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ABSTRACT 

Experimental and theoretical investigations have been carried out 

in a broad area of low temperature and solid state, physics which includes 

superconductivity, theory of quantum crystals, magnetism in metals, and 

liquid helium. The pair-field susceptibility of a superconductor has 

been determined both above and below T . Anomalies in the heat capacity 

in the vicinity of T have been observed in thin superconducting films. 

The theory of quantum crystals has been applied to the problem of the 

ground state properties of nucleon matter. The results imply that most 

of the neutron matter in every neutron star is in the crystalline phase. 

Enhanced hyperfine nuclear cooling of P*Cu, has been used successfully 

to achieve temperatures to at least 3 mK with slow warmup. Measurements 

on local moments in metals using nuclear orientation are being carried 

out at these temperatures* Preliminary results have been obtained In 

measurements of the differential osmotic pressure in the critical region 
3. 4 of He /He mixtures. Evidence has been found for surface film super-

fluidity in mixtures in regions of the phase diagram where the bulk 

liquid is normal. A new ac technique has been developed to study super-

fluid flow through fine channels in a manner analogous to the study of 

I-V characteristics of superconducting weak links. 
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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 in 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 under the direction of 

Professor Goldman includes studies of the generalized susceptibility or 

pair-field susceptibility of superconductors both above and below T and 

in the critical region, investigation of the tricritical points of super

conducting films, and studies of the temperature dependence of the 

fluctuation contribution to the heat capacity of films in the vicinity 

of the transition. 

The pair-field susceptibility, which is determined in an electron 

tunneling experiment, has been used to study the time-dependent 

Ginzburg-Landau equation both above and below T in aluminum films. Above 

T superconducting fluctuations are found to be adequately described by c 
a diffusion equation. Below T the results imply that the order parameter 
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is governed by an equation possessing damped, but propagating solutions, 

rather than by a diffusion equation as suggested in some theories. 

Measurements in the immediate vicinity of T , which have been carried 

out in a magnetic field, suggest existence of "critical behavior" in 

the regime in which the wave vector q is greater than the inverse of 

the correlation length. This regime is currently under detailed"in

vestigation. 

Work on the tricritical points of superconducting films has primarily 

been of a theoretical nature thus far. The similarity between the phase 

diagrams of thin Type-I superconducting films in magnetic fields and 

systems exhibiting tricritical points was recognized. Experimental work 

will be undertaken in the near future. 

Results of the studies of the heat capacity of thin superconducting 

films near T are now available and are of particular interest because 

they indicate the existence of a heat capacity anomaly at the transition. 

This anomaly is reduced in magnitude and broadened when a small magnetic 

field is applied perpendicular to the film plane. 

Professor Nosanow has been directing a broad program of theoretical 

research on the properties of quantum liquids and crystals. Included in 

this effort are calculations of the ground state properties of nucleon 

matter using Monte-Carlo techniques, studies of the liquid-crystal phase 

transition in large quantum systems using the quantum theorem of 

corresponding states, investigations of quantum crystal alloys, and of 

the effects of the exchange operator on the properties of the nuclear 
3 spin system of crystalline He . Calculations of the ground state energy 

3 and exchange integrals of crystalline He have also been carried out. 

Finally, the superconducting phase transition in a two-component fermion 

system has been investigated. 
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The work on the ground state properties of nucleon matter was 

originally motivated by the description of pulsars as rapidly rotating 

neutron stars. Properties of these stars are sensitive to the equation 

of state of neutron matter. Some proposed explanations of anomalies in 

the observed frequencies of pulsation require that neutron matter 

crystallize somewhere in the density range 3 x 10 g/cm to 5 x 10 g/cm . 

The present results imply that most of the neutron matter in every neutron 

star is in the crystalline phase. 

The work on the quantum theory of corresponding states is directed 

at predicting the solidification pressure and density of neutron matter. 

The statistics have been found to have a marked effect on the crystal

lization pressure. 

In the investigations of the properties of quantum crystal alloys 

a statistical mechanical ensemble has been found. Using this ensemble, 

previous work, which had been thought to depend on the two-body ap

proximation to the cluster expansion and an assumption of randomness, 

can be seen as a Landau theory of the phase separation with quantum 

crystal effects taken into account. 

