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I. INTRODUCTION 

The work described in this progress report consists of 

various experimental and theoretical investigations in a ^ 

broad area which may be called Solid State and Low Temperature 

Physics. The research is under the direction of Professors 

A. M. Goldman, L. H. Nosanow, W. V. Weyhmann, and W. Zimmermann, 

Jr., at the School of Physics and Astronomy in the Institute of 

Technology of the University of Minnesota and is supported by 

USAEC Contract AT(11-1)-1569. 

A brief discussion of the most important results which have 

been obtained during the current year is presented ih"the following 

paragraphs. - All of these contributions are discussed in 

more detail later on in this progress report. The reader is 

cautioned that some of the results presented here are tentative 

and may be subject to modification prior to publication. 

Experimental work on superconductivity is under the direction 

of Professor Goldman. The main result of this program has been 

the determination of the generalized susceptibility or pair-

field susceptibility associated with the superconducting phase 

transition. This quantity, which is measured in a Josephson 

tunneling experiment, cannot be obtained classically because of 

the quantum mechanical nature of the superconducting order 
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parameter. Experimental study of the pair-field susceptibility 

provides a unique probe of the theory of superconductivity. 

Other experiments in superconductivity include studies of the 

electrical conductivity due to fluctuations in high-T refractory 

compounds and the specific heat in the critical region in 

disordered films. The data in the electrical conductivity studies, 

which are close to completion, appear to be in good agreement with 

the Aslamazov-Larkin theory. The apparatus required fcr the 

heat capacity studies has been fabricated and is under test. 

Experimental work on crystalline He is also under the 

direction of Professor Goldman. The equipment required for this 

work is now fully operational and the heat capacity measurements 

which are the first phase of the work are now in progress. 

The Theoretical research on quantum crystals was under the 

direction of Professor Hosanow. The main result of this program 

has been the development of a deeper insight into the nature of 

the localized crystal wave function. This result has come about 

mainly through the use of the work of Herring to give a first-

principles understanding and evaluation of all existing work on 
3 exchange in crystalline He . It was further seen that every 

approach to the theory of quantum crystals had, in one way or 

another, introduced the idea of localization in a more or less 
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arbitrary way. It is now possible to design a straight-forward 

self-consistent approach to obtain localization. A full-

fledged general variational calculation to carry out this work 

is in progress. Additional research that is related to the above 

involved the study of the effects of the exchange operator on the 

macroscopic properties of the solid. This study was aimed 

initially at understanding unexpected results of recent 
3 measurements of dP/dT in crystalline He in a magnetic field. 

Our results tentatively indicate that a new interpretation must 

be given to existing measurements of the exchange integral and 

suggest that other properties of crystalline He will also be 

affected. It may be that these new measurements coupled with our 

interpretation will provide the first unambiguous experimental 

evidence for the existence of the exchange operator. 

Experimental research in the area of magnetism under the 

direction of Professor Weyhman, included nmr studies of Co alloys, 

nuclear orientation of dilute Mn in Cu and heat capacity measure

ments on YbFeO- in the spin-reorientation region. The structure 

of satellites produced on the cobalt nuclear resonance line in 

cobalt metal by dilute V, Cr, and Mn was studied. For the first 

time it has been possible to prepare samples which show a spectrum 

of lines from first, second, and third neighbor impurities. This 

data has been related to neutron diffraction measurements of the 



spatial distribution of the disturbance. In the nuclear 

orientation work, the dependence of the magnetization of dilute 

Mn in Cu on magnetic field in the high-field, low-temperature 

limit has been obtained. This is the first study of this 

dependence for a Kondo system in the T = 0 limit at field such 

that f/H)))kT . Finally, in collaboration with Professor 

Moldover and Mr. Sjolander, measurements were made of the heat 

capacity of YbFeO in the spin reorientation region. The shape 

of the heat capacity anomalies and their field dependences showed 

this transition to be a second order phase transition of the 

classical (or Landau) type. No evidence of lambda anomalies was 

found. This is the only phase transition other than the well-

known one in superconductors to have this character demonstrated 

unambiguously. 

Professor Zimmermann has been working on two aspects of 

liquid helium. The first is an experimental study of the quantum 
4 hydrodynamics of superfluid He . During the past year an 

apparatus has been put into operation which enables observation 

of the superfluid circulation around a fine wire while the wire 

and the helium container are in continuous rotation. While the 

measurements in rotation do not as yet show the same evidence for 

quantization of circulation as do earlier measurements at rest, 

they do reveal for the first time a region of stability of 
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circulation in rotation which should contribute to an under

standing of vortex-line dynamics in the rotating liquid. In a 
4 second experiment on the flow of superfluid He a new a.c. 

technique has been applied to the study of superfluid flow through 

tine channels and porous membranes. In recent preliminary ex

periments the technique has been used to measure critical 

velocities in both the low-temperature and intrinsic regions in 

small pores of rather well-known geometry, and, in the intrinsic 

region, to verify the proportionality between critical velocity 

and superfluid density first reported by Clow and Reppy. 

Observations are being extended to various types of porous 

membranes in a search for quantum flow properties lying outside 

conventional two-fluid hydrodynamics, in particular, those 

analogous to the d.c. Josephson effect in superconducting weak 

links. 

The other aspect of liquid helium under investigation is 
3 4 the thermodynamic behavior of He /He mixtures near the unusual 

junction of phase boundaries at T ~0.87 K and He mole fraction 

x ~0.67. The first stage of analysis of measurements of the 

specific heat of the liquid near the junction has recently been 

completed. It has been found possible to use these specific 

heat measurements with very little additional thermodynamic 
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information to give a rather complete thermodynamic picture of . 

the junction, and a second stage of analysis is under way in 

which critical behavior near the lambda curve "and junction is 

being investigated. At the same time a more direct experimental 

approach is being taken in investigating this critical behavior 

in the superfluid region. This approach involves measurement of 

the differential osmotic pressure of the liquid. These investi

gations are significant because of .the near uniqueness of the 

junction as a type of critical point and the current theoretical 

interest in it. There is also the fundamental question as to 

whether the basic nature of the lambda transition remains the 

same along the entire length of the lambda curve despite the 
3 renormalization which occurs in some of its properties as He 

is added. 



II. DESCRIPTION OF RESEARCH 

SUPERCONDUCTIVITY. 

1. Pair-Field Susceptibility (Experimental) 

There is an excess current due to fluctuations in tunneling 

junctions in which one side of the junction is a superconductor 

just above its transition temperature and the other side is a 
2 3 4 second superconductor well below its transition temperature. ' ' 

This excess current is a direct measure of the frequency and 

wave-number dependent generalized susceptibility of a super

conductor, which may be called the pair-field susceptibility. 

The frequency dependence of the pair-field susceptibility is 

given by the d.c. bias voltage across the junction through the 

Josephson relation and the wave-number dependence is related to 

the value of the magnetic field applied parallel to the plane of 

the junction. The pair-field susceptibility cannot be measured 

classically because of the unusual quantum mechanical nature of 

the superconducting order parameter. Its determination by 

tunneling gives directly the order-parameter fluction spectrum 

in metals about to become superconducting as it is directly 

proportional to the inverse of the space-time Fourier transform 

of the generalized time-dependent Ginzburg-Landau equation 

governing the fluctuations. 
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We have extended our previous studies of the excess current 

in tin-lead junctions to aluminum-lead structures obtaining 

clearer data. The possibility of varying impurity concentration 
5 in a controlled manner in evaporated aluminum films has permitted 

us to initiate a systematic investigation of the impurity dependence 

of the susceptibility. Measurements of the magnetic field depen

dence of the excess current have been carried out on dirty-limit 
» , j ^ _ ^ > ^ — - 1 . 

