YBCO HIGH TC SUPERCONDUCTOR

The graph shows the resistance vs. temperature results for the high Tc
superconductor Yitrium(1)Barium(2)Copper(3)Oxygen(6.95). .

Unlike Copper, the YBCO pellet experiences a phase change on the quantum
mechanical level at approximately 90 Kelvin. At this temperature the electrons
begin to form pairs due to a weak attraction. The attraction between the electrons
is a rather amazing feat considering the fact that the particles involved have like
charges. The attraction is actually a result of the electrons' interaction with the
crystal lattice of the YBCO atoms. As a result of the pairing, the electrons share
the same quantum mechanical wave function. Now if one electron runs into an
impurity in the sample it will only stop if all of the paired electrons come to a stop.
Since a single impurity is incapable of stopping all of the electrons, the electron in
question will pass the impurity without being scattered. The ramification of this
purely quantum mechanical phenominon is that the sample will have absolutely
ZERO resistance - a perfect conductor. This can be clearly seen on the graph
where the resistance dives downward as the sample is cooled to below its
transition temperature.

/lIwww.physics.ubc.ca/~outreach/phys420/p420_96/bruce/ybco.html
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THE MEASUREMENT OF TEMPERATURE

Temperature can be accurately measured with thermometers designed and calibrated for use in the
temperature range of interest. For all experiments in this manual using Colorade Superconduclor's
family of superconduclor kits, a range from room lemperature to that of liguid nitrogen is of interest.
Highly accurate thermomelers lypically do nol operale over such a wide range.  Thermocouple
thermometers however are fairly accurate over this large temperature variance.

A thermocouple consists of a mechanical junction of twe dissimilar metals. This junclion generales a
small electrical polenlial {vollage), lhe value of which depends upon the temperature of the junction,
Thus with calibration, and an appropriate choice of metals, one can cbtain a thermometer for the
desired temperature range. For cur range (300 Kelvin to 77 Kelvin), a type T, or Copper-Constantan
thermocouple is used. A -0.16mVY reading indicates room temperature {298K), and +6.43mVY is 77K,

The thermocouple juncltion has been carefully attached to the superconductors in our kits, and
thermally balanced and cafibrated to be wused with the table befow at 70°F. A simple digital
millivoltmeter attached to the leads can be used to determine the voltage of this junction. Nole thal
thermocouple leads must be connected to the voltmeter via wires of the same malerial and the junction
fo the thermocouple leads must be al room lemperalure.  This volltage can be converted to the
equivalent temperature with the help of the conversion chart below.

Conversion from mV to Kelvin

°K. 4] 1 2 3 4 5 5] 4 o) 9 10 °K
60| 760 753 V48 V40 733 726 718 F12  7.05 653 692 B0
70| 692 685 678 671 5.64 656 649 H42 637 633 629 70

80| 620 625 621 617 613 609 605 601 597 593 590| 80
90| 500 585 583 579 575 572 568 564 560 556 552| 90
100| 552 548 544 541 637 534 6530 527 523 520 516| 100

10| 516 513 509 506 502 49893 435 49 4.88 484 481 110
120 4.81 477 474 470 487 463 460 456 453 449 446 120
130 448 442 439 435 432 428 4253 4N 418 414 4N 130
140 4.1 407 404 400 397 3493 380 386 383 373 376 1440
150 | 3.76 373 369 366 363 360 356 353 350 347 343 150

160 | 3.43 340 3.37 334 330 327 324 3I2N 318 315 312 160
170] 3.12 3.09 306 3.03 300 297 294 291 288 285 282 170
180 282 279 276 273 270 2467 2684 261 258 253 252 180
190 252 249 246 243 240 237 234 23 229 226 223 190
2000 223 220 247 214 21N 208 206 202 1.99 1.96 1.83 200

2101 1.83 1.80 1.87 1.84 1.81 1.78 175 172 1.69 1.66  1.64 210
220 1.64 1.61 1.59 1.56  1.54 1.61 1.49 146 1.44 1.41 1.39 220
230 139 1.38 1.34 1.31 1.29 1.26 124 121 1.19 1.16 1.14 230
240 1.14 1.11 1.09 1.07 1.04 1.02 089 057 084 082 0.89 240
250 | 0.8 087 084 08z 0739 077 074 072 069 067 085 250

