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ABSTRACT: Methods of measuring the resistivity of poly- or single-crystalline bulk
and thin film samples are discussed with a view to determination of the transition
temperature of superconducting materials. ‘Ihese techniques have been used successfully
on a wide range of metallic materials including the recently discovered superconducting
ceramics. Irequently encountered anomalics are described with a view towards their
causes and possible remedies. :
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INTRODUCTION

‘The purpose of the paper is to describe in detail a technique to measure the
resistivity and determine the superconducting transition temperature (Tc), the
rcmpémnu'c at which the resistivity (alls 1o zero in superconducting compounds. In
addition, a section i< dedicated to troubleshooting possible {alse readings and apparatus
anomalics.

In & typical two-probe measurcment, a currcht (cither de or ac) is passed berween
two contacts placed on the sample, and the potential developed across the same two
contacts i« measured using a voluneter (for de cxcitation) or a lock-in amplifier (for ac
cxertation). For this configuration. since the current passes through the voltage
contacts, there will be, in addition 1o the voltage developed across the sample, voltages
developed across any contact resistances. resulting from poor electrical contact between
the probes and the sample. Large errors can arise when the resistance of the sample is
small compared to the contact resistances. These potential crrors ¢an be climinated by
using separate voltage and current contacts in a four-probe measurement.

A common four-probe technique uscd at the ARC (Almaden Research Center) is
a low-frequency, 4 in-line resistivity measurcment. A typical configuration of the sample
and contact gcometry is shown in Figure 1. The voltage and current probes comprise
finc gold wires, typically 0.001” to 0.010” diameter. These wires are attached 1o the
samplc using a small amount of gold or silver paint (i.c., a solution containing Au or
Ag particles). It is important not to stress the sample by cnsuring the wires are bent into
position on the sample before applying the paint.  The paint should be applicd in a
continuous Jinc around the sample normal to the flow of current. Under thgsc
areumstances. the resistivity of the sample is given by the expression. p = -“/— X W —;—
where w and t are the width and thickness of the sample and 1 is the distance between
the voltage contacts. V is the voltage developed across these contacts for the current |
passed '_chccn the outer current contacts. Typically for an ac measurcment, a

low-({requency current excitation at a frequency of 100 117 for currents in the range 1-100
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nA s used. The potential developed across the voltage contacts is measured usmg a

C\’ lock-in amplificr.

FQUIVALENT CIRCUIT

Figure 2 illustrates the low-frequency. 4 probe in-line TCSISUVITY apparatus
cquivalent circuit. An oscillator voltage source Ji and serics resistor R, simulate an AC
current source. 7 is the lead and contact impedance from the current source to the
sample shown as Ry, R and R;. The input, Icad, and contact impedance of the lock-in
amplifier is shown as Ry, and 7. The lock-in amplifier we use is a Princeton Applied

Rescarch 1 24.

CONSTANT CURRENT SOURCE
A common practice is to use a large series resistor 100 K Q or greater with an
oscillator to simulate a constant current source as shown in Figure 2. This works well
for samples with resistances of less than | K €. [Towever, if with sample resistance is
C ‘ greater than 1 K Q, large errors can occur as shown in Figure 3 and Table I. An actual
| ac constant current source is the best way to avoid potential problems, since they usually

have overload indicators to signal high sample resistance or a bad current contacts.

CURRENT DENSITY

Current density is an important issue since a balance must be achieved betwecn
currents high enough to vicld an appropriate signal-to-noise ratio, yet small cnough as
to not overhceat the sarnple causing thermometry problems. If heating is suspected,
verify that a change in current vields a proportional change in voltage. lfnpt, the
currenis must be lowered. Heating problems are most Jikely to appear when measuring
thin films and single crystals since the cross sections are very small. Typical resistivity
measurements on ceramics at the ARC use 2 mm % 0.5 mm x 0.5 mm rectangular bars

with currents from 1-100 uA.

COMMON AND DIFFERENTIAL MODE
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The Tock-in amphifier can be conligured in cither the comrnén or diffcrential mode.
Differential modc is preferred because its 100 M Q- input impedance is isolated (rom
ground which climinates the possibility of ground loops. However, if commmon mode i<
dedred a transformer should be used 1o help isolate the shield which is tied to ground

through a 10 €2 resistor,

FREQUENCY DEPENDENCE

Operating at a modulating I'rcquﬁwcy of 100 117 is desirable since it is low enough
10 avoid shunt capacitive cffects, high cnough to work well with the lock-in and is not
@ multiple of 60 17 Tine noisc. Figure 4 shows an approximation of the frequency
dependence of our entire resistivity apparatus. The frequency roll off below 10 1) is
attnbuted 1o the lock-in Noise Contours, especially when working with small source
resistances. The frequency roll off above 1 Khz, 1$ attributed to the capacitive effects of
usmg wwisted pairs, for the current and voltage lcads. from the sample to the lock-in.