The group under Professor Weyhmann has been conducting experiments 

on sublattlce magnetizations using nmr and on nuclear cooling and nuclear 

orientation thermometry. The temperature dependencies of the sublattlce 

magnetizations of Mh.Sb, a conducting ferrimagnet, have been measured 

with a precision limited by the linewidths from 1.5 K to 200 K. Pre

liminary manual data fits to various models has failed to produce a fit 

accurate to the statistical error and more detailed computer fitting is 

now in progress. 
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Enhanced hyperfine nuclear cooling of P'Cu, has been successful in 

achieving temperatures below 3 mK with slow warmup. The use of Co . in 
54 

Ni and Mn . in Fe orientation thermometers simultaneously in these experi
ments indicated a thermometry error between them as large as 25% at 3 mK. 
Investigations of this difference have shown that large applied fields 
can remove the discrepancy. A glass-ceramic capacitance thermometer has 
been further investigated with regard to its dependence on the amplitude 
and frequency of the measuring excitation. Major revisions were made in 
the sample preparation facilities in order to prepare oxide free rare-earth 
intermetallies for the cooling program and high purity dilute alloys for 
the local moment measurements* 

Professor Zimmermann has been conducting experimental work on liquid 

He /He mixtures and on pure liquid He . The work on He /He mixtures 

concerns the nature of the lambda transition and tricritical point in 

these mixtures. Preliminary results from an experiment designed to 

measure the differential osmotic pressure of the mixtures in the critical 

regions indicate that this approach will be successful in yielding rather 

direct information about the "susceptibility" associated with concentration 

fluctuations. At the same time this experiment is providing new evidence 

over a broad range of concentrations for the existence of surface-film 

superfluidity in regions of the phase diagram where the bulk mixture is in 

its normal state. This effect is believed to be due to the formation of 
4 a He -rich layer at the wall of the vessel containing the mixture. A 

computer analysis of earlier specific heat data in the tricritical region 

is also showing promise of providing detailed information about the con

centration susceptibility. 
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4 - ' The work on pure liquid He concerns the quantum hydrodynamics of 
""• •"''' •>. 

the superfluid. In one experiment the circulation around a fine wire is 

being studied by the Vinen method in order to gather more evidence con

cerning quantization of circulation in the superfluid. Earlier measure

ments, both at rest and in rotation, have shown a high degree of irregular 

metastable behavior which has tended to mask quantization effects. With 

some minor modifications to ensure more stable performance of the apparatus, 

measurements in rotation are being carried out with finer wires in order 

to reduce the effects of metastability. In another experiment a new ac 

technique has been used to study superfluid flow through fine channels in 

a manner analogous to the study of the I-V characteristics of super

conducting weak links. In experiments preliminary to the search for 

helium analogs of the Josephson effects a study has been made of the 

effective inertia and of the critical velocity of the superfluid in small 

pores of rather well-known geometry. 
3 Experimental work on crystalline He is also under direction of 

Professor Goldman. Measurements down to 30 mK near the melting curve 

are being carried out. A modification of the dilution refrigerator 

permitting operation below 30 mK has been made reliable, and heati 

leaks to the calorimeter has been reduced substantially* The latter 

efforts should lead to measurements of substantially greater accuracy 

than previous ones. 
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II. DESCRIPTION OF RESEARCH 

A. Superconductivity 

1. The Pair-Field Suscept ib i l i ty of Superconductors 

(R. V. Carlson and A. M. Goldman) 

We have continued our measurements of the wave-vector and frequency 
1 2 dependent pa i r - f ie ld suscep t ib i l i ty of superconductors ' with a new 

apparatus put into operation in 1972. The major result of the work of 

the past year was the discovery of a method by which the measurements 

could be extended below the transition temperature permitting the study 

of order parameter fluctuations about an equilibrium value which was 
3 non-zero. 

Previous measurements were confined to the case where the average 

pair-field of one superconductor with transition temperature T , was used 

to determine the pair field susceptibility of a second metal with transition 

temperature T in the temperature range T < T < T ,. The two metals 

formed the electrodes of a thin film tunnel junction, with an excess 

current in the dc I-V characteristic due to pair tunneling giving a direct 

measure of the imaginary part of the frequency and wave-vector dependent 

pair-field susceptibility. The frequency and wave-vector dependence of 

this susceptibility were determined by measuring the voltage and magnetic 

field dependence of the excess current. 

When both metals are superconducting, the phases of the order 

parameters of the two electrodes are coupled by the tunneling interaction. 

The physical manifestations of this coupling are the usual ac and dc 

Josephson effects. The new effect is observed as the temperature is 

lowered below T in the presence of a magnetic field applied in the plane 
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of the junction, sufficient in magnitude to uncouple the order parameters 

and destroy the Josephson effect, but not greater than the critical field 

of either metal. Under these conditions a contribution to the excess 

current-voltage characteristic is observed to develop in a continuous 

manner from features observed above T . We have interpreted these low 

temperature features of the excess current as pair currents arising from 

the coupling of the order parameter of the electrode with transition 

temperature T ,, to the fluctuating order parameter of the electrode with 

transition temperature T . Although there is no theory at present, we 

expect the observed excess-current to be a measure of the susceptibility 

of the low transition temperature electrode. 

Below T there have been few measurements which have probed the c 
4 dynamical behavior of the order parameter in a quantitative manner. 