260 065 062 060 058 055 053 050 048 045 042 040 260
270 040 038 036 034 032 030 028 026 024 022 020 270
280| 020 0.8 016 014 042 010 008 0068 004 0.02 000 280
290| 0.00 -0.02 -0.04 -0.06 -008 -0.10 -012 014 016 -0.18 -0.20 240
300| -0.20 -0.22 -0.24 -0.26 -0.28 -0.30 -032 -0.34 -036 -0.38 -0.40 300

See lhe appendix for a more detailed explanation of how thermocouples operate, and how fo use a
reverence junction to make extremely accurate temperature measuremerts
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MEASURING THE CRITICAL TEMPERATURE USING THE MEISSNER EFFECT

We have discussed the concept of Critical Temperature on page 7. There are several ways that it can
be measured. One effective and eleganl way is lo use the Meissner Effecl. The superconducting
devices wilh allached thermocouple probes in both the Critical Temperature Kit and the Critical
Temperature Comparison Kit are designed for this purpose.

The superconductar and thermocouple device are encapsulated in a metal casing. We have designed
this casing to impart greater thermal and mechanical stability to the device. The lop of the device is lhe
brass porlion that shows a flat surface of the black superconductor disk. See figure 1 on the following
page for details.

The procedure below will guide you through the measuremenl of the Crilical Temperature of the
superconductor slep by step.

Procedure

1. ACTION: Carefully straighten the thermocouple leads and attach them to a voltmeter that can
measure and display in the 0.01 milliVolt range.

2. ACTION: Immerse the device completely in liquid nitrogen. Allow the bailing of the Iiriuid to
subside. The thermocouple should read about +6.43 millivolts, corresponding to
the liquid nitrogen temperature of 77K.

3. ACTION: Remove the device from lhe liquid nitrogen and place it flat on a non-conducling
surface with the black superconductor exposed on the top surface.

4. ACTIOM: Carefully balance the small cubical magnet so that it ‘floats” via the Meissner Effect
over the center of the disk.

5. ACTION: Keep the magnet under careful observation while recording the vollmeler reading at
S-second intervals. This part is best performed with the aid of a lab partner. You
may have to center the magnet periodically with the tweezers.

RESULT: For several minutes the magnet stays levitated. During this time the valtmeter
reading begins to show a gradual increase in temperature.  After a while, the
magnel begins lo drop, and finally comes lo rest on the surface of lhe
superconductor. The temperature as measured by the voltmeter at the time when
the magnet has just come to a complete rest on the surface of the superconducting
device, is the Critical Temperature. T, of the superconductor.

One of the mysteries of these new superconductors is that they do not have sharply defined Critical
Temperatures. Typically, the transilion from normal to superconducting slate takes place over a range
of about 5 Kelvin. The 'Critical Temperature' that you measure falls in this range, with a reading aof
about 95 Kelvin for YBa»Cus0, and about 110 Kelvin for Bi;Sr:Ca,Cus0s.

We suggest that you use clean alligator clips lo attach the thermocouple leads lo the voltmeler leads.
These conneclion points should be kepl dry and al room lemperalure.  The thermocouple has been
carefully attached and packed inside the metal device casing. Please do not attempt to open the
casing, or else the thermocouple junction will no longer be in good thermal confact with the
superconductor.
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Precautions.

1. Be careful not to lst the liquid nitrogen splash or spill when you pour it. Read lhe handling
guidelines (page 14) before using liquid nitrogen.

2. Use the provided nan-magnetic tweezers when handling the device or magnel.

3. The electrical leads of the thermometer are delicate. Do not pull them, ar twist or bend lhem
unnecessarily. Bend the wires only befare the device is cooled in the liquid nitrogen. Remember to
keep the thermocouple-lo-voltmeter lead conneclion al room temperature.