Miniature coaxial cable is recommended for modulation frequencies above | Khy.

THERMOMETRY

Silicon diodes are small, rugged and can be accurate to 0.1 Kelvin if configured
correctly. Tempcrature gradients between the samplc' and diode can cause large loops
between warming and cooling resistivity curves, making 1t difficult to determine actual
temperature transitions. . The best way to limit temperature gradients is to mount the
samplc as closc as possible to the diode. At the ARC, a diode is mounted to the crj-ostat
with (.13, varnish on the bottom and a thin piece of paper varnished to the top. The
\-nrnisﬁ on the bottom keeps the diode in good thermal contact with the cryostat while
the thin paper on top provides electrical isolation from the diode 1o the sample, ‘The
sample is placed on top of the diode and held in thermal contact with a thin layer of
vacuum grease. Carc should be taken that the sample is contained in a water vapor frec
thermal transfer gas environment. Otherwise one runs the risk of water vapor
condensing on the sample and thermometer, thus altering their respective thermal

contact and yiclding large crrors in the determination of the temperature transition.
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SAMPLE. CONTACTS

Silvcrrpustrc clectrodes dre a simple and effective way of achieving low ohmic
sample contacts provided thc paste is properly mixed and applicd. If too much solvent
18 used, the paste will tend to run over large areas of the sample possibly causing shorts
hctw?«:n contacts: i 1oo little solvent is used the paste will make bad contact to the
sample since it does por il the samples contours, Using too much pasic on a contact
will require » long drying time and may yield unstable measurements due to shifting

values of ohmic contact resistance during a measurement,

ELECTROSTATIC CHARGING
Iligh impedance voltage meters are suscepuble 10 atmospheric statjc charge build

up on their small but finite input capacitance. This can be a problem when measuring

voltages in the high sensitivity ranges.
"!

THERMOELECTRIC EFFECTS
Dissimilar metal junctions will generate + /- de thermoelectric voltages which
change with temperature. This voltage usually is in the low millivol range. The lock-in

technique circumvents this problem. In DC four probe measurements the polarity

should be switched to check for this cffect.

GROUND LOOPS

Improperly grounded cquipment or cable shields will cause small amounts of
cnrrcrﬁ to flow from one¢ point 1o another causing spurious voltages to appear. All
equipment should be connected 10 a singlc common ground and shields should only be

grounded at one end of the cable to climinate any ground loops.

DC OFF-SETS

Most instrumentation does not have Zerdixig to ground potenﬁal, hence a small
ncgative or positive ofTsct potential is present. This valuc would have to be algebraically
subtracted from the measured voltage for a true reading. This can be donc by recording

the voluncter output on an X-Y rccorder which provides zcroing.
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NOISE

Noisc is an important issue when making low voltage resistivity measurements,
Good grounding, good quality cabling and quality instrumentation are essential for these
measurements. At low frequencies, less then 1 K117, a twisted pair shiclded cable works

sttisfacrorilv. Coaxial cables are recommended at frequencies greater then | Kify,
ANOMALIES

High Sample Resistances

When measuring highly resistive materiais( > 100 K £ a sample will often
INcrease in resistance (- l\/l Q) until the lock-in overloads at its lowest sensitivity.
I owever, these highly resistive samples can often yield a very different result which we
rclcr IO as saturation. In this case the in-phase signal will decrease while the
nut-ol-phasc signal incrcases. [ only monitoring the in-phase signal, it might look quite
similar to a superconducting transition as shown in Iigure 5. There are many possible
causes of saturation .. decreased current due t‘o increased scries resistance, phase shifts
of the input signal duc to capacitve effects (rom the samplc and wire leads, or problems
with ground potentials. Tn most cases the cause of the artifact saturation are difficult
to determine. Howecver, it is more important to simply verify that.the transition is the
Ssaturation artifact, As a matter of practice one should always check the two probe
contact resistance of cach samplc’ contact and verify that lock-in out-of-phase signal is

7€ro0.