6 aluminum films with results consistent with the theory of H. T. Tan 

which predicts a magnetic field independent peak voltage in the 

dirty-limit. The theory of Tan also explains pathological peak 

voltage-field data in tin-lead junctions! 

The relatively low transition temperatures of aluminum films 

have allowed us to carry out measurements in a regime in which the 

ouasiparticle tunneling current is small in comparison with the 

excess current due to fluctuations. The major consequence of this 

is an enhancement cf the effective signal to noiee ratio in the 

measurements. This has permitted_us jfcp.study the excess current 

at temperatures several degrees above T and has produced a 

partial clarification of discrepancies between theory and the 

experimental value for the pair relaxation frequency found in our 

earlier studies of tin-lead junctions. In those studies, measure

ments were confined to temperatures no greater than 20 mK above T . 
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In this region the relaxation frequency was found to be 50 percent 

greater than the theoretical value. In the recent work on 

aluminum-lead junctions, a similar, although larger discrepancy 

was observed in the immediate vicinity of T . However, when 

measurements were made over the extended range of temperatures 

possible in lead-aluminum junctions, experiment and theory were 

found to be in good agreement. We are currently testing models 

of the anomalous behavior near T which involve both the proximity 

effect and quasiparticle noise. 

A final consequence of our being able to work in a region 

in which the quasiparticle current is small has been the 

observation of negative resistance behavior in some junctions. 

I-V characteristics resemble those of tunnel diodes but are 

symmetric in current and voltage. 

1. J. T. Anderson and A. M. Goldman, Phys. Rev. Letters 25. 743 

(1970); J. T. Anderson, doctoral dissertation, University 

of Minnesota 1971 (unpublished) (USAEC Report C00-1569-77)? 

A. M. Goldman, Invited talk, March Meeting of the American 

Physical Society, Cleveland (1971) (USAEC Report C00-1569-78). 

2. R. A. Ferrell, J. Low Temp. Phys. 1, 423 (1969). 

3. D. J. Scalapino, Phys. Rev. Letters 24, 1052 (1970). 

4. H. Takayama in Proceedings of the Twelfth International 

Conference on Low Temperature Physics, E. Kanda, efl., 
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Academic Press of Japan (1971) p. 267? K. Yoshihiro and 

K. Kajimura, Phys. Letters 32A. 71 (1970). 

5. K. Kajimura and N. Mikoshiba, J. Low Temp. Phys. 4_, 331 (1971) 

6. H. T. Tan (unpublished). 

7. P. A. Lee and M. G. Payne, Phys. Rev. Letters 26. 1537 (1971). 

8. D. J. Scalapino (private communication). 

2» Pair-Field Susceptibility (Theoretical) (J. T. Anderson, 

A. M. Goldman and H. T. Tan) 

1 2 A simple model ' which relates the excess-current voltage 

characteristic to the pair field susceptibility has been 

developed. The model, which is based on the time-dependent C"-V"--—— V 3 Ginzburg-Landau equation and linear-response theory is completely 
4 5 equivalent to microscopic theories ' . It highlights the physical 

similarity between tunneling experiments which probe the pair-

field susceptibility in superconductors and magnetic absorption 

experiments, which give the magnetic susceptibility of mag

netically ordered systems. 

A calculation of the magnetic field dependence of the pair-
6 7 susceptibility using the generalized Ginzburg-Landau equation * 

g 
has also been carried out. In this calculation, the suscepti

bility is obtained in a representation which uses Weber functions. 
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The latter are the eigenfunctions appropriate to the problem of 
9 

a superconducting film in a parallel magnetic field. The agree
ment with experiment is remarkably better than that obtained 
using the susceptibility calculated for zero magnetic field with 
the applied field taken into account in the quasiclassical 

4 approximation . The use of the generalized Ginzburg-Landau 

equation also provides a theoretical framework for systematic 

study of the variation of the susceptibility with impurity 

concentration. 

1. J. T. Anderson, doctoral dissertation University of Minnesota 

(1971), unpublished USAEC report C00-1569-77. 

2. A. M. Goldman, Bull. Am. Phys. Soc. II 16, 306 (1971) 

(USAEC Report COO-1569-78). 

3. R. Kubo in "Lectures in Theoretical Physics," Vol. I, Chapter 

4, Interscience, New York 1959 and J. Phys. Soc. Japan 12. 

570 (1957). 

4. D. J. Scalapino, Phys. Rev. Letters 24, 1052 (1570). 

5. H. Takayama in Low Temp. Physics LT-12, E. Kanda ed., 

Academic Press of Japan (1971) p. 267. 

6. A. Schmid, Physik, Kondens Materie 5_, 302 (1966), E. Abrahams 

and T. Tsuneto, Phys. Rev. 152. 416 (1966). 

7. N. R. Werthamer in Superconductivity Vol. I, R. D. Park ed. 

(Marcel Dekker, Inc. 1969) Chapter 6. 
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8. H. T Tan (to be published). 

9. D. Saint-James, E. J. Thomas and G. Sarma, Type-II 

Superconductivity, Pergamon Press 1969, Chapter IV. 

3. Critical Behavior of Superconductors; The Specific 

Heat (J. C. Solinsky and A. M. Goldman) 

The characterization of the critical behavior of super

conductors should provide an important test of general ideas 

relating to, phase transitions. In contrast to the situation in 
1
 2 pure bulk materials, it is clear that the critical region should 

be experimentally accessible in dirty superconducting materials 
3 4 and in systems of reduced dimensionality. ' We have proposed 

to investigate the behavior of "two dimensional" dirty films 

in the critical region by carrying out high resolution measure

ments of the specific heat. The anticipated heat-capacity anomaly 

should be the simplest manifestation of critical fluctuations. 

We have proposed that disordered free-standing aluminum 

films be used as samples and have developed techniques for the 

fabrication and handling of these films. Because of the small 

heat capacity of the samples a.c. methods are required to separate 

the thermal behavior of the films from the background. We plan 

to heat at 50-100 KHZ a frequency lower than our estimate of 
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the film thermal relaxation frequency, but higher than the film-

support relaxation frequency. We have developed and tested an 

optical heating system which functions at liquid helium temper

atures and which employs gallium arsenide-phosphide light 

emitting diodes. 

Required high-resolution thermometry will be attained using 

the resistance-temperature characteristics of the samples. After 

calibration,the d .c. resistance can be used to determine the 

average temperature and the component of resistance fluctuating 

at the modulation frequency of the light source can be used to 

calculate the heat capacity. These resistances can be measured 

by supplying a small d.c. current to the sample and measuring 
7 

the resultant voltage with a sensitive voltmeter based on a 

radio frequency Superconducting Quantum Interference Device 

(SQUID). We have fabricated a SQUID electronics package 

capable of handling both the high frequency (50-100 KHz) and 

d.c. signals. We have also fabricated several SQUID devices from 

Nb and NbTi for use in these experiments. 

The cryostat housing the sample holder SQUID device and 

light emitting diode has been assembled and leak checked. A 

triple magnetic shield has been obtained which reduces the 

earth's magnetic field to levels below 4 x 10 G. A resistance 

bridge capable of regulating sample holder temperatures to 
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—6 * 5 x 10 K r.m.s. has also been assembled. 