Knowledge of the dynamics is important in the analysis of problems of 

technological interest such as transport in Type-II superconductors and 

the normal superconductor phase boundary. At the present time a simple 

time-dependent Ginzburg-Landau equation does not exist for the regime 

below T . Measurements of the pair-field susceptibility below T should 

assist in the determination of a macroscopic time-dependent equation. A 

preliminary account of this work has been submitted for publication in 
3 

the Physical Review Letters. 

The same technological improvements which enabled us to extend the 

measurements below T have also allowed us to carry out detailed studies 

in large magnetic fields above T . We have measured the pair-field 

susceptibility in detail at large enough magnetic fields to observe a 

quantitative departure of the pair relaxation frequency from a linear 
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2 dependence on H . A detailed comparison of the results of our measure-

ments with recent calculations by Lee and Shenoy of effects in magnetic 

fields will be made in the near future. 

We have also observed anomalous behavior in the temperature de* 

pendence of the strength of the susceptibility in a regime in which trie 

inverse correlation length £~ (T) is smaller than the wave-vector. The 

effect, which may be the first unequivocal observation of dynamical be

havior in superconductors is being investigated in detail. 

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

2. J. T. Anderson, R. V. Carlson and A. M. Goldman, J. Low Temp. Phys. 

8, 29 (1972). 

3. R. V. Carlson and A. M. Goldman (submitted to the Physical Review 

Letters). 

4. R. Peters and H. Meissner, Phys. Rev. Letters 30, 965 (1973). 

5. M. Cyrot, Rep. Prog. Phys. 36, 103 (1973). 

6. P. A. Lee and S. R. Shenoy (to be published). 

7. H. E. Stanley, Introduction to'̂ Phase Transitions and Critical 

Phenomena (Oxford University Press, New York and Oxford, 1971). 
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2. Tricritical Points of Thin Superconducting Films 

(A. M. Goldman) / 

Recently we pointed out a similarity between the phase diagram of a 

thin Type-I superconducting film in a magnetic field and the phase 
2 

diagrams of systems exhibiting tricritical points. This similarity 

suggests the existence of a tricritical point in the superconducting case, 

which is of interest because in superconductors it is possible by means 

of electron tunneling to realize the field thermodynamically conjugate to 

the order parameter associated with the critical line of the phase 
3 4 5 diagram. ' ' The conjugate field is important in current models of the 

2 tricritical point in other systems, but is unphysical. 

The essential experimental feature of a system possessing a tri-

critical point is that there is a point at which a higher order or lambda 

transition line in the space of thermodynamic fields (temperature, 

pressure, etc.) becomes a first order transition line. It is well known 

that the superconducting transition of a Type-I film changes from first 

order to second order in the presence of a parallel magnetic field when 

d/X (T) = J~b~, Here d is the film thickness and X (T) is the zero o v o 
magnetic field temperature-dependent penetration length. This effect was 

first discussed by Ginzburg about twenty years ago using a model applic

able to films which are thin enough to permit the spatial variation of 

the order parameter to be neglected. Experimental verification was 

obtained through electron tunneling studies of the magnetic field and 

temperature dependence of the energy gap, which is proportional to the 

order parameter in simple cases. 
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The phenomenological theory of a Type-I superconducting film subjected 

to both a parallel magnetic field and a field which couples to the super

conducting order parameter leads to a phase diagram essentially identical 

to the phase diagrams conjectured for systems believed to exhibit tri

critical points. The field conjugate to the superconducting order parameter 

can be obtained in a geometry in which the film in question is one 

electrode of a tunneling junction in which a second superconductor 

possessing a higher transition temperature is the second electrode. The 

strength of the field is determined by the magnitude of the tunneling 

interaction. Its existence has been demonstrated in our studies of the 

generalized susceptibility of order parameter fluctuations of films both 
8 9 10 above and below their transition temperatures. * ' 

An account of this work was published in the Physical Review Letters. 

Experimental studies of the pair-field susceptibility of clean Type-I 

films in a magnetic field, which can be used to investigate this phenomenon, 

will be undertaken in the near future. 

1. A. M. Goldman, Phys* Rev. Letters 30, 1038 (1973). 

2. R. B. Griffiths, Phys. Rev. B 7, 547 (1973). 

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

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

5. H. Takayama, Progress in Theoretical Physics (Japan) 46, 1 (1971). 

6. V. L. Ginzburg, Dokl. Akad. Kauk. SSSR 83, 385 (1952). 

7. D. H. Douglass, Jr., Phys. Rev. Letters 7.> 14 (1961). 

8. J. T. Anderson and A. M. Goldman, Phys. Rev. Letters 25, 743 (1970). 

9. J. T. Anderson, R. V. Carlson, and A. M. Goldman, J. Low Temp. 

Phys. 8, 29 (1972). 

