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Abstract 

In order to determine whether molybdenum is a type I or type II 

superconductor, magnetic measurements are being undertaken. The 

molybdenum samples were prepared by electron-beam float-zone refining. 

Resistivity measurements on one sample indicated that it is of ade¬ 

quate purity. In initial experiments in a helium-4 cryostat, no 

superconductivity was observed at temperatures down to about 0.9° K. 

In order to reach lower temperatures, a helium-3 cryostat of the 

single condensation type has been built. Details of the design and 

results of preliminary operation are discussed. In this cryostat, 

superconductivity in molybdenum has been observed. At 0.65° K in 

an external field of 15 oersteds, magnetic induction in the sample 

was zero. 
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I Introduction 

Superconductivity is of two significantly different types (1). 

From a theoretical viewpoint, the two types are distinguished by the 

surface energy associated with the boundary between normal and super¬ 

conducting regions. If this energy is positive, the superconductor 

is of type I; if the energy is negative, the superconductor is of 

type II. Examples of type I are lead, tin, and mercury; and of 

type II, niobium and various niobium-zirconium alloys. From an ex¬ 

perimental viewpoint, the types are readily distinguished by their 

magnetic properties. Figure I shows the characteristic magnetic 

behavior of type I and type II superconductors at constant tempera¬ 

ture. The figure shows the magnetization, M, in the superconductor 

as a function of the applied field, H. For both types I and II, the 

magnetization curve is reversible if the superconductor is almost 

free of lattice imperfections. In Figure 1, this reversible behavior 

is represented by the solid lines on the curves. 

The expulsion of magnetic field on entering the superconducting 

state is known as the Meissner effect (2). For nearly perfect crys¬ 

tals, this expulsion is complete in type I superconductors. For 

nearly perfect crystals of type II superconductors, the field expul¬ 

sion is complete for applied fields less than a certain value, desig¬ 

nated in the figure. 

In materials of either type which have many lattice imperfec¬ 

tions, there is only partial field expulsion on entering the super¬ 

conducting state; that is, there is an imperfect Meissner effect. In 

Figure 1 the magnetization of imperfect crystals with increasing ap¬ 

plied field is represented by the solid lines; the magnetization with 
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decreasing applied field is represented by the dashed lines. Thus, 

it is seen that lattice imperfections in a superconductor result in 

magnetic hysteresis (1). 

Superconductivity in molybdenum was first reported by Geballe 

et al. (3) in April, 1962. Six samples of molybdenum had been ob¬ 

served to become superconductive; four of these had been refined in 

an arc furnace and two in an electron-beam float-zone refiner. It 

was found that the samples had different transition temperatures, 

The observed range of temperatures was 0.58° K to 0.98° K. The 

authors suggested that the variation of transition temperature is 

due to varying small amounts of iron impurity, greater impurity 

causing a lower transition temperature. The transition was observed 

by measuring the self-inductance of a coil wound on the sample. The 

samples were about 0.2 gram each. Cooling was with liquid helium-3. 

Horwitz and Bohm (4) have used ultrasonic techniques to measure 

the critical field in molybdenum. Their only sample, prepared by 

zone refining, was found to have a transition temperature of 0.92° K 

and a zero temperature critical field of 114 oersteds. The sample 

was magnetically cooled. 

Matthias et al. (5) have reported on the isotopic dependence of 

the transition temperature of molybdenum. Measurements were performed 

on 0.2 milligram samples of single isotopes. Variation of the in¬ 

ductance of a coil wound on the sample was used to observe the tran¬ 

sition. The frequency used in measuring inductance was 16 kc/sec. 

Cooling was with liquid helium-3. It was found that the critical 

temperature varies approximately as the -1/3 power of isotopic mass. 

In most type I superconductors, the transition temperature varies as 

the -1/2 power of isotopic mass. 



- 4 - 

In order to determine the nature of superconductivity in molyb¬ 

denum, magnetic measurements were undertaken. Initially, measure¬ 

ments were made in an existing helium-4 cryostat to determine if the 

higher of the reported critical temperatures were correct for*pure 

samples. Since no transition was observed, a helium-3 cryostat de¬ 

signed expressly for these measurements was built. The equipment 

used and preliminary results obtained are described in the following 

sections. 
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II The Molybdenum Samples 

The molybdenum samples were prepared by electron-beam float-zone 

refining. This technique was first reported by Calverly £t aJL. (6). 