1. R. A. Ferrell, J. Low Temp. Phys. 1, 241 (1969). 

2. D. J. Thouless, Ann. Phys. 10. 553 (1960). 

3. J. P. Hurault and K. Maki, Phys. Rev. B2, 2560 (1970). 

4. S. Grosemann and P. H. Richter, Physics Letters 33A. 39 

(1970). 

5. P. Sullivan and G. Seidel, Phys. Rev. 173. 679 (1968). 

6. J. C. Solinsky, Rev. Sci. Instr. 41, 1886 (1970). 

7. J. E. Lukens, R. J. Warburton, and W. W. Webb, J. Appl. Phys. 

42. 27 (1971). 

8. Williams Mfg. Co., San Jose, California. 

4. Thermal Fluctuations and the D. C. Josephson Effect 

(J. T. Anderson, R. Carlson and A. M. Goldman) 

Thermal fluctuations have important effects on the I-V 

characteristics of crossed-film Josephson junctions whenever the 
1 2 3 4 net coupling energy is the order of thermal energies. * * * 

This problem received no direct experimental attention in the 

past year as all resources which could be applied to problems 

relating to crossed-film junctions were devoted to the pair-field 

susceptibility experiment which is carried out in the same 

apparatus. Some data was obtained as a by-product of the pair 
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susceptibility experiment. This data, which is currently being 

analyzed, consists of I-V characteristics rounded by thermal 

fluctuations, obtained under conditions in which both halves of 

a junction used in the pair-field experiment were.superconducting 

at temperatures just below T of the low-transition temperature 

half of the junction. 

Detailed measurements directed specifically to the study of 

the phase-fluctuation problem are currently under way as a new 

detailed theoretical analysis of the problem in crossed-film 
. 5 junctions in the limit of large capacitance is now available. 

1. J. T. Anderson and A. M. Goldman, Phys. Rev. Letters 23. 

128 (1969). 

2. Yu. M. Ivanchenko and L. A. Zil'berman, Zh. Eksper. i. 

teor. Fiz. 55_, 2395 (1968)1 English Translations Soviet 

Physics JETP 28. 1272 (1969).] 

3. J. T. Anderson and A. M. Goldman, Proceedings of the 

Conference on the Science of Superconductivity, Stanford 

University (1969) (to be published in Physica). 

4. Yu. M. Ivanchenko and L. A. Zil'berman, Zh. Ekasper i Teor. 

Fiz. 58, 211 (1970). 

5. Patrick A. Lee, Journ. Appl. Phys. 42, 325 (1971). 
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5. Superconductivity of the Transition Metal Dichalcogenides 

(A. M. Goldman) 

We proposed to explore the possible two-dimensional nature 

of superconducting transition metal dichalcogenides intercalated 
1 2 with organic molecules ' by studying the resistive transitions 

of the materials and searching for the broadening due to 

fluctuations that might be associated with a system of reduced 

d imens ionality. 

Sample crystals of TaS and NbS prepared by L. Conroy of 

the University of Minnesota Chemistry Department looked promising 

in that they were not mixtures of polymorphs. Unfortunately, 

a survey of the electrical properties of these materials showed 

no superconductivity down to 1.3 K. As both of these materials 
3 are known superconductors in the range covered, we were forced to 

suspend cryogenic studies to await the development of the more 

extensive materials program in the Chemistry Department in this 

area which would be required to support our, efforts. 

1. F. R. Gamble, F. J. Disalvo, R. A. Klemm and T. H. Geballe, 

Science 165, 568 (1970). 

2. Wo E. Lawrence and S. Doniach in Proceedings of the Twelfth 

International Conference on Low Temperature Physics. 

E. Kanda, editor, Academic Press of Japan 1971, p. 361. 

3. M. H. Van Maaren and H. B. Harland, Phys. Letters 29A. 571 

(1969) . 
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6. Effects of Fluctuations on the Resistive Transitions 

of Strong-Coupling Films (L. Abad and A. M. Goldman) 

The present understanding of the effects of fluctuations on 

the resistive transitions in superconductors exists on two levels, 

a phenomenological level and a microscopic one. The phenomeno-

logical theory makes definite predictions on the high temperature 

side of the resistive transition. There is qualitative and in 

some cases quantitative agreement of experiment with theory. The 

discrepancies relate to precise values of constants which are in 

principle obtainable from first principles using the microscopic 

theory. The theoretical situation relating to the microscopic 

theory is somewhat cloudy. The Aslamazov-Larkin theory has been 

considered to be incomplete as the so-called "Maki terms" were 
2 3 

omitted. Thompson attempted to rectify matters by constructing 
a theory valid in the presence of a small pair breaking parameter. 

4 5 6 7 Tftere are several experiments ' > * which appear to be consistent 

with his theory. In these experiments, the nature of the trans

ition is investigated as a function of a pair breaking parameter 

where the latter is varied by adjusting the impurity concentra

tion or by applying a magnetic field parallel to the film plane. 

An additional complication is the recent theoretical work by 
8 A. Schmid which casts some doubt on the Maki-Thompson form of 
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the theory. Schirid claims that the Maki terms are not present 

in the dirty limit when the impurity problem for a supe r-

conductor is treated using a valid transport theory. 

We have continued our studies of the resistive transitions 

of refraction metal and compound superconductors possessing high 

transition temperatures with a view towards testing the micro-
9 scopic theory. Our measurements on Nb Q,Ti N films agree with 

the phenomenological theory in that the predicted change in 

temperature-dependence of the conductivity corresponding to the 

transition between the two and three dimensional forms of the 

excess conductivity due to fluctuations is observed. The results 

cannot be used for detailed comparison with the microscopic theory 

as their interpretation relies on the use of a temperature-

dependent normal resistance obtained by an extrapolation from 

high temperatures. 

In our recent work we measured R(T) and R(H) at fixed T of 

several films of NbN, NbC, and Nb prepared using sputtering 

techniques by workers in the school of Materials Science at the 

University of Minnesota. All of these films have short 

conduction-electron mean-free paths and have extremely small 

temperature dependent normal resistances above T . Characteriza

tion of the normal resistances near T was carried out by 
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studying R(H) in perpendicular fields. All of the films studied 

appeared to be homogeneous on the scale of the coherence length 

and were mechanically and chemically stable. They could be 

cycled between liquid helium and room temperatures without 

noticeable effects. The combination of High T and large 

sheet resistance produced a transition so wide that accurate 

measurements could be made easily, AS in our previous work 
dHc (T) 

measurements of 2—«_,— were used to obtain the temperature-
dT 

dependent coherence length £(T). 

Preliminary analyses indicate that it is possible to fit the 

data to the Aslamazov-Larkin theory in every case, but in no 

instance is it possible to achieve a reasonable fit to the Maki-

Thompson theory. A detailed analysis is in progress and results 

will be published upon its completion. 

1. L. G. Aclamazov and A. I. Larkin, Fiz. Tverd. Tela 10. 1104 

(1968). (English translations Soviet Physics Solid State 

10, 875 (1968). Physics Letters 26A 238 (1968). 

2. K. Maki, Progr. Theoret. Phys. (Kyoto) 39, 897 (1968)? 40, 

193 (1968). 

3. R. S. Thompson, Phys. Rev. Dl, 327 (1970). 

4. J. E. Crow, R. S. Thompson, M. A. Klenin, and A. K. Rhatnagar, 

Phys. Rev. Letters 24, 371 (1970). 
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5. W. E. Masker and R. D. Parks, Phys. Rev. Bl. 2164 (1970). 