10. R. V. Carlson and A. M. Goldman,submitted to the Physical Review 

Letters. 



11 

3. Critical Behavior of Superconductors; The Heat Capacity 

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

The characterization of the critical behavior of superconductors 

should provide an important test of general ideas relating to phase 

transitions. The superconducting transition is a special case in which 

observable effects of fluctuations which can be accounted for by mean 

field theory occur over an extended range of temperature and for which a 

critical region exists over a restricted temperature range determined by 
2 sample puri ty and dimensionality. 

The simplest manifestation of the critical behavior associated with 

a phase transition is usually anomalous behavior in the specific heat. 

In the case of bulk superconducting systems a "lambda-like" anomaly at 
-12 T has been predicted to occur over a 10 K range of temperatures in 

3 pure systems and over a wider range of temperatures in disordered 
4 materials. Thus no departure from a mean-field jump has been observed 

in clean systems for obvious experimental reasons. In bulk disordered 

systems the difficulty of preparing a really homogeneous material is a 

serious obstacle to the observation of any "lambda-like" anomaly. 

' Departures from mean field theory have been observed in heat capacity 

measurements on bulk systems in magnetic fields. The latter have the 

effect of reducing the dimensionality of the system from three to one, 

enhancing the temperature range over which the fluctuations occur. 

In one and two dimensional systems theoretical arguments have been 

presented which exclude off diagonal long range order (ODLRO). It is 

now believed that ODLRO is a sufficient condition for superconductivity, 



12 
a 

but not a necessary one. A heat capacity anomaly is thus not excluded 

theore t ica l ly in systems of reduced dimensionality. In one-dimension, 

exact calculations are possible and it is found that the specific heat 
9 has a small bump at T . In two dimensions, the most recent approximate 

9 calculations predict a bump at T . These results are in qualitative 

disagreement with calculations based on the "Hartree" approximation and 

with the results of the one experiment reported thus far. 

We have been attempting high-resolution measurements of the specific 

heat of superconducting aluminum films in a search for anomalous behavior 

near T . Because of the small heat capacities of thin-film samples, ac 

methods have been employed to separate the thermal behavior of films 

from that of their substrates. Measurements in which films are heated 

at 1 KHz with a small gas laser modulated electrically and coupled via a 

light pipe have been carried out and show that the specific heat near 

T rises to a peak whose magnitude is substantially greater than the 

value of the BCS jump. As the resistance-temperature characteristic 

of the sample is used as a thermometer it is not always possible to see 

the low temperature side of the peak. The observed peak can be quenched 

and broadened by the application of a small magnetic field normal to 

the film. In all films studied, the peak of the heat capacity occurs at 

a lower temperature than that obtained by fitting the resistive transition 
12 to the Aslamazov-Larkin theory. 

These measurements have been made on aluminum films evaporated onto 

thin mica substrates. Conventional lock-in detection techniques have 

been used to measure both the average resistances, and determine the average 

temperatures of the films, and the ac component of the resistance 



13 

fluctuating at the modulation frequency of the light source. The measure

ments have involved extensive use of a NOVA 1200 minicomputer and 

Tektronix data terminal for on-line analysis of data. A brief account 

of the work is being prepared and will be submitted for publication in 

the Physical Review Letters. A detailed account of this work is con

tained in the doctoral dissertation of J. C. Solinsky. 

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

2. J. D. Hurault and K. Maki, Phys. Rev. B 2, 2560 (1970). 

3. D. J. Thouless, Ann. Phys. _10, 553 (1960). 

4. S. Grossmann and P. H. Richter, Phys. Letters 33A, 39 (1970). 

5. R. V. Hassing, R, R. Hake,and L. J. Barnes, Phys. Rev. Letters 

30, 6 (1973). 

6. P. A. Lee and S. R. Shenoy, Phys. Rev. Letters 28, 1025 (1972). 

7. P. C. Hohenberg, Phys. Rev. 158, 383 (1967). 

8. H-J. Mikeska and H. Schmidt, J. Low Temp. Phys. 2, 371 (1970). 

9. D. J. Scalapino, R. A. Ferrell, and A. J. Bray, Phys. Rev. Letters 

31, 292 (1973). 

10. G. D. Zally and J. M. Mochel, Phys. Rev. Letters 27, 1710 (1970), 

and Phys. Rev. B 6, 4142 (1972). 

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

12. L. G. Aslamazov and A. I. Larkin, Fiz. Tverd. Tela. 10, 1104 (1968) 

(English translation: Soviet Physics - Solid State 10, 875 (1968)). 