In this method, a narrow molten zone is passed through the sample. 

The sample is a slender rod which is vertical in the refiner. Intense 

local heating is provided by electron bombardment. No crucible is 

used; the molten molybdenum is held in place by surface tension. The 

molten zone is repeatedly passed through the sample, each time from 

top to bottom. Each such pass further refines the sample. The product 

obtained is a high-purity single crystal. The process is carried out 

in vacuum, the pressure being about 10 ^ to 10 ^ mm. of Hg. Purifi¬ 

cation is due to three effects: 

1. outgassing on vacuum fusion 

2. evaporation of volatile impurities 

3. segregation of impurities in the liquid zone. 

It is the last of these effects which is responsible for the removal 

of iron from the molybdenum. Repeated passage of the molten zone 

through the sample concentrates the iron in the ,!tail end"; that is, 

in the bottom end where the sample is molten last. In the refined 

sample, the iron concentration gradually increases from lead end to 

tail end. The portion nearest the lead end is therefore used for the 

magnetic measurements and the tail end is discarded. 

The samples were prepared in a refiner in the Department of 

Mechanical Engineering. The author is indebted to Dean F.R. Brotzen 

for permission to use the refiner, to Prof. R.M. Asimow for assistance 

in analyzing the process, and to Mr. L, Whitmire for assistance in 

operating the equipment. This particular apparatus is described in 
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detail by Youngblood (7). Three samples were used for magnetic meas¬ 

urements: a four pass sample, a six pass sample, and an unrefined 

sample. Each sample was 3-1/4 inches long. The zone refined samples 

were approximately 0.11 inches in diameter. The unrefined sample was 

0.125 inch in diameter. 

The impurity concentration in zone refined metals is so small that 

accurate determination of the impurities is impossible. The results of 

attempted spectrographic analysis of zone refined molybdenum have been 

summarized by Youngblood (7). No definite conclusions were reached. 

The supplier of the unrefined molybdenum was the Lamp Metals and 

Components Department of General Electric Co. According to their 

analyses, the iron concentration in the unrefined metal was about 

0.001%. Using an analytical method described by Pfann (8), it is 

estimated that zone refining reduced the iron concentration at the 

lead end of the six pass sample by a factor of at least 100. 

Probably the most accurate indication of the purity of very pure 

metals is the resistivity at low temperature. For convenience, this 

is usually expressed as the ratio of resistivity at 273° K to the re¬ 

sistivity at 4.2° K, a larger ratio indicating a purer sample. The 

resistivity ratio of a two pass sample from the zone refiner was meas¬ 

ured. Four leads were attached by silver soldering, two at the extreme 

ends serving as current leads and two near the ends serving as poten¬ 

tial taps. The measuring current was 6 amperes, direct current. The 

measured value of resistivity ratio was 780. For comparison, the re¬ 

sistivity ratio of the sample used by Horwitz and Bohm was 450. Thus, 

it appears that the four and six pass samples used in the magnetic 

measurements are of somewhat higher purity than the sample of Horwitz 

and Bohm which showed a transition temperature of 0.92° K. 
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III The Helium-3 Cryostat 

A. Summary Description 

Considerably lower temperatures can be reached by cooling with 

liquid helium-3 rather than with liquid helium-4. This is for two 

reasons. First, the vapor pressure of helium-3 is considerably higher 

than that of helium-4. At 1° K, the pressure of helium-4 is 0.12 mm. 

of mercury while that of helium-3 is 8.8 mm. Second, helium-3 does 

not exhibit superfluidity. Therefore, it does not tend to flow into 

warm portions of the cryostat and increase the evaporation rate as 

does helium-4. Because of the rarity of helium-3, one can use only 

very small amounts of the liquid in the cryostat, and the system must 

be designed so that all of the gas is recovered. 