6. K. Kajimura and N. Mikoshiba, J. Low Temp. Phys. 4, 331 (1971) 

7. A. K. Bhatnagar, P. Kahn and T. J. Zammit, Solid State 

Communications 8, 79 (1970). 

8. A. Schmid, Z. Phys. (Germany) 243. 346 (1971). 

9. A. M. Goldman, F. M. Schaer and L. Toth, Solid State 

Communications 9_, 557 (1971). 
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B. EXPERIMENTAL STUDIES OF THE PROPERTIES OF CRYSTALLINE HE 

1. Heat Capacity Measurements (P. Kreisman and A. M. Goldman. 

We have continued to work on the investigation of the heat 
3 capacity of solid He below 0.5 K to determine its dependence on 

4 molar volume, He concentration, and magnetic field. These 

measurements should provide a detailed characterization of the 
3 heat capacity anomaly in solid He which has been the subject of 

1—8 considerable experimental and theoretical interest. 

All of the apparatus required for this study has been 

fabricated and experiments are currently under way. Heat leaks 

to the sample chamber, and the heat capacity of an empty 
3 chamber have been measured. The heat capacity of liquid He 

has also been measured to test the calorimeter. Actual studies 
3 of solid He are in progress and results will be reported when 

they are of appropriate quality. 

In these measurements, low temperature thermometry is being 

carried out by measuring the radio frequency susceptibility of 
9 powered CMN. The CMN sample is placed in the coil of a tank 

circuit which is the frequency determining element of a low-

level all solid-state Robinson oscillator. The frequency shift 

of the oscillator is proportional to the reciprocal of the 

absolute temperature. Primary calibration is carried out using 
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3 

the vapor pressure of He below 2K. The CMN thermometer is capable 
-3 of resolving temperature changes as small as 10 K at 1 K and 

10 K at 100 mK. One such thermometer is attached to the 

mixing chamber of the dilution refrigerator. A second, is built 

into the Epibond 100 A sample chamber. 

1. H. H. Sample and C. A. Swenson, Phys. Rev. 158. 188 (1967). 

2. R. C. Pandorf and D. O. Edwards, Phys. Rev. 169. 222 (1968). 

3. P. No Henricksen, M. F. Panczyk, S. B. Trickey and E. D. 

Adams, Phys. Rev. Letters J23, 518 (1969). 

4. W. C. Thomlinson, Phys. Rev. Letters 23., 1330 (1969). 

5. C. M. Varma, Phys. Rev. Letters 24, 203 (1970). 

6. R. A. Guyer, Phys. Rev. Letters, 24, S10 (1970). 

7. H. Horner, Phys. Rev. Letters 25, 147 (1970). 

8. H. B. G. Casimir and F. K. Dupre, Physica 5_, 507 (1938). 
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C. THEORETICAL WORK ON QUANTUM CRYSTALS 

1. General Discussion 

During the past year, our conceptual understanding of the 

fundamentals of the theory of quantum crystals has increased 

considerably. This has come about mainly through the work of 

Dr. A. K. McMahan on the derivation of the exchange Hamiltonian 

for crystalline helium. An important result of this work (which 

was implicit in the basic work of Herring) was to show how, in 

all likelihood, a localized solution could be constructed for 

the true Hamiltonian for a system of helium atoms. Ther.e 

localized functions were called home-base functions by Herring. 

It is clear that in standard lattice dynamics, the phonon vave 

function is a home-base function. From this result it follows 

that all of the theoretical work on crystalline helium has been 

aimed at the calculation of an approximate home-base function for 

this solid. Both variational and perturbative approaches have 

been used. In all cases, there was a difficulty in determining 

the localization of the wave function in an appropriate way. In 

fact, seemingly small changes in many of the previous calculations 

can be shown to change the seemingly good agreement with experiment 

to very poor agreement with experiment. 
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It now seems clear that the proper way to do the calculation 

is to determine the localization of the system by a self-

cons istant procedure. Thus, the approach taken in the early 

paper of Nosanow and Shaw was, in fact, correct in principle, 

although inadequate because it did not include either collective 

excitations or short-range correlations. The calculation that 

is in progress by Mr. W-L. Lim is aimed at giving a variational 

calculation of the ground-state energy by solving the general 

two-body variational calculation, allowing for both the collective 

excitations and the short-range correlations. This calculation 

is fully programmed, and it is at present being debugged. We have 

every expectation that this program will be successful in the 

near future. We, hope that it will form the best starting-point 

for a systematic perturbation analysis of quantum crystals which 

would bring in the well-known anharmonic effects. 

2. Critique of Recent Theories and Monte Carlo Calculation 
3 of Exchange in Solid He (A. K. McMahan) 

Over the last ten years, a number of dissimilar and in some 
3 cases conflicting theories of exchange in solid He have appeared 

1-5 in the literature. It is pointed out that a fundamental 
3 

theory of exchange in solid He exists which yields general ex
pressions for the matrix elements of the exchange operator. The 



25 

theory constitutes an extension of Herring's work on electronic 

exchange, which is also the approach used by Thouless. The 

expressions for the matrix elements of the exchange operator 

appear as many-body integrals. The results of the various theories 

follow systematically from these expressions according to various 

approximations. These theories are seen to be basically calcu

lating the same quantities, and their major differences are seen 

to lie in their prior treatment of the lattice dynamics. 

One approximation made by most of the theories is to 

calculate the exchange frequencies using two-body integrals which, 

in particular, neglect the short-range correlations of an ex

changing pair with their surrounding neighbors. A test of this 

approximation is reported. The T = 0 nearest-neighbor exchange 

frequency is calculated by Monte Carlo integration of the full 

many-body surface integral expression, using the Nosanow-type 

wavefunction. This exchange integral as it stands is not amenable 

to practical computation by the Monte Carlo method, in that it 

would attempt to calculate an extremely small number in a 

statistical manner. Variable transformations are used to analyti

cally remove these small factors from the integration. The calcu

lation has been performed for different densities, and compared to 

the results of the two-body approximation to the full integral. 

The results of the full integral are considerably smaller in 



magnitude, though of a much improved density dependence, than 

those of the two-body approximation. It is concluded that the 

many-body approximation. It is concluded that the many-body 

effects are important to the exchange process. 

1. L. H. Nosanow and W. J. Mullin, Phys. Rev. Letters 14. 133 

(1965). 