14 

B. Theoretical Studies of the Properties of Quantum Liquids and Crystals 

1. Monte-Carlo Calculations of the Ground-State Properties of 

Nucleon Matter (L. H. Nosanow and L. J. Parish) 

The ground-state properties of both the liquid and crystalline phases 

of nucleon matter have been studied by performing a variational calculation 

of the ground-state energy. The variational problem is formulated as 

the expectation value of a Hamiltonian utilizing a phenomenological 

nucleon-nucleon interaction. The characteristic properties of this inter

action (strong short-range repulsion and state dependence) indicate the 

appropriate parameterization of the trial wave function. To emphasize 

the effect of short-range correlations we consider variational wave functions 

in the form of the product of a Slater determinant of single-particle 

functions and a Jastrow factor. For the liquid, the single-particle 

functions are plane waves with momenta filling the Fermi sea. For 

crystals they are Gaussians localized on the lattice sites, and the width 

of the Gaussians is a variational parameter. The simplest ansatz for 

the Jastrow factor is a product of two-body correlation functions. The 

most distinctive feature of our approach is that at all stages of the 

calculations the short-range correlations due to the nuclear force are 

explicitly maintained for all of the nucleons in the system. This is 

made possible by the use of Monte-Carlo integration techniques to calculate 

the multidimensional integrals which are necessarily involved. 

Correlations arising specifically from the antisymmetrization of the wave 

function will be treated by cluster expansion techniques wherein the 

importance of successive approximations can be tested explicitly. This 



15 

expansion has been shown to converge rapidly for liquid and crystalline 
3 He . In addition, we will study the expected state-dependence in the 

Jastrow factor by means of a new cluster expansion which retains short-

range correlations between all nucleons. 
3 The study of He at zero temperature suggests that the many-body 

aspects of those short-range correlations due to the helium-helium inter

action are of primary importance in determining the ground-state 

properties of a strongly interacting fermion system. Furthermore, it 

suggests that once they have been included, the correlations due to anti-

symmetrization may be treated in an approximate way. The effect of short-

range correlations due to the nuclear force will be incorporated in our 

description of the ground state of a nucleon system by utilizing Monte-

Carlo integration to extract two-particle radial distribution functions 

from the fully correlated variational wave function. Those correlations 

associated with Fermi-Dirac statistics will be treated by means of a 

cluster expansion. Because of the strong exchange character of the nuclear 

force, a cluster expansion has been constructed such that each term is 

antisymmetrized with respect to the coordinates of the interacting nucleons. 

Succeeding terms in the expansion are antisymmetrized with respect to 

successively larger numbers of particles. Thus, while only two-body 

statistical correlations appear in the leading approximation, the nuclear 

force correlations are maintained between all nucleons. In this manner 

the correlations due to the basic interaction are emphasized in the 

description of the ground state, and statistical correlations are treated 

in a controlled approximation scheme. The extent to which statistical 

correlations are of secondary importance in nucleon matter must be tested 
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by the rate of convergence of the statistical cluster expansion, and this 

test is a feasible and important part of our plan. An analogous approach 

has been used with great success in calculations for both liquid and 

crystalline phases of helium. In particular, the use of Monte-Carlo 

integration to treat many-body correlations is the only technique that 

has given a reasonable estimate of the solidification pressure of helium. 

Because of the state dependence of the nucleon-nucleon interaction, 

one would expect the two-body correlation functions in the Jastrow factor 

to be state dependent. The significance of this effect may also be studied 

by means of a cluster expansion. Specifically, the leading approximation 

in a cluster expansion for both statistical and state-dependent correla

tions involves a sum over interacting pairs of nucleons. Each term is 

antisymmetrized with respect to the coordinates of the interacting pair 

and has state-dependent correlations between that pair, while the re

maining nucleons are correlated by averaged state-dependent Jastrow 

functions. Succeeding approximations in the cluster expansion introduce 

antisymmetrization and state-dependent correlations among successively 

larger numbers of nucleons. There is then a controlled approximation 

scheme for studying the effects of both statistical and state-dependent 

correlations. 

The initial phase of our program has now been completed. The main 

result we find is that it is possible to form crystalline neutron matter 

at a surprisingly low density, which is approximately 307. greater than 

normal nuclear density. This crystal is characterized by unusually large 

zero-point oscillations, a rather remarkable result which is due to the 

fact that quantum effects are even more fundamental in determining the 
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properties of nucleon quantum crystals than they are in helium quantum 

crystals. Intuitive physical arguments coupled with the results of our 

calculations suggest that the current conceptual picture of nuclear matter 
2 may need to be modified. Whereas such matter is often regarded as a 

low-density liquid that is "almost" a gas, we believe that it may be 

more accurate to view it as a quantum liquid which is "almost" a quantum 

crystal. 

