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Pulsed current measurement of the resistive transition and critical current

in high 7, superconductors

W.C. McGinnis, E.W. Jacobs, C.D. Rees,andT.E. Jones

Naval Ocean Systems Center, Code 633, San Dicgo. California 92152-5000
(Received 16 October 1989; accepted for publication 15 November 1989)

A pulsed current technique for measuring the critical transport properties of superconductors as a

continuous function of current or temperature is described. Greatly reduced sample heating
permits investigation of both the ®weuk link®and intrinsic properties of granular
superconductors. Results obtained for various high T, oxide superconductors provide an
example of the technique’s application. Both intergranular and intragranular critical current
densities are extracted from the data. Current-voltage measurements using the pulse method are

corroborated by traditional dc measurements.

INTRODUCTION

The standard technique for measuring the critical cur-
rent £ ofa superconductor’ consists of applyving a constant
or divect current (de) until the voltage Jowhich appears
across the sample exceeds a given value. The current Zat this
pomt is operationally detined as the enitical current. The
value of 7 determuned from such an experiment can depend
on the voltage cor electric field or resistance) eriterion cho-
sen. This de method. although widely used. has the follow-
ing drawbicks: (1) /'R heating of the sample and contacts
(with total resistance R) can give a misleading low value for
I (2) no mformaton is obtamed on the rest of the super-
conducting-to-normal transition. onhy on the onset of resis-
tance. and £33 special sample mounts Cheavy wires. ete.) are
needed o carry the farge direct currents involved in mea-
surements on bulk samples.

These difficulties can be overcome by (1) placing the
sample in good thermal contact with a large heat reservoir
(such as a block of copper). (2} applying current to the
sample in short pulses at low frequency (reducing the I°
part of / R by the pulse duty cycle factor), (3) using very
low resistance current contacts (minimizing the R part of
I°R). and (4) using a small sample cross section (so that a
small I gives a large current density J, again reducing the [ *
portion of I “R). The pulsed current not only greatly reduces
the power going into the sample, but also gives the sample
time to equilibrate with the reservoir during the time be-
tween pulses (when no current flows through the sample).

Pulsed current techniques have been used in the past.
but for the most part these efforts have used specially de-
signed circuits for producing high-amplitude, multi-step
current pulses,” or have been limited to single pulses mea-
sured from an oscilloscope screen. More recently, Gold-
schmidt has described a quasi-de “pulse’™ technique’ in
w hich currentis switched on for about 0.5 s, and then turned
off for about 5 5 to allow for heat dissipation. The method
described below uses common, readily available electronic
equipment to produce and measure short pulses at a high
enough frequency to allow continuous measurements either
asa function of current or of temperature. A boxcar averager
improves the signal-to-noise ratio by averaging over a num-
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ber of pulses. The technigue. briefly described previously.”™
has been used to measure the eleetrical transport properties
of a variety of high temperature ceramie superconductors,

|. PULSED CURRENT TECHNIQUE

The pulsed current method is essentially a standard 4-
probe de measurement of resistance. but with current ap-
plied in short pulses at a low frequency. The sample voltage
Fis measured during these short pulses of current. giving i
sample resistance R =+ }7 /1. The heat genciated in the sam-
ple s reduced. compared to that produced in a de measure-
ment. by the duty cycle of the applied pulses:

(pulse width)

duty cycle = 100%

(pulse repetition period)

This reduction in sample heating is particularly important
for very small samples in which the current contacts are in
close thermal proximity to the voltage contacts. or for mea-
surements (such as the temperature dependence of 7 ) n
which the sample s not immersed in a liquid <ryogen.

The experimental setup is shown schematically in Fig.
1. Pulses produced by the pulse generator (Tektronix
PGS0S) are amplified by a high-current power supply
(Kepeo BOP36-5M or Kepeo ATE25-40M. depending on
the current range). The boxcar averager (Princeton Applied
Rescarch, or PAR. 162) has two gated integrators (PAR
166) designated as A and B. The voltage V., measured by
the boxcar averager at input B during the current pulses
yields the current [ = ¥V, ., /R, ... The sample voltage is
sent to the differential amplifier (PAR 116 preamplifier for a
PAR 126 lock-in amplifier) whose single-ended output is
connccted to the boxcar averager input . The sample cur-
rent and voltage signals going to the boxcar are also moni-
tored on an osalloscope. Typical waveforms for a
YBa.Cu, Q. sample are shown in Fig. 2. This sample has a
transition midpoint of 92 K. and a normal-state resistance at
93 K of 15.8 mQ.

If the high current power supply is operating in a con-
stant voltage mode rather than a constant current mode
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currents used.