2. D. Thouless, Proc. Phys. Soc. 86, 893 (1965). 

3. L. H. Nosanow and C. M. Varma, Phys. Rev. 187. 660 (1969). 

4. R. A. Guyer and L. J. Zane, Phys. Rev. 188. 445 (1969). 

5. C. Ebner and C. C. Sing, preprint (1971). 

6. C. Herring, in Vol. II of Magnetism, edited by G. Rado and 

H. Suhl, Academic Press, Inc., New York (1968). 

3. Two-Body Variational Calculation (W-L. Lim and L. H. 

Nosanow) 

In the usual Hartree approximation, the essential idea is 

that each particle moves in a self-consistent field due to all 

of the other particles. A natural extension of this idea would 

be to consider the motion of a pair of particles in a two-

particle self-consistent field. Such an approach has been 

developed from a variational calculation using a trial function 

that is a product of pair functions f... When the energy is 
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varied with respect to each f.., there results an equation in
volving F. ., F. ., and F. .. „, the two, three and fourparticle 

3 I J ' 13k lijkt' ' * 
distribution functions. One can also write the BBGKY equation 
which involves f. ., F. . and F. ., . It is to be expected that 

ID ID JO
k 

when r. . ■= R. . (the lattice vector between particles i and j , 
ivjj 

F.. (r..) = $. . (r..), the twoparticle distribution function 
13 ~ij 13 ~ij 
for phonons. Thus, we may define F. . = 4>. . G. . and approximate 

F. ., = <t>. ., G. . G G.v, where <t>. ., is the threeparticle phonon 
13k D̂*̂  ̂D ̂k 3^ ijk 

distribution function. With these approximations, one obtains 

two coupled nonlinear integrodifferential equations for f.. and 

F. .. We have shown that earlier approaches of Nosanow and Guyer'' 

are approximations to these more general equations. After much 

work, the calculation has been developed to the point where it 

is beginning to yield useful results. In particular, it seems 

that the BBGKY equation converges much more rapidly for the solid 

than for the liquid. 

1. L. H. Nosanow, Phys. Rev. 146. 120 (1966). 

2. R. A. Guyer, Solid State Physic3. Vol. 23, edited by F. Seitz, 

D. Turnbull and H. Ehrenreich, Academic Press, New York 

(1969). 
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4. Effects of the Exchange Operator on the Properties 
3 of Crystalline He (L. H. Nosanow, W. Hsu and 

A. K. McMahan) 

The concept that the exchange Hamiltonian for Crystalline 

helium contained, instead of the exchange integral J, the exchange 

operator U- was developed by Thouless and later by Nosanow 
27' 3 

and Varma. It was later suggested by Varma that the effects 
of the exchange operator might explain the heat-capacity 

3 anomaly in crystalline He ; however, this suggestion has not been 
4 substantiated. Recently, Kirk and Adams measured dP/dT for 

3 
crystalline He in the presence pf a magnetic field for tempera
tures in the 10 to 20 millidegree range. They found that the 
effects of the magnetic field were hot as large as had been ejc 
pected on the basis of a straight-forward calculation using the 
exchange integral. We have studied this problem and come to 
the conclusion that their results can be understood on the basis 
of the effects of the exchange operator. The essential point is -
that, when one calculates the contribution to the -pressure of 
the system using the exchange operator/formalism, one finds that, 
to leading, order, the exchange operator occurs it* two different 
kinds of terms - Tr(,jQ) and Tr(mj(T) {-j) . If Q- w^re a number-the 
second term would just be the square of the .firat. Since it 
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is an operator, the second term is greater than the square of 

the first one. It is this difference which we believe accounts 

for the observed discrepancy. An approximate calculation of these 

terms is in progress. 

1. D. Thouless, Proc. Phys. Sec. 86. 893 (1965). 

2. L. H. Nosanow and C. M. Varma, Phys. Rev. 187. 660 (1969). 

3. C. M. Varma, Phys. Rev. Letters .24, 203 (1970). 

4. W. P. Kirk and E. D. Adams, Phys. Rev. Letters 27, 392 (1971). 

3 4 
5• Theory of the Diffusion of He in Crystalline He 

3 Containing Low Concentrations of He (W-T. Huang 
and L. K. Nosanow) 

Recently, Richardson and coworkers have studied spin-lattice 
3 4 relaxation in systems with small concentrations of He in He . A 

startling result of their investigations arose from their inter

pretation of the data when they found that the logarithmic 

derivative with respect to nearest-neighbor distance of the 
3 4 "exchange constant" for He -Ke exchange was of the order of 30. 

This is to be compared to the logarithmic derivative of exchange 
3 in He , which is of the order of 15. Such a strong density 

dependence is not easily understood and clearly worthy of study. 
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3 4 
We have formulated the problem in terms of one He atom in a He 

lattice and have calculated the energy spectrum of the impurity 

waves. We are in the process of calculating the effects of these 

impurity waves on the spin-lattice relaxation time. In the future 3 4 it is planned to calculate the "He -He exchange" to try to 
understand the nature of this large density dependence . 

1. A. S. Greenberg, W. C. Thomlinson and R. C. Richardson, 

Phys. Rev. Letters 27, 179 (1971). 
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D. OTHER THEORETICAL WORK. 

3 1. Static Structure Factor of Liquid He (H. T. Tan) 

The relation S (k) = ~ — as k-*0 is derived for Fermi 
0 liquid in the strong-coupling limit. S (k) is the contribution 

to the static structure factor S(k) from the zero sound 

excitation with velocity c . Together with simple sum rule 

arguments, some upper and lower bounds on S(k) are presented. 

This paper has been published in Physical Review A4, 256 (1971). 

3 4 2. Spin Waves in Dilute Solutions of He in He and 
3 in pure Liquid He (H. T. Tan and J. W. Halley) 

A continuous wave nuclear magnetic resonance experiment is 
3 4 suggested to observe spin waves in He -He dilute solutions 

3 and pure liquid He . These spin waves should be detectable for 

temperatures of about 20 m K and magnetic fields of about 20 kG. 

This paper has been accepted for publication in Physics Letters. 

Sum Rules for a Binary Solution and Effective 

Interactions between He Quasiparticles in Superfluid 
4 He (H. T. Tan, C-W. Woo and F. Y. Wu) 

Sum rules are derived for dynamic structure factors for a 
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3 4 binary solution and applied to Woo-Tan-Massey theory of He -He 

solutions. We demonstrate that in the long wave length region 
3 the effective He quasiparticle interaction V contains no 

2 linear k dependence? i.e., V7 -*A+Bk as k-&0. This result is 

exact and requires no empirical information. It is consistent 

with the expression of V assumed by Eckstein, Eckstein, Kuper 

and Ron. This paper has been accepted for publication in the 

Journal of Low Temperature Physics. 

4. Magnetic Field Dependence of the Pair-Field 

Susceptibility of Superconductors (H. T. Tan) 

Based on a detailed study of the generalized Ginzburg-

Landau equation, we have calculated the voltage and magnetic 

field dependences of the pair current. This calculation is then 
1 applied to reanalyze the experiment of Anderson and Goldman. 

Some discrepancies from previous analysis are removed, in 

particular, the magnetic dependence of the peak voltage. This 
paper will be submitted with the experimental paper by Carlson 
and Goldman to the Phys. Rev. Letters. 

1. J. T. Anderson and A. M. Goldman, Phys. Rev. Letters 25. 

743 (1970). 
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1. Nuclear Magnetic Resonance Studies 

a. Impurities in Cobalt Metal (J. Aslam and 

W. Weyhmann) 

We have completed our studies of dilute Cr, V, and Mn in 

cobalt metal utilizing the satellites produced on the main 

resonance line of cobalt by the impurity. The Cr and V impurities 

cause the appearance of three resolved satellite lines and an 

unresolved background between these. We believe this structure 

can be explained as changes in the local cobalt environment by 

the presence of a nearest, next nearest, or third nearest 

neighbor impurity. The nearest neighbor Cr or V impurity gives 

rise to the pair of lines split farthest from the unperturbed 

host resonance line, the splitting being the result of dipolar 

and pseudodipoiar effects predicted by Murray and Marshall. 

The third satellite observed is very close tOvthe unperturbed 

host line and is the splitting due to third neighbor impurities. 