Very Low Sample Resistances ]

Samples that arc very conductive are difficult to measure since they develop small
potentials across the voltage contacts, and hence small signal-to-noise ratios. Figure 6
iflustrates the dominance of noise in a very c0nducﬁvc sample. This can be overcome
by decreasing the cross-sectional arca of the sample, increasing the length between the

voltage contacts or increasing the current excitation. For extreme cases, all of the above

may need to be exercised to produce a accurate mcasurcment.
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Cracks
Sample cracks have VArio islead; et vl S
P ¢ G artous misleading cflects depending on their size and

location. A crack between a current and voltage contact may appear to be a decreasing

Fesistance wransition. yet jt is only a decrease in voltage proportional to the decrease in

enrrent through rhe sample. Cracks between two voltage contacts can show sharp jumps

of increasing resistance as the crack grows as shown in Figure 7. Occasionally, some

sample ¢racks close yiclding sharp decreascs in resistance.

Bad Contacts

Poor clectrical contact to the sample clcc‘trodes can often vield misjcading or noisy
data. A short between a current and voltage contact can introduce noisc to the
measurement. An increasc in the resistance of a current contact will proportionately
decrease the measurcd voltage and appear to be a real transition. If a sample shows an
unexpected transition or suddenly becomes very noisy, the contact resistances of the four

clectrodes should be systematically checked. Any sampic contact that is more than five

times higher then the others should be re-painted.

Inhomogeneous Samples

Deceiving results can often appear in inhomogencous samples. For simplicity, we
take inhomogencous to include mixed phase, surface contaminated, oxidized materials,
or a combination of the threc. Part of the sample could be dropping in r0sistanc¢ or
€ven superconducting while another part may be insulating. [Figure 8 illustrates the
result of an inhomogencous resistive region at the current contact. The curve seems to
dicate a superconducting transition, yet it is only a decreasc in voltage proportional
to the decrease in current caused by the resistive region at the current contact. The most
commoh problem is an outside surface that is much more resistive than the inside bulk.
This problem could cause bad mecasurements of samples that may actually be
superconducting. as illustrated in Figure 9. The bcst remedy is to cleave the sample so
that all four contacts are on a fresh new surface. (Cleaning with a solvent or other

reactive substances works sometimes but can possibly lcad to further contamination.
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CONCLUSION

To perform accurate resisiivity and T¢ measurements on superconducting
compounds un ac-lour probe technique is utilized to climinate the ¢flects of contact

)
resistance and increase the signal to noisc ratjo, Placing the sample as close as possible
to the temperature sensor will minimize temperature gradicnts and vicld the most
aectrate temperaturce readings. Poor clectrical contact to the sample and inhomogenous
samples are the most common anomalics, C‘arc should be taken to insure that clectrical
contacts are made 1o freshly cleaved surfaces and ohmic contacts between any two

contacts on a sample do not vary by more than factor of §.
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TABLE I

Series Resistance Constant Current Sources

b

Limiting Sample

Source Resistor Current Resistance Voltage Frror
v M I uA 10 Q 10 oV
v M I un I KQ 1l mv 0.1%
v M 99 A 10 KO 9.9 mv %
v M 91 un 100 k© 90.9 mv 9%
v 100K 10 uA 10 Q 100 uv
v 100K 9.9 uA I kQ 9.9 mV Y
v 100K 9.1 uA 10 kQ2 91 uv 9%
v 100K 3.0 un 100 kQ 500 mv 50%
IV - ok HOO 4N 10Q I mVv
v 10K 90.9 A 1 KQ 90.9 mv 9%
Iv 10K 0 uA 10 kQ 300 mV 350%
v 10K 9.1 uA 100 KQ 910 mV 90%

PART LIST

Lakeshore Silicon diode ID1-470-11

Lakeshore Temperature Controller DRC-82¢

l.akeshore Miniature Coaxial Cable

General Electric varnish #7031

General Llectric varnish solvent #9424

Stanford Rescarch Lock-in Amplificrs Model 510
Princeston Applicd Rescarch Lock-in Amplifiers Model 124
California inc Wire (gold wirc) 99.995 pure

Dupont conductor composition #4922 (Silver Paste)
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Four-Probe Circuit
Reality
Vv
Rm
ZV Zv
‘—WV_L ANV _L Wv
R1 R R,
Z Z,
AAA/ (A
R _/
s 3
Ve ER R,
(Rs+2zl+2R1 +R) (zzv+Rm +R) - RZ
- E
V = R, R
If and only if:}
For all
Rs' Rm >> R, Rl' lzll' ]Zvl témperatures,
¢(ZI) $(Z)=0 currents and
« ‘ v

frequencies

~ Figure 2. Four probe circuit schematic,
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Figure 6. “T'ypical Jow resistance sample,
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