The location of circuit ground has been selected as
~hown in Figo 1 both for convenience and to mmimize sam-
ple voltage noise. Placement of ground between R, and
one of the sample’s carrent contacts allows single-ended in-
putof I, tothe boxear averager. Proximity of ground to
the sample voltage contacts adso helps prevent overloading
of the differential amplifier. Note, however, that this choiee
of ground requires that both the pulse generator and ampliti-
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er have a floating output. An isolation transformer between
the pulse generator and the power supply could be used to
allow one side of the pulse generator output 1o be grounded
Anotheralternative is to differentially measure VL before
sending the signal to boxcar mput 8.

It has been found that current pulses with very sharp
rise and fall times (< 1 gs) lead to voltage spikes which
overshoot and undershoot, respectively, the programmed
voltages. These spikes, originating from the pulse venerator,
quickly relax back in an under-damped oscillation to the
expected voltage levels. The spike amplitude increases us the
sample goes from the normal to the zero resistance state.
which tends to overload the giterential amplifier. The effect
is merely an artfact of the circurt parameters. having noth-
ing to do with the superconductivity of the sample, and oc-
curseven it the sampleis replaced by a short. The deleterious
effects of these voltage spikes are minimized as follows
First. the boxcar gate is positioned <o that the bovear

TS

only the interior of the pulses, uway from the spikes. Seensnd.
the rise and fall imes of the pulses are increased to about 10
(s, which greatly reduces the spike amplitude. Finally . the
spike amplitude 1s also greatly reduced by using twisted-paar
-urrent leads on the sample probed including the sample end
of the crreuntt. Standard 50 Q) impedance coanial cables are
used i the room-temperature part of the circut.

1l. APPLICATION TO HIGH 7_ SUPERCONDUCTORS

T'his pulsed current technigue has been applied 1o hulk
samples ot high 77 superconductors such as YbBa Cu O,
YBa. Cu 0.7 BiSr.CaCu. O, and Bi.Sr.Ca.Cu O
The samples were made in thie torm of lat disks using stan-
dard solid state sintering methods, and mechunically cut
down toa small cross section

Two contigurations of samples with small cross sections
have heen used. In the first conliguration,” four fow resis-
tance contact pads (two large current pads and two small
voltage pads) are applied to the sample (as deseribed be
low ). which is then glued to an anodized alumimum sub-
strate. Using a -inc-diam diamond-coated wheel aslotis cut
down the muddle of the disk, cutting completels through the
thickness of the sample. The slotis cut almost completely
across the face ol the disk, leaving only a svery smiall cross
section bridge between the two halves of the disk. The slot
separates one pair of current and voltage pads trom the other
pair. The voltage pads are on the bridge end of the sample.
This bridge configuration has the advantage of providing
farge arca current pads, giving a very small contact resis-
tance. However. the bridge is very tragile and its cross sec-
tional arca is difficult to measure accurately, The accuracy s
about
measure the height and length of the bridge. Another disad-
vantage is that the length of the bridge (defined by the thick-
ness of the cutting wheel) is onty about [ mm. which means
that the voltage measured is smaller than it would be for a
longer sample. This effectively decreases the sensitivity ob-

¢« S using the traveling stage of a microscope 1o

tained at the onset of resistance. thus requiring the use of a
higher eritical current eriterion.
In the second type of sample configuration, the sample
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disk is sanded down to a thickness of about | mm. Narrow
bars about | mm~ in cross section are cut from the disk using
the diamond-coated wheel. The cross sectional area is mea-
sured with a micrometer to an accuracy of about + 1.

Four low resistance contacts are applied along the length of

the sample on one of'its faces. The sample is then glued to an
anodized aluminum substrate. This bar configuration over-
comies the disadvantages of the bridge contiguration, but at
the expense of smaller current contact arcas.

Low resistance contacts to the sample are made by ap-
plving a thin layer of silver paint™ (DuPont 4922) in the
desired electrode pattern. The painted sample is then placed
haack inthe furnace and heated for approsimately two hours
atatemperature somes hat below the onginal sintering tem-
perature. Typical contact processing  temperatures  are
R3¢ for YBa.Cu. 0. and 840 C for
BroSr.aCa 4 Fou hoth macctiais, tie cootaow

conditions from high temperature, and any subsequent an-

R
A,

neals, are the same us the onginal processing cyele to insure
that the sample characteristios do not change. These condi-
tions include processing the YBa . Cu, O- samples inoaygen
and the Bi.Sr.Ca. ,Cu O, samples in air.