The unresolved background between the distant pair and close 

satellites is probably the contribution of second neighbors split 

by the Murray-Marshall effect. The intensities of the lines in 

these three groups agree with those expected on statistical 
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grounds. These observations are the.first on such alloys in 

which such reproducible detail has been obtained, allowing 

clarification of previously conflicting data by other observers 

and confirmation of theories of the nmr shifts by comparison with 
2 

neutron diffraction data. Mn produces only a single resolved 

satellite, probably reflecting a highly localized perturbation. 

1. G. A. Murray and W. Marshall, Proc. Phys. Soc. 86, 315 (1965). 

2. J. W. Cable and T. J. Hicks, Phys. Rev. B2, 176 (1970). 

b. Sublattice Magnetizations in Mn0Sb (C-P Hu, H-T Tan, 

and W. Weyhmann) 

A few years ago R. W. Houghton and W. Weyhmann made rough 

measurements of the nmr frequencies of the two manganese sites in 
ly i 
3/2 

Mn Sb as a function of temperature. It was immediately noticed 

that one of the two si.tes did not display the usual T" 
5/2 

behaviour and was later shown to approximate a T behaviour 

from 0 to 150 K. Dr. Tan has now set up a two sublattice model 

from which the basic features of the observed behaviour can be 
5/2 

obtained. In brief, it is shown that the apparent T dependence 

is actually an approximation to the exact and more complicated 

dependence in the presence of coupled sublattices with a rather 

low exchange splitting of 40 to 50 K. 
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Experimentally, we have completed and wired up the variable 

temperature, nmr probe reported in last year's progress report. 

A moderately high resolution resistance.bridge has been constructed 

and germanium and platinum resistance thermomenters for precision 

thermometry acquired. (The platinum resistance thermometer was 

kindly given to us by Minco, Minneapolis, Minn.) Completion of 

the experimental measurements to high precision both in temperature 

and nmr frequency is expected this summer. 

1. R. W. Houghton and W. Weyhmann, A. E. C. Report C00-1569-29 

(1968). 

2. Heat Capacity Measurements in the Spin Reorientation 

Region (W. Weyhmann in collaboration with M. Moldover 

and G. Sjblander) 

Work on the very interesting spin reorientation phase 

transition in YbFeO was completed this past spring. The heat 

capacity was measured from about 2 to 15 K and the anomaly associ

ated with the reorientation itself carefully studied with regard 

to its magnetic field dependence. The result was most surprising: 

the transitions in orientation of the magnetization (one at 0 

and the other at 90 with respect to the c axis) are thermo-

dynamically Landau type second order transitions rather than the 
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much more common X-type. (Up to this work, only superconductors 

were known to have second order transitions with finite heat 

capacity discontinuities.) Thus, the reorientation process must 

be well described by a mean field approach. The most convincing 

evidence supporting this point of view is the linear dependence of 

the transition temperatures on the magnetic field. It is gratifying 
2 indeed that the work begun in this laboratory, which led to a 

3 successful theory of this phase transition, has now finally \ 
V 

culminated in a confirmation of those results in a most critical 

way. 

1. M. R. Moldover, G. Sjolander, and W. Weyhmann, Phys. Rev. 

Letters 26, 1257 (1971). 

2. R. W. Houghton and W. Weyhmann, Phys. Rev. Letters 20. 842 

(1968). 

3. H. Horner and C. M. Varma, Phys. Rev. Letters 20. 845 (1968). 

3. Nuclear Orientation Experiments 

142 a. Pr in Pr Metal (C. Smith and W. Weyhmann) 

The magnetic structure of Pr metal has recently been un-
1 2 raveled by neutron diffraction work on single crystals. ' This 

work includes obtaining the magnetic field dependence of the 

moments in fields to 40 kG. By assuming that the magnetic 
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structure of polycrystalline material is not very different from 

that of the single crystals in fields of 20 to 40 kG, we find 

that only one of the solutions for the beta decay matrix elements 

of this interesting first forbidden beta decay resulting from 
3 the work or Hess et al. can fit our nuclear orientation data. 

Thus, within the £ approximation, a unique solution for the matrix 

elements is now available for theoretical analysis. 

1. J. Johansson, B. Lebech, N. Nielsen, H. Bjerrum Moller, and 

A. R. Mackintosh, Phys. Rev. Letters 25_, 524 (1970). 

2. B. Lebech and Bo D. Rainford, Suppl. to J. de Physique 3J2 

Cl, 370 (1971) (Proc. 7th Int. Conf. on Magnetism, Grenoble 

1970). 

3. R. Hess, P. Lipnik, Chs.-Fs. Perdrisat, and J. W. Sunier, 

Nuclear Phys. 54, 673 (1964). 

60 Co in Au. Cu. and AuCu Alloys (R. J. Holliday 

and W. Weyhmann) 

Extensive measurements of the dependence of the effective 
60 field at the nucleus of Co as a function of applied fields to 
fin 40 kG were made with the Co as an impurity in Au, Au Cu, AuCu, 

AuCu , and Cu. High purity starting materials were used and the 

purity was maintained throughout the handling of them. Our 
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results show that the Knight shift, K = (B ^ - B )/B . is 
, eff o ' o* 

positive and increases monotonically from 7 ± 34, for the Cu host 
to 38 t 2$ for the Au. Since the increase from Cu to Au is 

monotonic and since it is well established that very little moment 

exists on Co impurities in Cu, we conclude that the shift 

represents a small, positive hyperfine interaction and that either 

the strength of the hf interaction increases greatly as one goes 

from Cu to Au as a host or the Kondo temperature for Au is much 

smaller than for Cu hosts or both. (For Fe in these hosts the 

Kondo temperature is much lower in Au than in Cu.) Wada and 

Asayama have recently obtained -i-5.2±0.2$ for the Knight shift of 

Co in Cu using nmr in the 1-4 K range, in agreement with our 

results. 

1. Shinji Wada and Kunisuke Asayama, J. Phys. Soc. Japan 30. 

1337 (1971). 

c' High-Field Behaviour of Very Dilute Mn in Cu at 

Very Low Temperature (R. J. Holliday, R. Swinehart, 

and W. Weyhmann) 

Of the known systems showing Kondo or LSF behaviour, Mn in Cu 

is one of the most interesting available for study. The Kondo 

temperature is very low and yet still in a region presently readily 
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accessible (60 to 70 mK). Because of this Kondo temperature, it 

is possible to achieve fields for which u ̂JBrt»kT and at the c *eff 0 K 
same time temperatures T«T . Thus, it is the optimum j:hqice 

for studying the magnetic saturation of a Kondo system. We have 
*r£^^j^zHvy~t"''^"tJie~'f,v ■fVJ"°y"'*Z ^*t>Tfiw WMMte ■*;J~M.J,*W, „ 

carried out such observations at temperatures down to 10 mK 

(T^ T /6) and fields up to 40 kG (uB/kT ~175) by measuring the 
I\ ' K 

54 
hyperfine field using nuclear orientation of Mn. The con

9 54 
centration of Mn introduced is about 10 since Mn is available 

carrier free. We have found that internal oxidation of the Mn 

is a serious problem in the preparation of reliable samples and 

took great care (such as baking the Cu in a hydrogen atmosphere 

to eliminate the oxygen prior to the introduction of the Mn 

and the storing of the samples in liquid nitrogen) to eliminate 

its deleterious effects. The results of these measurements show 

that saturation is approached only very slowly and has not been 

achieved at 40 kG and that it is essential to work at the lowest 

possible temperature in order to observe the T = 0 limit as a 

temperature dependence of the results becomes apparent between 17 

and 20 mK. The results are not fit by the equation derived by 

Ishii. 