Helium-3 cryostats are of two types. In the "continuous" type, 

the helium-3 is continuously condensed and evaporated, compression 

being provided outside the cryostat. In the "single condensation" 

type, the helium-3 is alternately condensed and evaporated (9). The 

cryostat which has been built for magnetic measurements is of the 

single condensation type. Figure 2 is a schematic of the low temper¬ 

ature portion. The condensation takes place at the temperature of the 

surrounding liquid helium-4 bath, the liquid helium-3 accumulating in 

a reservoir in the cryostat. The two liquid regions are then ther¬ 

mally isolated, and the helium-3 vapor is pumped to reduce the temper¬ 

ature. The helium-4 bath is continuously pumped to minimize the tem¬ 

perature in that region. The region between the two liquids is called 

the "inner guard." During condensation, this region is thermally 

conducting due to a small amount of helium-4 gas in it. Before 
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evaporation, this region is thoroughly evacuated to provide good 

thermal isolation of the helium-3 bath. 

The molybdenum sample is held in a brass tube which is moved 

vertically by a solenoid actuator at the top of the cryostat (not 

shown in Figure 2). The sample and the bottom of the sample tube 

are immersed in liquid helium-3. The liquid reservoir is above the 

sample. The sample tube moves inside a guide tube, also of brass, 

which provides the separation of the helium-3 region from the inner 

guard. To prevent binding of the sample tube in the guide tube, two 

Teflon bearings are provided. These bearings are attached to the 

sample tube. The sensing coil is wound on the guide tube. The emf 

induced in this coil when the sample is moved provides the measure¬ 

ment of the magnetization in the sample. The leads from the sensing 

coil are brought to the top of the cryostat and are connected to a 

ballistic galvanometer. A small tube is connected to the inner guard 

region to admit the helium-4 gas for thermal conduction during 

helium-3 condensation. The same tube is used to evacuate the inner 

guard prior to evaporation of the helium-3. 

The heat leaks into the helium-3 region are calculated to be as 

follows: 

Conduction in sample lifting tube 

Conduction in helium-3 transfer line 

Conduction in helium-3 gas 

Conduction in electrical leads 

Radiation from top of cryostat 

Total heat leak 

4 ergs/sec. 

9 ergs/sec. 

8 ergs/sec. 

1 erg/sec. 

1 erg/sec. 

23 ergs/sec. 

Heat flow through the inner guard is negligible. Using the above cal¬ 

culated heat leak, the lowest temperature attainable in the cryostat 

is calculated to be 0.30° K. 
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B. The Field Producing System 

The applied field for the experiment is provided by a copper coil 

of No. 35 wire which is wound on the outside of the helium-4 dewar. 

Thus, the coil is in the liquid air bath. The inside diameter of the 

winding is 1-3/8 inches, the length of the winding is 15-1/2 inches. 

The central portion consists of 4 layers. The coil is six layers 

thick for 1-1/2 inches at each end to provide a more nearly uniform 

field. 

The turn density in this coil is 139 turns per inch per layer. 

The computed value of magnetic flux in the central region is 274 

gauss/ampere. At liquid air temperature, the coil resistance is 

150 ohms. Power is supplied to the coil from a battery of nickel- 

iron-alkaline cells. Control is by means of a continuously variable 

tapped resistor. The coil has been tested up to fields of 120 gauss 

and operated satisfactorily. In 5 minutes during which the coil was 

producing this field, there was no observable drift in current. A 

drift of 1% or larger could have been detected. 
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C. Method of Moving the Sample 

The molybdenum sample is held in a sample tube which extends to 

the top of the cryostat. The lower 10-1/4 inches are of brass and 

the remainder is of stainless steel. Figure 3 shows the actuator at 

the top of the cryostat. The sample tube is connected to a soft iron 

armature. The armature slides in a brass tube which serves as the 

container of the helium-3. Outside this tube is a solenoid which also 

slides. The solenoid is raised and lowered mechanically and the arma¬ 

ture, being magnetically coupled to the solenoid, follows its motion. 

Travel of the armature and sample is 3-3/4 inches; and of the solenoid, 

4-1/8 inches. The solenoid is operated with direct current to avoid 

overheating due to eddy currents and hysteresis in the brass and iron. 