Once the low resistance contacts are in place and the
sample has been configured as described above, short pieces
of solid copper wire are indium soldered to the silver pads.
These wires are large enough to carry the maximum current
used {keeping in mind the pulse duty cycle) but yet small
enough to avord large heat leaks to the sample. The alumi-
num substrate, to which the sample is bonded, is attached to
the copper sample block of a closed-cycle He-4 refrigerator
or of a cryogenic probe using a thin layer of Apiezon-N
grease. The temperature of the copper block 1s measured by a
caltbrated silicon diode embedded in the block. There is.
however, always a small thermal gradient which develops
hetween the sample and sample block during warming or
cooling. This temperature difference is monitored continu-
ously by a differential copper-Constantan-copper thermo-
couple mounted with one junction on the block and one
junction on the sample. The sample temperature is then the
temperature indicated by the calibrated diode corrected by
the temperature gradient measured with the thermocouple.
This correction, made in real-time for each data point taken,
15 usually less than 2 K.

These pubsed current measurements can be performed
m two different modes. The first mode is with a constant
current pulse amplitude. The sample voltage s measured as

the sample slowly warms. This is effectively a measure of

sample resistance R versus temperature 7, and is used to
study the mam superconducting transition as well as the de-
velopment of the resistive "l that occurs at high current
densities. The results for a Bi,  Ph,, ,Sr.Ca. Cu, O, sample
measured at various current densities in this way are shown
in Fig. 3. The pulse width for these measurements was 100 g0
and the duty cycle ranged from 0.01 1o 0.1% . Another mode
of measurement, usually used 1o study the onset of resis-
tance, 1s the more famitiar /-3 measurement, performed at
constant temperature, in which the sample voltage ts mea-
sured as the current pulse amplitude is slowly increased. A
series of 1-1 (actually, current density J vs electric field E)
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curves at different temperatures is shown i Figo 4 tor the
Y Ba. Cu,O- sample of Fig. 2. The sample cross sectional
arcais .75 mm L and the voltage probe separation is 2.6 mn.
A pulse width of 300 s and duty ey cle of 0.477 were used tor
these measurements. Included in Figo 4 is a pair of curves
measured at the same sample block temperature, one using
pulsed current and the other usig direct currert. Essentially
the same critical current is obtained from both technigues.
As expected. however, the de value is slightly less than the
pulsed value due to inereased local ieating o1 the sample.
That is, the sample temperature is slightty higher durning the
de measurement than during the pulsed measurement, and
so the measuied eritical current is less (see temperature de-
pendence in Fig. §).
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Fie. 3 Temperature dependence of J 7 fora YBaL Cu O sample measured

with the pulse techmque

Two different characteristic critical current densities,
corresponding to the two measurement modes described
above, can be associated with the granular, bulk form of
these high 77 superconducting ceramics.”” The eritical cur-
rent density normally derived front /-3 measurements. J ' s
char®teristic of the weak links which connect the individ-
ual, single-crystal grains of superconductor.” The tempera-
ture dependence of JU measured with this pulsed current
technique. is plotted in Fig. 5 for another YBa. Cu O+ sum-
pie. The much higher intrinsic critical cureent of the grains
can also be measured with the same pulse technique. This
~urrent density, denoted J ™, is obtained by observing the
current-induced supj.ression of the midpoint of the main si-
perconducting transition. J ™' is plotted in Fig. 6 as a func-
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Fi,. 6. Temperature dependence of J™' near the mam superconducting
transition for a Y Ba. Cu Q. saumple measured with the pulse technigque. An

extrapolation of the dashed line tleast square fit) gives an intrinsic eritical
current density at 77 3K of 49 - 10° A/em’
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tion of the transition midpoint temperature for the sample of
Fig. 5. Extrapolation to lower temperatures gives values of
intrinsic critical current density which are in very good
agreement with results obtained from other techniques, such
as magnetic hysteresis experiments.”

At a high enough pulse duty cycle. or for a resistive
enough sample or large enough current-contact resistance,
sample heating can be a problem, just as in the dc measure-
ment case. The most direct indication of heating is an in-
crease in the temperature difference AT between the sample
and the copper block (over and above the usual thermal lag
between the two) as measured by the diffcrential thermo-
couple. Although a constant A7 1s the most desirable, an
increase of a few degrees is acceptable as long as it is taken
into account in determining the sample temperature. Only a
few of the pulsed current measurements made at this labora-
tory on high 7, superconductors have shown heating to this
extent. Another way to gauge the effects of sample heating is
to do a measurement at a given current and duty cycle, and
to then compare these results to those obtained when the
duty cyele is inereased (say by doubling the pulse frequen-
cy). but with the same current. The measured result should
remain the same if sample heating 18 insignificant. One or
both of these tests can be used 10 select an appropriate pulse
duty eyele when setting up the experiment.

A natural extension of this pulse technique i the mica-
surement of the superconducting properties of high 77 thin
films. Very large current densities can easily be produced
because of the small cross sections of the films. In additon.
critical current and resistance measurements as a function of
magnetic field should be quite practical for both bulk und
filin samples.
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