It appears Lhat in ceramic superconductors, the Meissner Effect is a bulk phenomenon. Consequently,
if any portion of the superconduclor is below its Critical Temperalure, the resultant Meissner Eflect for
that partion of the material will repel the magnet. The lop surface of the superconduclor disk warms
first and looses ils superconductivity as the liquid nitrogen evaporates.  Other pars of the
superconduclor disk are still below the Critical Temperature, and thus conlinue to repel the magnet.
However, since these parls are further from the magnet, il is levitated less. As the disk warms further,
the magnet floals lower and lower, until the bollom of the disk is finally warmer lhan the Critical
Temperature, at this point the magnet finally comes to rest on the top surface of lhe disk. Therefore,
when the magnet comes to a complete resl on the surface of the superconductor, the botiom parl of
the disk, which is thermally attached to lhe thermocouple, is at the Crilical Temperature.

Some Questions.

. Under some circumstances, the rmagnel will abruptly scoot to one side of the device as it warms.
Can you think of an explanation for this?

. The device develops a layer of frost only after the liguid nitrogen has all boiled away. Why is
this®?

. Try the experimenl by first placing the magnel on the superconducting device, and Lhen cooling it
down in liquid nitregen. Do you observe any differences in the Critical Temperature? If so, why?

. The application of the Meissner Effect to measure the Critical Temperature was just one possible
application of this effecl. Can you think of other, elegant applications of this unique Effect?

Superconductor
disk

Brass casing '\ e~
“ S S /Thermocouple
leads
| {___
UL« Atuminum end cap

Figure 1: The Superconducting Thermocouple Device
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THE FOUR POINT ELECTRICAL PROBE

The four point electrical probe is a very versatile device used widely in physics for the investigation of
electrical phenomena. Colorado Superconduclor Ine. has especially designed lwo four point
superconducting  devices from the YBayCuyO; and the Bi:SrCa;Cu;Q: materials for such
invesligations. The Complete Exploration Kit and the Super Exploration Kit contain four point
eleclrical probes,

When a simple measurement of the electrical resislance of a test sample is performed by attaching two
wires to il, one inadvertently also measures the resistance of the contact point of the wires to the
sample. Typically the resistance of the point of contact {called contact resistance] is far smaller than
lhe resistance of the sample, and can thus be ignored. However, when one is measuring a very small
sample resistance, especially under variable temperalure conditions, the conlacl resistance can
dominate and completely obscure changes in the resistance of the sample ilsell. This is the situation
thal exists for superconductors.

The effects of contact resistance can be eliminated with the use of a four point probe. A schematic of a
faur poinl probe is shown in figure 2. In this diagram, four wires {or probes) have been attached o the
test sample. A constant current is made lo flow the length of the sample through probes labeled 1 and
4 in the figure. This can be done using a current source or a power supply as shown. Many power
supplies have a currenl oulput readout built into them. If not, an ammeter in series with Lhis circuit can
he used to oblain the value of the current. A 5-\Wall power supply capable of producing about ¥ Amp
is required for the experiments described for our superconducting devices.

If the sample has any resistance to the flow of electrical current, then there will be a drop of potential
{or voltage) as the current flows along the sample, as for example belween the two wires {or probes)
labeled 2 and 3 in the figure. The voltage drop between probes 2 and 3 can be measured by a digital
voltmeter. The resistance of the sample between probes 2 and 3 is the ratio of the vollage registering
on the digital vollmeler to the value of the output current of the power supply. The high impedance of
the digital vollmeter minimizes the current flow through the portion of the circuit comprising the
voltmeter and probes 2 & 3. Thus, since there is no polential drop across the conlacl resistance
associated with probes 2 and 3, the resistance associaled with only the superconduclor between
probes 2 and 3 is measured.

dc power

o A—(A "

Digital
Voltmeter

Voltage

Current 12 3 4\Current
Probe Probe

Figure 2: Schematic of Four Point Probe
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The four point probe tewees in the Comblele Explaration Kit and the Super Exploration Kit are both
encapsulated In rugged brass casings. On one side of the casing, the superconductor disk is visible.
An aluminum end cap has been inserted (nta the backside of the brass casing to seal and to prolect the
probe connections wilth the superconductor. Please do not attempl Lo remove the end cap. A matched
thermocouple has also been atlached to the superconducion in this casing. This (hemmocoupte s a
type 'T', and has been described in delail on page 11 and in the appendix {page 42).