1. H. Ishii, Prog. Theoret. Phys. (Kyoto) 40. 201 (1968). 
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4. Enhanced Nuclear Hyperfine Cooling Apparatus (D. Bakalyar, 

R. Swinehart, and W. Weyhmann) 

Since January, components for the conversion of our adiabatic 

demagnetization apparatus to a dilution refrigerator have been 

under construction in our machine shop. First tests of the 

complete refrigerator should begin in August. The construction 

is conventional except that a new type of film suppressing still is 

being tried. The refrigerator consists of one coaxial and three 

sintered heat exchangers, mixing chamber, still, and 1 K pot for 
3 condensing the He. Slight modifications were made to the old 

pumping tube assembly and the gas handling board completely 

replaced. The new system contains improved electronics, parti

cularly with regard to resistance measurement and rfi suppression. 

Many more leads are available in the apparatus so that a much 

wider variety of experiments can be accommodated. 

A sample of Prln is being prepared by CERAC (Butler, Wise.) 

to use in a nuclear demagnetization stage below the dilution 

refrigerator. This material has a moderate enhancement factor 

of 5-6, but a field of 20 kG at temperatures below 20 mK should 

provide adequate saturation for use in nuclear cooling. We have 

chosen this material, previously uninvestigated, in the hopes that 

it is more metallic than PrTl and therefore easier to achieve 

thermal contact with. 
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F. EXPERIMENTS ON LIQUID HELIUM 

1. Quantum Hydrodynamics of Superfluid Helium 

a. Quantization of Circulation in Superfluid Helium 

(S. F. Krai and W. Zimmermann, Jr.) 

Direct observation of quantization of circulation around 

a solid object in superfluid helium was first achieved by Vinen, 

and the results of his work were later extended by Whitmore and 
2 

Zimmermann. Because of the fundamental importance of this 

phenomenon and the limitations in these earlier experiments we 

have been carrying out further experiments using the same method 

of observations. In the Vinen method the circulation around a 

fine wire is measured by the influence that it exerts on the 

wire's vibration in its lowest transverse modes. 

Our apparatus was designed to permit us to extend the earlier 

observations of Whitmore and Zimmermann in a number of directions. 
4 In the first place, the use of a pumped inner He bath in addition 4 . o to an unpumped outer He bath at 4.2 K permits us to increase 

considerably the length of time that superfluid helium in the ex

perimental cell can be held below the lambda temperature. This 

feature enables us to observe whether in the course of several 

days the superfluid tends to relax into a simpler state of 
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motion than was evident after several hours in earlier work. 

3 Second, a He refrigeration stage permits measurements down to 

temperatures of 0.5 K, where the influence of normal fluid 

on any vortices present in the superfluid should be much reduced. 

Third, by use of a superconducting magnet rotating with the cell 
3 4 and by making provision for pumping both the He and He pots 

in rotation, it is possible to observe the circulation around the 

wire in steady rotation as well as at rest. Thus, we are able 

to seek for equilibrium states of the liquid in rotation and 

are not restricted to observing metastable states of motion of 

the liquid with the container at rest. 

Finally, by use of a closed cell for the helium surrounding 

the wire we are able to study the effect of pressure on the 

circulation observed. Moreover, it is now possible to form the 

superfluid not only by cooling the liquid through the lambda 

transition, but also by condensation from the vapor or by de-
3 compression of the solid. By reaching the superfluid fluid state 

through a first-order transition it may be possible to avoid the 

spontaneous generation of vorticity in the superfluid by thermal 

fluctuations which seem likely to occur as the liquid is cooled 

through the second-order lambda transition. 

Our observations so far concern mainly the apparent circu-

lation in the rotating state. Although the extension of the time 
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at which the liquid is held at rest below the lambda point does 

indeed lead to a more stable behaviour of the apparent circu

lation, it nevertheless appears that nonquantum levels of 

circulation can be found after periods of several days. We are 

currently seeking to find solutions to the difficult problem 

of preparing the superfluid in a state cf rest. Likewise, in 

rotation, it has so far proved quite difficult to obtain an 

equilibrium state of the superfluid. Nevertheless, we obtain 

the interesting result that at any given speed of rotation there 

are reasonably well defined limits between which the circulation 

is observed to take on rather stable although nonquantum values. 

We speculate that outside of these limits there is instability 

while within the limits there is metastability, with the true 

equilibrium quantum state of circulation lying at some point 

inside the limits. Up to the present, the evidence for highly 

stable behaviour of the superfluid at quantum levels of circu

lation found by Whitmore and Zimmermann has been much less clear 

in the present experiment, but we intend to investigate this 

observation more fully. 

Qualitative observations at temperatures below 1.0 K 

indicate that changes of circulation occur more rapidly there 

than at higher temperatures, and we intend to pursue these effects 
l l
* ~

, 
' » » f l » — I H P „ . , I I I  I u r n i n ■■ i

in detail in order to try to understand the role that free 
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vortices play in the changes of circulation around the wire that 

take place. 

1. W. F. Vinen, Proc. Roy. Soc. (London) A260, 218 (1961). 

2. S. C. Whitmore and W„ Zimmermann, Jr., Phys. Rev.,166. 181 

(1963). 

3. M. Jagger and W. F. Vinen, in Proceedings of the Eleventh 

International Conference on Low Temperature Physics, ed. by 

J. F. Allen, D. M. Finlayson, and D. M. McCall (University 

of Saint Andrews, 1968) page 146. 

b. Search for Analogs of the Josephson Effects in 

the Flow of Superfluid Helium (B. B. Sabo and 

W. Z5.mmermann, Jr.) 

Ever since the discovery of the a.c. and d.c. Josephson 

effects in superconductors the extremely interesting question 

has arisen whether analogous effects exist in superfluid helium. 

Although it appears quite difficult to construct a true tunnel 

junction between two reservoirs of superfluid helium, a small 

orifice or the fine channels of a porous membrane connecting two 

reservoirs might well provide a suitable weak link with which to 

observe Josephson-like behaviour. 

Recent experiments with a small orifice have indeed shown 
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the existence of an effect analogous to the a.c. Josephson 

1 2 3 effect. ' ' However, the effect discovered in these experiments 

can be explained in terms of "conventional" two-fluid hydro

dynamics, supposing quantization of vorticity in the superfluid, 

as well as by more general arguments in terms of the phase of 
4 5 6 the order parameter. ' ' It is of considerable interest to 

investigate whether superfluid helium under the proper cir

cumstances can exhibit Josephson-like behaviour which lies 

outside of the usual two-fluid hydrodynamics. 

One of the most basic and useful techniques for gaining 

information about superconducting Josephson junctions and weak 

links has been the study of the voltage-versus-current character

istics of the junction or weak link. In order to carry out the 

analog experiment in superfluid helium, we have constructed an 

apparatus to study the pressure-drop versus volume-rate-of-flow 

characteristic of an orifice or permeable membrane. 