This work was initially motivated by the description of pulsars as 
3 rapidly rotating neutron stars. Many important properties of these 

stars are sensitive to the equation of state of neutron matter for 

densities between 3 x 10 g/cm (normal nuclear density) and 5 x 10 g/cm 
4 5 In particular, there are proposed explanations ' of the anomalies in the 

observed frequencies of various pulsars which require that neutron matter 

crystallize within this density range. Early estimates ' of the 

properties of neutron matter indicated that crystallization might occur 

at densities as low as 5 x 10 g/cm . However, more recent theoretical 
8 9 10 calculations ' ' have suggested that the minimum solidification density 

15 3 is a t least 2 x 10 g/cm . We find that the l iquid-sol id phase t r ans i t ion 

will occur in neutron matter when the pressure becomes approximately 
3 28 7.1 MeV/fm (1.1 x 10 atm). At this pressure, the liquid density is 

3 14 3 0.23 nucleons/fm (3.9 x 10 g/cm ).and that of the coexisting crystal 
r 3 14 3 
is 0.30 nucleons/fm (5.1 x 10 g/cm ). An important implication of this 

result is that most of the neutron matter in every neutron star is in 

the crystalline phase. 

A preliminary account of this work will appear in the Proceedings 

of the Sixth Texas Symposium on Relativistic Astrophysics. In addition, 

a paper has been submitted to Physical Review Letters. 



18 

1. W. L. McMillian, Phys. Rev. 138, A442 (1968; 

D. Schiff and L. Verlet, Phys. Rev. 160, 208 (1967); 

J. P. Hansen and D. Levesque, Phys. Rev. 165, 293 (1968); 

J. P. Hansen and E. L. Pollock, Phys. Rev. A 5, 2651 (1972). 

2. A. Bohr and B. R. Mottleson, Nuclear Structure (W. A. Benjamin, Inc., 

New York, 1969), p. 251. 

3. T. Gold, Nature 218, 731 (1968) and 221, 25 (1969). 

4. D. Pines, J. Shaham and M. Ruderman, Nature Phys. Sci. 237, 83 (1972). 

5. D. Pines and J. Shaham, to be published. 

6. P. W. Anderson and R. G. Palmer, Nature Phys. Sci. 231, 145 (1971). 

7. J. W. Clark and N. C. Chao, Nature Phys. Sci. 236, 37 (1972). 

8. V. Canuto and S. M. Chitre, Phys. Rev. Lett. 30, 999 (1973). 

9. V. R. Pandharipande, in Proceedings of the Sixth Texas Symposium 

on Relativistic Astrophysics, New York, December, 1972 (New York 

Academy of Sciences, to be published) and private communication. 

10. Daniel Schiff, to be published. 



19 

2. The Quantum Theorem of Corresponding States and the Liquid-Crystal 

Phase Transition in a Large Quantum System at Zero Temperature 

(L. H. Nosanow, L. J. Parish and F. Pinski) 

The quantum theorem of corresponding states (QTCS) was first 

enunciated by de Boer and co-workers. Essentially it considers the 

properties of a class of systems with the pair potential v(r) = £cp(r/rr), 

where *P (x) is the same function of x for each system but fe and a may 

be different. In this case the reduced energy E iE/Ni is a function 
* 3 only of the reduced volume V = V/Njy and the dimensionless parameter 

A = h/ v m£cr . Recently, this theorem has been used in a semi-
2 phenomenological way to try to predict the solidification pressure 

(P„) and density of neutron matter. We have studied the ground-state 

properties of the class of systems defined by <P (x) = 4(x" - x" ); 

i.e., systems whose interaction can be approximated by the Lennard-Jones 

potential. We have found several interesting results. In the first 

place, the s t a t i s t i c s (Fermi-Dirac or Bose-Einstein) have a marked effect 

on P . For the same value of A , P for fermions is about half that for 

bosons. This effect is due mainly to the larger energy of the fermion 
•it 

liquid. Secondly, there exists a critical value of A below which the 

ground state is crystalline and above which it is fluid. Finally, for 

large values of A the volumes of the solid and liquid at crystallization 
* become independent of A . In our opinion, this result indicates that 

there exists an "effective" hard-core radius due to quantum mechanical 

effects that is larger than the hard-core radius of the potential. A 

manuscript on this work is in preparation. 
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2. P. W. Anderson and R. G. Palmer, Nature Phys. Sci. 231, 145 (1971); 

J. W. Clark and N. C. Chao, Nature Phys. Sci. 236, 37 (1972). 

3. Theoretical Study of Quantum Crystal Alloys (W. T. Huang and 

L. H. Nosanow in collaboration with W. J. Mullin of the 

University of Massachusetts and A. Widom of Northeastern University) 

Quantum Crystal Alloys (e.g. crystalline mixtures of the isotopes 

of helium) were first predicted to exhibit a phase separation by 

Prigogine and copworkers. This transition was first observed by 
2 Edwards, McWilliams and Daunt. The first theoretical study of this 

3 4 
transition using the Theory of Quantum Crystals was given by Mullin. 