The BiSrleCus supercanductar four pairt electrical probe casing I8 larger lhan the YBagCual:
casing. The former has BSCCO printéd on the aluminum cap, and the latter with YBCO for further
identification.

The illustration in figure 3 below shows e salient features of the four point probe devicas. The pair of
Biack wites are current leads for the nput of current from the powes supply, and have been labeied
probes 1 and 4 in figure 2. The pair of yellow wires are the voltage measurement probes far measuring
ihe voltage drap across the superconductor wilh the help of a digitai voitmeter, and have been labeled
probes 2 and 2in figure 2. The red and blue wires are leads for the thermocouple.

Yelow {2 8 3)

Superconductor
voltage probes

disk

.~ Thermocouple
leads

)

- Brass Probe Black (1 & 43
casing ‘Sf‘iafh current probes
"/ - Thermocuple

- leads

Yellow {2 & 3)
voitage probes

Figure 3: The Superconducting Four Point Probe
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Measuring Resistance versus Temperature and Critical Temperature

The measurement of electrical Resistance as a function of the superconductor's Temperature yields
fundamental insights into its properties. The Critical Temperature, Critical Current Density, and the
Critical Magretic Fiald, cart all be atitained through variations of this basic experimernt,

This experiment requires the following pieces of equipment:

1. A constant current source, Or a power supply operaing in the current limited mode,  The output
should notl exceed 0.5 Amp. This s connected belween thae Mack current probes (probes 1 and 4)
An ammeler placed in series with this circuit will measure the current, This current will be referred
t0 as k.

2. A digital voltmeter with a 0.01-millivolt resolution to measure the vollage drop across the yellow
voftage probes (probes Z and 3j. This valtage will be réferred to as Vo,

3. Use of a CSI Sand Cryostat (see appendix, page 38) is suggested for optimal results.
Alternatively, a container of liquid nitrogen deep enough to complelely immerse the four point probe
device may be used.

The voltmeters should be connected as shown in figure 2. Alternatively, a strip charl recorder with a
10-millivalt full-scale range and a resolution of 10-microvalt may be connectad belween probes 2 & 3,
This wilt provide 2 continuous record of the voltage drop. I a two-channel recorder or x-y plotter is
used, then the thermacouple reading can also be measured simultaneously. The output from the
voltmelers connecied to probes 2 & 3, and o the thermocouple, May be sent directly lo a computer o
store and further analyze the data. The following is a slep-by-step guide for measuring the device's
Resistance versus its Temperature:

Procedure.

1. ACTION: 5el up the measurement equipment as described above, but do not as vyet
immerse the device (four point probe) in liguid nitrogen.

ACTION:  Inserl the device inlo the CSI Sand Cryostat or other certified conlainer and
carefully fill it with liquid nitrogen.  Ensure that the current (1,,) remains constant at
less than 0.5 Amp.

e

RESULT. The nitrogen boils furicusly, Wait until the bailing subsides.

3. ACTION:  Record the voltage V., and across the tnermocbuple junchion.

RESULT: Wy should equal zero, The thermacouple termperature reading shauld be 77 K,

4, ACTION: If you are not using the CS| Sand Cryostal, remave the devige from the liquid
nitrogen.  As the device wamms, comtinuously monilor the value of Ve Record
the thermocouple temperature each lime Vs, is recorded.

RESULT: initially, ¥ remains constant even as the thermocouple temperature increases. The

the voltage between the probes (Vea) abruptly increases, the hermocouple readin
corresponding to tis jump n vohane s ine Crivest Temperatwe, o T, of th

supercopductor. The ratin of the voltage between probes 2 & 3 (W.s) Lo current flowin

between probes 1 & 4 (112} is the inslantaneous resistance of the superconduct
hetwean pmbes 2 & 3. The probe vollage, and the thermecouple reading could |
input directly into a computer or chart recorder for mare accurate results. This latu
approach also provides a permanent record of the data. This result is shown i figur
4 on page 24.
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5.

6.

Precautions.