The apparatus consists of a cell containing two chambers 

separated by the orifice or membrane under study. The two 

chambers are completely filled with superfluid helium. Piezo

electric transducers, one in each chamber, driven out of phase 

in simple volume expansion modes, are used to drive the fluid 

from one chamber to the other at frequencies typically in the 

range from 10 to 100 Hz. A flexible diaphragm located in the 
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wall common to both chambers serves as part of a capacitance 

manometer to detect pressure differences developing between the 

chambers. This capacitance manometer has a sensitivity of 
-2 -2 

~ 10 dyne cm . The repetitive nature of the measuring process 

permits a direct display of the pressure drop versus flow rate 

on the face of an oscilloscope and permits us to improve signal-

to-noise by means of signal-averaging techniques. Additional 

features of the design of the apparatus include electrical heaters 

and sensitive resistance thermometers in each chamber for studies 

of the thermal characteristics of the flow, good thermal iso

lation of the cell from the refrigeration baths in order to 

provide good thermal stability for the cell, and provision for 
3 He refrigeration of the cell. 

Preliminary observations have been carried out on a single 

orifice of 10 fxra diameter and a membrane containing many regular 

pores of 0.5 j/m diameter. For such flow channels the size is 

large enough so that one would expect to be able to interpret the 

results on a hydrodynamic basis. One striking feature of the 

behaviour of the apparatus is the appearance of a resonance due 

to the mechanical inductance associated with superfluid flow 

through the orifice in combination with the mechanical capacitance 

provided by the compressibility of the fluid occupying the chambers, 
1/2 

The frequency of this resonance varies with temperature as p , 
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where p is the superfluid density, as would be expected assuming 

that the normal fluid does not participate in the flow. It 

would be of considerable interest to use this dependence upon 

p to explore the temperature dependence of p in fine channels 

near the lambda point. However, we have been thwarted so far in 

these attempts by the greatly diminished Q of the resonance at 

temperatures near the lambda point. 

A second striking feature is the appearance of a rather 

well-defined critical flow velocity which can be studied as a 

function of frequency and temperature. To our knowledge no other 

measurements of critical flow phenomena have been made with the 

resolution in time afforded by our technique. For the 0.5 ^m 

pores we find a critical velocity which is very nearly frequency 

independent over our range of observation, and which has a 

temperature dependence which consists of two regions very similar 
7 to those observed by Clow and Reppy using a superfluid gyroscope. 

At low temperatures the critical veloci cy is very nearly 

temperature independent? at temperatures near T the critical 
A 

velocity is proportional to p , characteristic of an intrinsic 

critical velocity due to fluctuations. 

We intend to examine these phenomena in detail, paying 

particular attention to the region of onset of supercritical flow, 

where presumably vortices are beginning to be generated at the 
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orifice during part of the flow cycle. We also intend to pursue 

these investigations with membranes having smaller pore sizes. 

It should be of particular interest to study such membranes in the 

temperature region at which superfluidity ceases in the pores, 

somewhat below the bulk lambda temperature. In this region the 

pores of the membrane might best be expected to provide a weak 

link between reservoirs of bulk helium. 
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3 4 2. Phase Transitions in Liquid He /He Mixtures 

3 4 a* Specific Heat of Liquid He /He Mixtures Near the 

Junction of the Lambda and Phase-Separation 

Curves (W. Zimmermann, Jr., S. T. Islander) 

3 4 In liquid He /He mixtures at saturated vapor pressure, the 

lambda curve meets the phase-separation curve at a temperature T 

of 0.87 K and a He mole fraction x of 0.67. This unusual 

intersection of phase boundaries represents the transformation 

of a second-order phase transition into a first-order transition 
2 

with decreasing temperature. In order to investigate the thermo

dynamics of this interesting critical point, measurements of the 

specific heat of the liquid in the vicinity of this point were 

undertaken by the above investigators in the laboratory of 

Professor O. V. Lounasmaa in Finland;^- The measurements have now 

been completed. A report of these measurements together with the 

first stage of analysis of the data has been prepared and sub-
/ / i 4' mitted for publication in the Physical ReviewvL-'-

At the same time, we are continuing on with a second stage 

of analysis of the data, which we expect to submit to the 

Physical Review in a second paper. As a result of the presence 

of the phase-separation region in the mixtures, it turns out to 

be possible in principle to derive from measurements of the 
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specific heat c at constant mole fraction x with very little 

additional information, a rather complete thermodynamic picture 

of the mixtures near the phase-boundary junction. Making use of 

this fact, we are in the process of determining from the specific 

heat c the quantities (d<t>/6T) and <t>(T,x), where <t> = H^~(Jl>d is 

the relative chemical potential of the mixtures. We hope further 

to gain information about (d<t>/ox) and c , the specific heat 

at constant <t>. Our principal interest in pursuing these determin

ations lies in studying the critical behaviour of the mixtures 

near the lambda curve and, in particular, near the junction of 

phase boundaries. Of special interest is the question whether 

the "scaling" form for the free energy proposed by Griffiths can 
5 give an accurate representation of the critical region. Of 

further interest is the question of to what degree thermodynamic 
forms determined in the stable region can be extrapolated to give 

information about the metastable region, in view of recent ob-
6 servations of metastability in the mixtures near the junction 

and questions about the validity of the "Maxwell construction" 

in an unstable region. 
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3 4 b. Osmotic Pressure of Superfluid He /He Mixtures 
' ̂  X *"-

Near the Lambda Curve (C. A. Gearhart, Jr., and 
W. Zimmermann, Jr.) 

Along with the nature of the junction of phase boundaries 

discussed above, the nature of the lambda curve itself in liquid 
3 4 He /He mixtures has become a topic of considerable interest. 

It is tempting to conjecture that the fundamental nature of the 
3 lambda transition in the mixtures is independent of He mole 

4 fraction and the same as that of the transition in pure He . 
3 However, measurements of the specific heat at constant He mole 

fraction x appear at first sight to contradict this suggestion, 
4 showing that while this specific heat diverges for pure He , it 

appears to remain finite in the mixtures, becoming "less singular" 
1 2 with increasing x. ' However, it has been pointed out that this 

specific heat is subject to "renomralization" and that it may 
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well be that the specific heat c at constant relative chemical 

potential 4> = fi?~jiA retains the divergent character of the specific 
4 3 heat of pure He . Closely related to the divergence of this 

experimentally somewhat inaccessible specific heat c is the 

vanishing of the derivative (d<t>/dx) at the lambda curve. 

Although information about this derivative can be obtained from 

the measurements of c as mentioned above, the details of its 
x ' 

critical behaviour near the lambda curve are much more effectively 

sought in a more direct measurement. 

At least two ways are available to determine (d<t>/dx) 

rather directly. The first is by sensitive measurements of vapor 
4 

pressure as a function of x. The second is by sensitive measure
ments of the osmotic pressure of the mixtures. Although the 
latter method is limited to the superfluid side of the transition,. 
we are developing a differential measurement technique which we 
believe holds considerable promise for this method. 

Our apparatus consists of a cell with two chambers 
-...„ >.-«. ^ 

containing mixtures of slightly different He mole fraction 
4 connected by a superleak permeable only to He . On the superfluid 

side of the transition the derivative (o*/dx) is then given in 

terms of pressure and mole fraction differences AP and Ax by the 
expression 

(d<D/ox)p y = (v4/x) (AP/Ax) , 
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4 where v is the partial molar volume of the He component. The 

osmotic pressure cell will make use of a diaphragm capacitance 

manometer for making pressure difference measurements. The cell 
3 

will be attached to a He refrigerator in order to allow measure
ments to be made along the entire length of the lambda curve. 

The apparatus for the experiment, including the cell, the 
3 He refrigerator, and the gas handling system for preparing the 

mixtures, has been constructed and is currently being given -y 

its initial tests. 
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