However, his treatment appeared to depend in an essential way on the two-

body approximation to the cluster expansion and further required an 

assumption of randomness, In the present work the foundations of Mullin*s 

derivation have been re-examined. It was found that use of the ensemble 

with the partition function Z » Tr[exp(-BH+B ̂ N.)], where N is the 

total number operator and 0 = u_-u, (u and u, are the chemical potentials 
3 4 

of He and He , respectively) enables one to make a fundamental de
rivation of Mullin*s result. In this context, his calculation can be 
seen as a Landau Theory of the phase separation taking Quantum Crystal 
effects into account. This result has laid the foundation for a re-

3 4 examination of many questions concerning He -He solid mixtures such as 
3 4 3 4 

the phonon spectrum, He -He exchange, He -He tunneling and the question 
of the existence of lattice distortion in such a system. 
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4. W. J. Mullin, Phys. Rev. Letters 20, 254 (1968). 

4. Effects of the Exchange Operator on the Properties of the Nuclear 
3 Spin System of Crystalline He (M. Drawid and L. H. Nosanow in 

collaboration with C. M. Varma of Bell Telephone Laboratories) 

The concept that the exchange Hamiltonian for crystalline helium 

contained, instead of the exchange integral J, the exchange operator U- was 'i 
1 2 

developed by. Thouless and later by Nosanow and Varma. Recently, Kirk 
3 3 

and Adams measured OP/ciT) f°r crystalline He in the presence of a 

magnetic field for temperatures in the 10 to 20'millikelvin range. They 

found that the effects of the magnetic field were not as large as had 

been expected on the basis of a straight-forward calculation using the 
4 exchange integral. It was then suggested by Zane that this result might 

be explained by the presence of three-body exchange. However, this 

explanation predicts a Neel Temperature of about 2.5 mK. Recent experi-

ments at Cornell have shown that T„, is well below 2 mK and may even be 
N 

as low as 0.5 mK. It may be that exchange operator effects can account 

for this behavior. We have studied the effects of zone-boundary phonons 

on contributions of li- to the pressure and susceptibility. We find that 
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we can also fit the Kirk-Adams data phenomenologically. We have also 

found that U can profoundly affect the pressure and susceptibility by 

renormalizing the well-known high temperature expansions. The results 

thus far indicate that the research should be pursued further. 

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

2. L. H. Nosanow and C. M. Varma, Phys. Rev. 187, 660 (1969). 
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5. Calculations of the Ground-State Energy and Exchange Integrals 
3 of Crystalline He (W. L. Lim and L. H. Nosanow) 

One of the outstanding questions in the theory of quantum crystals 
1 2 is that of the importance of three-body exchange. ' This question can 

only be answered by finding an improved wave function for the crystal and 

then using this wave function to compute the various exchange integrals. 

To this end we have done calculations of the ground-state energy using 
3 Monte-Carlo integration techniques. The novel feature of this calculation 

is that the Jastrow factor f(r) was obtained by solving an approximate 
4 differential equation. The main result of this calculation was that the 

root-mean-square deviation of a particle from its lattice site was 

somewhat larger than that found in previous calculations. With these 

results the various exchange integrals were computed to the three-body 

integral were in good agreement with the values necessary to obtain 

agreement with the experiment of Kirk and Adams. Unfortunately, the 
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recent experiments at Cornell suggest that this explanation cannot be 

wholly correct. Thus further refinements in the calculation of the wave 

function of the crystal will be necessary before a definitive calculation 

of exchange will be possible. 
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6. Study of the Superconducting Phase in a Two-Component Fermion 

System (L. H. Johnson and N. C. Kraus) 

A model describing a superconducting system with two distinct types 

of fermions is defined by a simple generalization of the usual BCS 

Hamiltonian. In the absence of any interaction each of the independent 

fermion systems has a second order phase transition at its respective 

critical temperature. By coupling the two systems, the phase transition 

at the lower critical temperature is suppressed, whereas the transition 

at the higher critical temperature remains relatively unchanged. The 

behavior of the specific heat near the lower transition is sensitive to 
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the strength of' the coupling between the two components. Exact numerical 

solutions are available over the entire temperature range of interest so 

the model can be used to study critical phenomena. Analytic approximations 

have been studied at T = 0 and in the neighborhood of the two critical 
2 temperatures. 