Coil current is 0.8 ampere; resistance is 25 ohms. The mechanical 

connection to the solenoid permits the sample to be raised and low¬ 

ered at any desired rate. 
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FIGURE 3 
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D. The Magnetization Measurement System 

The magnetization of the molybdenum sample is sensed by means of 

a copper coil of No. 40 wire which is wound on the guide tube. The 

coil has about 2800 turns. It is one inch long and 10 layers thick. 

In the inner guard region, the leads to the coil are of No. 30 con- 

stantan wire to reduce the heat leak into the helium-3 region. The 

heat leak through copper leads would have been much larger than the 

total heat leak through all other paths. The sensing coil is con¬ 

nected to a light-beam ballistic galvanometer. The characteristics 

of the galvanometer are: 

Sensitivity .0029 microcoulomb/mm. at 1 meter 

Period 28 seconds 

Critical damping resistance 600 ohms 

Resistance of movement 12 ohms. 

When the sensing coil is cold, the resistance of the galvanometer 

circuit is about 15 ohms. Thus the damping ratio is 40. 

The magnetization of the sample is proportional to the time 

integral of the emf induced in the sensing coil while the sample is 

being raised or lowered. Because of the long period and large damp¬ 

ing ratio, the ballistic galvanometer provides almost perfect inte¬ 

gration of this emf. If the time to move the sample is 2 seconds, 

the integration error will be less than 1/2%. Also, because of the 

high damping and long period, the galvanometer returns to equilib¬ 

rium very slowly. If the deflection is read in 2 seconds, the error 

in reading is less than 1/2% (10). Both the fractional error associ¬ 

ated with integration and the fractional error associated with read¬ 

ing are independent of deflection. Therefore, in obtaining the ratio 
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of magnetization with increasing field to magnetization with de¬ 

creasing field, these errors will have no effect. 

The bracket which supports the galvanometer is rigidly mounted 

on a pillar of the building to minimize noise due to vibration. The 

length of the light beam is 5 meters. The sensitivity of this system 

is 0.4 millimeter deflection per gauss of magnetization in the sample. 

The galvanometer circuit is provided with means for inserting a 

variable emf. This emf is used to compensate for thermal emfs in the 

circuit. Figure 4 shows the galvanometer circuit with thermal emf 

compensation. The maximum emf which can be inserted is 10 ^ volts. 

- 6 
A typical emf actually required is 10 volts. 

This measurement system has performed satisfactorily. The 

variation of thermal emf is very gradual, Consequently, during the 

3 or 4 seconds required to make a magnetization measurement, the 

drift of the system is negligible. Other sources of noise are also 

negligible. The resolution of the measurement system is limited by 

the resolution of the optical system which projects the hairline on 

the scale. The smallest magnetization in the sample which can be 

detected is about 0.3 gauss. 
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E. Temperature Measurement 

A Wallace and Tiernan absolute pressure indicator is used to 

measure the vapor pressure of the liquid helium-3. From the pressure- 

temperature phase equilibrium characteristic, the temperature of the 

bath is determined. The T^ helium-3 temperature scale is used for 

this purpose (11). The range of the pressure indicator is 0-20 mm. 

of mercury. The lowest pressure which can be measured with reasonable 

accuracy is about 1/2 mm. of mercury. The corresponding lower limit 

of temperature measurement is 0,6° K, 

For lower temperature, a carbon resistor was to have been used 

as a thermometer. The use of such resistors as thermometers has been 

extensively investigated and the shape of the calibration curves has 

been obtained (12), The resistor used in the helium-3 cryostat has 

a nominal value of 2.7 ohms. The resistor is in the inner guard with 

one lead soldered into the bottom of the guide tube. Conduction 

through this lead maintains the resistor at the same temperature as 

the helium-3 bath. The resistance was to have been measured with a 

-6 
Wheatstone bridge using a current of about 5 x 10 amperes. The 

constants in the calibration curve for the resistor were to have been 

evaluated with temperatures determined from the vapor pressure of 

helium-4 and helium-3. 

