H gives approxi-
matedy straight parallel lines of slope 1 indicating pro-
portionality between p and H as expected for free flux
flow. If Eq. (1) holds, the scaled data, p/p, and
H/H:(T), should fall onto a universal straight line of
slope 1 and zero intercept. p, was determined as dis-
cussed earlier. At these temperatures H. has the tem-
perature dependence H.o(T)=(dH /dT)(T.—T), so
that dH.,/dT is essentially the only fitting parameter.
Additionally, the scaling can be slightly improved by a
marginal adjustment in 7.. The 7. determined in this
way for specimen I was 89.4 K which is midway between
the zero-resistance value (88.5 K) and the resistive-
transition-midpoint value (90.5 K). This T, to which the
flux flow H.»(T) extrapolates to zero is likely to more ac-
curately represent the bulk of the specimen rather than
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FIG. 3. Free-flux-flow resistivities vs the applied field for (a)
specimen I and (b) specimen II. The lines are guides for the
eye. Also shown for comparison are lines of unity slope (i.e.,
pe H).

the usual low-current zero-resistance value. The latter
samples the first percolating path, whereas the high-J
flux-flow measurement forces a more homogeneous flow
of current through the entire volume. The 7T, for the
second specimen came out to be 88.5 K.

Figure 4 shows the scaled data for the two samples.
The normalized data fall onto a single straight line of
unity slope and zero intercept. The fitting parameter
dH:,/dT forces zero intercept and the parameter 7T
slightly fine tunes the scaling of the data taken at
different temperatures. Except for the intercept, the scal-
ing of the data onto a single universal line of unity slope
takes place without any fitting parameters. The values of
dH>/dT that we find from this analysis are 1.85+0.2
T/K for specimen I and 2.2%+0.3 T/K for the second
specimen. (The indicated errors reflect only the uncer-
tainty in the slope due to the scatter in the data.) These
values are in agreement with H,., obtained from equilibri-
um magnetization [15] and from fluctuation effects [16].
Earlier it was mentioned that there may be an additional
prefactor in the RHS of Eq. (1), which in general may be
field dependent. However, from the result obtained here,
it appears that Eq. (1) holds for this system over the
measured field range with a constant near-unity prefac-
tor. This result suggests that in this region of J-p the vor-
tex motion can be approximated by rigid translation
without significant backflow currents passing through the
core.
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FIG. 4. Normalized free-flux-flow resistivity plotted against
normalized field for (a) specimen I and (b) specimen II. The
data for all fields and temperatures fall roughly on the line
plpn=H/H(T).

In conclusion, this work demonstrates that, at high
enough dissipation levels, the I-V characteristic reenters
Ohmic behavior and the resistivity in that regime corre-
sponds to free flux flow; the normalized magnetoresis-
tance fits pgi/pn = B/ H.(T) with values of dH.,/dT
consistent with published ones. The present work also
has implications for other flux-flow-dependent properties
such as the Hall effect [17] and the Nernst effect [18].
Since such measurements are typically done at consider-
ably lower dissipations, the flux flow associated with the
measured property may be partially thermally activated
rather than free.
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