When pouring liquid nitrogen be careful to prevent any splashing. Read the section on safety &
handling starting page 13 before beginning this experiment.

Be careful not to touch the device or wires when they are cold. Follow the salely directions,
Ne maore than 0.5 Amp of current should pass through the device or wires at any time.

Il using a cryostat, slowly pour the sand oul first, then remove the probe. Do nol try to pull the
prabe out by the wires

Use a hair dryer to carefully dry the Four Point Probe device afler use. Store it with a desiccant.

The probe and thermocouple wires are very brittle when cold. Please handle them with care.

Some Questions.

1.

What effect would one expect if the Critical Temperature is measured with the device placed inside
a funclioning electramagnet?

Why is the transition in resistance gradual at the Critical Temperature?

A simple lwo-probe measurement of device resistance below its Critical Temperature exhibits a
non-zero value. Why?

Determination of the Critical Temperature

The Critical Temperalure, T, is abtained during the measurement of the electrical Resistance as
funclion of the Temperature of the superconductor on the previous page. The Crilical Temperature of
the Bi»Sr,Ca,Cuy0s superconduclar is about 110 Kelvin versus aboul 92 Kelvin for the YBa,Cu,O;
material. These resulls are shown below in figure 4.

FE Vo
E | Y332CU307
S l14 B !
3 i ;
E B Bi2srzcazcu;30§1
7]
E ;
e T [
- JI
1 ’!
50 60 70 80 a0 100 110 120

Temperature {Kelvin)

Figure 4: Resistance versus Temperature
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Determining the Critical Current Density

The four poinl probe device can be used lo measure the Critical Currenl Densily, J. of the
superconductor materials in your kit. Theoretically, one could measure J. of the probe immersed in
liguid nitrogen, by boosting the applied current |z until a transition to nan-superconducting slale
oceurs. Practically, this procedure would damage the probe permanently. The following procedure will
help preserve the integrily of your superconducting four point probe device, This procedure also has
the added advantage of obtaining Critical Current values al different operating temperalures.

For this experiment, a pawer supply capable of up to (.5 Amp oulpul is required. Connect the device
to the digital voltmelers and power supply as explained on page 22 of this Instruction Manual
{describing the measurement of the device's Critical Temperature, T.J). A constant current source that
can be set lo output a range of current values up to 0.5 Amp will make the execulion of this experimant
considerably easier. Proceed wilh Lhe following directions:

1. ACTION: Set the current through probes 1 and 4 at 0.1 Amp, and measure the Critical
Temperature as described on page 23 of the Instruction Manual. Record the
measured T, versus the value of current used.

2. ACTION: Now increase the set current to 0.2 Amp, and repeat the process in action
ltem 1, above. Keep repealing the process with 0.1 Amp increments in current,
taking care not to exceed a maximum of 0.5 Amp.

RESULT: Five data points will be obtained, each at a Critical Temperature, T, versus the set
current, g An appropriate extrapolalion (curve fit) to 77 Kelvin will resull in the
Critical Current for the superconductor. The Critical Current Density, J.. can then be
estimatad from the probe geomelry listed in the table below. Figure 5, below shows
an example of the resull with a BixSrCa,Cuy0y based four point probe.

This is a difficult experiment. The dala is electrically ‘noisy’. Some improvement in the signal-to-noise
ratio may be achieved by making several independenl measurements at each current setling.

Diameter | Thickness prabe 184 probe 283 probe
Material spracing spacing depth
Yha;Cuals 24 mm 4 mm 17.5 mm 11 mm Surface contact
BixSrCasCus0eq 30 mm 5 mm 17.5 mm 11 mm 1.75 mm

l4 (amps)
1000
Extrapolated to 77K
10 to give Critical Current
1.0
| T. (measured)
0.1

'y
L

82 83 84 85 86 87 88 89 90 Kelvin

Figure 5: The evaluation of Critical Current




Determining the Critical Magnetic Field

This experiment measures the Critical Magnetic Field, Heo, of a ceramic superconduclor using the four
point probe device. Equipment to measure Hey, the lower Crilical Field is beyond the scope of our
approach.