Preliminary operation of the cryostat has indicated that the 

resistor is not functioning properly as a thermometer. The diffi¬ 

culty appears to be due to the induction of emfs in the measuring 

circuit by alternating current equipment in the room. 
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F. The Helium-3 System 

In order to prevent accidental contamination of the helium-3 

with helium-4, there are no piping connections of the helium-3 system 

with any equipment which ever contains helium-4. Therefore, no mis- 

operation of the cryostat could result in mixing helium-4 with the 

helium-3. Figure 5 is a schematic of the helium-3 system. Operation 

of the cryostat requires 2-1/3 liters, S.T.P., of helium-3. The gas 

is pumped with a Welch vacuum pump, Model 1402, which has been modi¬ 

fied for this application. The pump is completely sealed. A 2-1/4 

liter tank has been attached to the pump discharge. This tank plus 

the space in the pump above the oil serves as storage volume for the 

helium-3 gas. When all of the gas in the system is in this storage 

region, the absolute pressure is about 2/3 of an atmosphere. 

The volume of the liquid storage region is 3-1/2 cc. This region 

is full when all of the helium-3 in the system is liquid. To cover 

the entire range of pressure used in the system, four gauges are pro¬ 

vided. Three of these are connected to the portion of the system 

which is at low pressure when the cryostat is in operation. These 

are: a manometer, a Wallace and Tiernan absolute pressure indicator, 

and a Hastings thermocouple gauge. The fourth gauge, an Ashcroft 

vacuum gauge, is used to monitor the pressure in gas storage when the 

cryostat is in operation. 

In order to minimize vibration in the helium-3 bath, a metal- 

bellows type flexible coupling is provided in the line to the sealed 

pump. When changing samples, the liquid storage region and connect¬ 

ing piping must be opened to the atmosphere. A small vacuum pump is 

provided to evacuate this region prior to cryostat startup. 
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The temperature of the helium-3 bath is controlled by varying 

the rate at which gas is bled from gas storage into the pump inlet. 

This varies the effective rate at which the bath is being pumped. A 

needle valve with 1/16 inch orifice is provided to control the bleed 

rate. 
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G. The Guard System 

The helium-3 cryostat has 3 regions of vacuum insulation. The 

outermost region, the liquid air dewar, is permanently sealed. The 

other two vacuum regions are arranged so that gas can be admitted to 

provide thermal conduction during startup of the cryostat. Evacu¬ 

ation of both of these regions is provided by a single pumping system. 

Figure 6 is a schematic of this system. In the vacuum jacket of the 

helium-4 dewar, herein called the outer guard, a small amount of air 

is used as heat exchange gas during the precooling of the apparatus 

with liquid air. Just before transfering liquid helium-4 to the 

apparatus, the outer guard is evacuated. In the inner guard, the 

exchange gas is helium-4. In order to provide the necessary good 

vacuum in this region, a diffusion pump is used. The diffusion pump 

is C.V.G. Model VMF-20 and the fore pump is a Cenco Hyvac. The 

pressure on the inlet side of the diffusion pump is monitored with a 

cold-cathode ionization gauge, C.V.C. Model PHG-09. A small tube 

with a valve is provided for bleeding helium-4 from the liquid 

helium-4 region into the inner guard. 
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H. Startup Procedure 

The step-by-step cryostat startup procedure is as follows: 

1. Evacuate liquid helium-3 region and admit helium-3 gas to 

a pressure of about 1 mm. 

2. Evacuate inner guard with fore pump and admit helium-4 to 

a pressure of about 1 cm. 

3. Evacuate helium-4 region and admit helium-4 to a pressure 

of 1 atmosphere. 

4. Flush outer guard with air and reduce pressure to about 1 mm. 

5. Precool apparatus with liquid air; maintain the 1 atmosphere 

pressure in the helium-4 region. 

6. Evacuate the outer guard and close dewar stopcock. 

7. Transfer liquid helium-4. 

8. Pump on liquid helium-4 until ultimate low temperature has 

been reached. 

9. Gradually admit helium-3 gas to the liquid region, causing 

it to liquify, until the gas storage pressure is the same 

as the bath vapor pressure. 

10. Evacuate inner guard with diffusion pump. 

11. Pump on liquid helium-3 until desired temperature is reached. 

Bleed helium-3 from gas storage into pump inlet so as to hold 

the bath temperature constant. 

12. 
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The shutdown procedure is as follows: 

1. Discontinue bleeding of helium-3 gas from storage. 

2. Discontinue pumping on helium-4 bath. 

3. Admit helium-4 to inner guard to a pressure of about 

50 microns. 

4. When all liquid helium-3 has evaporated and been pumped 

into gas storage, close shutoff valves on helium-3 pump. 

5. Turn off all equipment. 
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IV Preliminary Results 

A. Initial Magnetic Measurements 

Initially, measurements of the magnetic properties of super¬ 

conducting molybdenum were attempted in an existing cryostat using 

only helium-4 cooling. Magnetization of the sample was measured by 

moving it in and out of a 2800 turn coil which was connected to a 

ballistic galvanometer. The coil was one inch long. A large dif¬ 

fusion pump was used in pumping on the liquid helium bath, and care 

was taken in design of the equipment to minimize the heat leak into 

the bath, Space limitations outside the cryostat required that the 

coil which produced the applied field be located in the bath. No 

molybdenum superconductivity was observed in any of the three samples 

with this equipment. Temperature was measured with a liquid helium-3 

thermometer using the T^ temperature scale (11). The lowest temper¬ 

ature indicated by this thermometer was 0,88° K, This temperature 

was reached with no field applied to the sample, When the field 

producing coil was turned on, the bath temperature rose rapidly. 

The actual temperature of the sample when it was moved to observe 

magnetization is not known, It could have been significantly above 

0,88° K, which would explain the negative results. The failure to 

observe superconductivity in molybdenum was presumably due to the 

inability to reach a low enough temperature. 
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B. Use of the Helium-3 Cryostat 

Before putting the helium-3 cryostat into operation, the helium-3 

system and the guard system were thoroughly checked for leaks. A mass- 

spectrometer helium leak detector was used and numerous small leaks 

were found. All leaks were repaired and the systems were retested to 

assure that they were free of leaks. 

Operation of the cryostat has been satisfactory. The ultimate 

low temperature attainable in the helium-4 bath is about 1.08° K. It 

is this temperature which determines the pressure of the helium-3 

during condensation. The condensation pressure is about 12-1/2 mm. 

of mercury. Measurement of the helium-3 vapor pressure has indicated 

that temperatures below 0.45° K have been reached in the helium-3 

bath. 

In the initial operation of the cryostat, the heat leak into the 

helium-3 bath was much larger than expected. It has been determined 

that this was due to insufficient evacuation of the inner guard. 

Garfunkel and Wexler (13) have investigated systems of this type in 

which helium is admitted to a region in a cryostat for heat exchange 

and the region is then evacuated for insulation. The problem is that 

the ionization gauge, being in the warm portion of the system, does 

not measure the true pressure in the guard region. The only gas in 

the guard is helium, since all other materials are solid at cryostat 

temperature. In the gauge, however, the partial pressure of helium 

is a small part of the total pressure. During evacuation, the pres¬ 

sure in the guard continues to decrease long after the gauge indication 

has stabilized. It has been found that the heat leak through the inner 

guard can be made negligibly small by evacuating with the diffusion 



-26 - 

pump for 2 hours. It has also been found that a 30 minute evacuation 

is not sufficient. 

Using the helium-3 cryostat, superconductivity in the six pass 

molybdenum sample has been observed. The applied field was 15 oer¬ 

steds and the temperature was 0.65° K. With these conditions, the 

sample magnetization was such as to completely exclude the field. 
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V Future Work 

The equipment used to measure resistance of the carbon resistor 

will be modified so as to eliminate the effect of induced emfs. This 

can probably be accomplished by a combination of shunt capacitors, 

shields, and grounds. When the resistor is functioning properly as 

a thermometer, the operation of the cryostat can be more accurately 

evaluated. 

The magnetization of molybdenum will be measured as a function 

of applied field with the temperature held constant. This will de¬ 

termine whether molybdenum is a superconductor of type I or type II. 

The variation of magnetization with applied field will be measured 

over a range of temperature to determine the relationship between 

critical field and temperature. 
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