For this experiment you will need an electromagnetic coil and associated power supply. The value of
the field can be obtained using the geometry of the coil and a knowledge of the currenl flowing through
it. The cavity in the middle of the coil needs to be large enough to accommaodate the four point probe
device and the liquid nitrogen conlainer in which itis immersed. The four point probe device has been
designed without any ferromagnetic parts to eliminate any potential interference.

Assemble the experiment as on page 25 in preparation of the measurement of Critical Current Density,
Howaever, this time place he four point device and its container of liguid nitrogen inside the cavity of the
eleciromagnet.  Gradually increase the current flowing through the electromagnet thus increasing lhe
maqnetic field strength through the superconductor. The value of W will show an abrupt increase at
some value of applied magnetic field strength.  This value of magnetic field is the upper Critical
Magnelic Field, He; for the superconductor sample at the temperature of liquid nitrogen, 77 Kelvin.

The wvalue of the Critical Field, He, can be obtained at other temperatures by either placing the device
in a cryostat while performing this experiment, or by removing the device from the liquid nitrogen
container and moniloring the oulput of the thermocouple thermometer while measuring He,.

Anather interesting experiment is the measurement of the Critical Temperature at different applied
magnelic field strenglhs. The resull of such an experiment for YBa,Cuy0; is shown schematically in
figure 6. The value of He; has been extrapolated to 0 Kelvin. |t is very instructive to perform a subsel
of this experiment using the square neodymium magnet provided with your kil inslead of an
electromagnet. As the magnet is broughl close to lhe surface of the superconductar device (which has
been prepared as on page 25), lhe value of Wa will slowly increase for a given value of 1, This
phenomenon could potentially be used to construct a superconductor-based magnetic field detector.

Applied Field

Tesla

BigSrZCaZCug,Og

YBach30?

Critical
I Temperature
50 60 70 80 90 100 110 120 Kelvin

Figure 6: Effect of Applied Magnetic Field on Critical Temperature



THE SUPERCONDUCTING SUSPENSION EFFECT

The levitation of a magnet above a superconductor, the Meissner Effecl, is well known.  In Oclober
1988, Huang and Peters of Lockheed and NASA respectively announced a startling and almost
accidental discovery  thal they had made while investigating high temperature  ceramic
superconductors. This suspension phenomenan can be demanstrated with the help of the Suspension
& Levitation Kit from Colorado Superconductor Inc.

The Kit contains a special superconduclor disk which we shall call the Enhanced Flux Pinning (EFP}
disk. A large, powerlul necdymium rare earth magnet has been provided to suspend the EFP disk. A
parallel set of materials has also been provided with the Kil lo demanslrate the Meissner Effect
described on page 18, for comparison. The experimenler requires only a source af liquid nitrogen for
this experiment.

Procedure
1. ACTION: Completely immerse the EFP disk in a flat dish containing liquid nitrogen.
RESULT: The liguid nitrogen boils around the EFP disk. When the bailing subsides, proceed.

2. ACTION: Examine the large neodymium magnet, and find the face through which the
magnetic axis passes (the magnet has the strongest attraction an this face)’

3. ACTION: Holding the magnet with the provided non-magnetic tweezers such thal lhe
magnetic axis is vertical, slowly lower the magnet so that it just touches the tap of
the immersed EFP disk.

RESULT: As the magnet approaches the EFP disk, there will be a momentary resistance to its
continued downward motion. This will cease when the magnel is in conlacl with the
EFP disk. This resislance is a manifestation of the well-known Meissner Effect.

4, ACTION: Gradually withdraw the magnet upwards oul of the liquid nitrogen.

RESULT: The EFP disk should follow the magnet as it moves upwards and out of the liquid
nitrogen. Ohserve that there is a gap between the EFP disk and the magnet. This
is a gap that one would not abserve in normal magnetic atraclion.

RESULT: As the EFP disk warms, it will lose its superconductivity, and can no longer be
suspended under the magnet. It will drop.

This was a demonstration of the Suspension Effect in the new high lemperature ceramic
superconductors. Figure 8 on the following page illustrates the salient features of this demaonstration.
A picture of the Suspension Effecl is also shown on the cover of this Instruction Manual.