1. W. I. van Rij and S. H. Kahana, Phys. Rev. Letters 28, 50 (1972). 

2. V. Ambegaokar and N. D. Mermin, Phys. Rev. Letters 30, 81 (1973). 
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C. Experiments on Magnetism in Metals 

1. Nuclear Magnetic Resonance Studies 

(Chi-Ping Hu and W. Weyhmann) 

Data taking on the nuclear resonant frequencies of Mn in its two 

sites in Mn„Sb has been completed. The measurements were made as a 

function of temperature from below 2 K to above 150 K. A calibrated 

germanium thermometer was used below 77 K and an uncalibrated platinum 

thermometer from 20 K to the highest temperatures. The latter has been 

calibrated in the overlap region with the germanium thermometer and at 

fixed points up to the triple point of water. One site shows an 
3/2 anomalous behavior in that it does not follow a T dependence in any 

portion of the temperature range. This site was observable using cw 
-4 techniques and thus accuracies of a few parts in 10 , limited by the 

3/2 linewidths, were obtained. The "normal" or T site was observed only 

below 2 K using frequency modulated cw spectroscopy and indications are 

that the lines are broadened above this temperature. (This is interesting 

in that previous measurements in our laboratory seemed to indicate re

laxation times comparable to the other site.) Thus a spin echo spectro

meter was used for these measurements and short pulses had to be used, 

with accuracies an order of magnitude poorer than with the anomalous site. 

Computer fitting to the data has been carried out in a preliminary 

way for several models, and more sophisticated procedures are now being 

tried. Our initial impression is that standard models which have been 

developed for various magnetic structures do not fit the present material. 

It may well be that the magnetic structure is not yet adequately under

stood and that better neutron diffraction data is required. 
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2. Nuclear Orientation Studies ( 

(D. Bakalyar, R. Swinehart, and W. Weyhmann) 

Most of the efforts in this area of our program were devoted to 

preparing for an extensive series of measurements on local moments we 

expect to begin in the next few weeks. First we have improved our 

preparation of PrCu, material and can now obtain temperatures at or below 

3 mK with warmup rates quite adequate for the anticipated experiments. 

These temperatures will allow us to work well below the necessary T /10 

to be in the T = 0 limit for Mn in Cu. To our knowledge, no data exists 
i in this regime and thus all other orientation experiments on Mn in Cu 

are suspect. We have previously observed temperature dependencies above 

17 mK in this system in high fields, and the problem is expected to be 

much more serious at low fields. 

We have also completed a vastly improved sample preparation facility. 

Central to this improvement is a bell jar high vaccum melting station 

with all stainless fittings and a diffusion pump. The melting can be 

accomplished with either rf induction or resistive heating. The pumping 

speed and ultimate vacuum are significantly better than in our previous 

system. In addition our vacuum ovens can now be backfilled with argon 

purified to the highest standards by passing over hot titanium. After 

this purification, the gas is passed only through stainless steel tubing 

and fittings. A surplus radiochemical box has been modified at 

department expense to provide us a high quality dry box for handling 

reactive materials, especially the rare earths. 
54 „ 60 

We have observed a large discrepancy between Mn . in Fe and Co 
in Ni thermometers below 10 mK. This is in apparent agreement with the 
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published results of Krane, Murdoch, and Steyert who found that the 

anisotropy of radiation from nuclei dissolved in iron decreased below the 

expected values at fields between 1 and 10 kG, theformer value being 

thought to be adequate for magnetic saturation of an iron foil. We find 

that the nickel based thermometer indicates a lower temperature than the 

iron one. Further work on this matter of extreme importance to all 

workers in the field is in progress. 

T. K. S. Krane, B. T. Murdoch, and W. A. Steyert, Phys. Rev. Letters 

30, 321 (1973). 

3. Enhanced Hyperfine Nuclear Cooling 

(D. Bakalyar, R. Swinehart, and W. Weyhmann) 

We are presently cooling to at least 3 mK using PrCu,. (The 

temperature may well be lower because of recently discovered thermometry 

errors discussed in the previous section.) This material appears to be 

stable with time and, since we gold plate the samples, stable in the 

atmosphere. Contact is easily made by plating with gold and then indium 

soldering silver leads for thermal conduction to materials under study. 

Warmup from 3 to 4 mK takes about 5 hours for a 1/20 mole sample with a 

6 erg/min heat leak, primarily caused by radioactive heating. At the 

lowest temperatures a small temperature differential seems to exist 

between the thermometers and the sample due to this heat source at the 
54 57 thermometer. A Mn or Co thermometer will reduce this error as will 

use of a dc susceptibility thermometer. 

In the region of 4 to 5 mK we have observed thermal anomalies which 

may indicate that nuclear ordering is taking place. These same anomalies 
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pose a difficulty in their investigation for the thermal diffusivity of 

the sample appears to decrease by an order of magnitude in this region, 

making it difficult to maintain equilibrium. In addition, nuclear 

orientation thermometry is not well suited to heat capacity measurements 

of high resolution since temperature resolution of only 2% is achieved 

with 10 min counts. The addition of susceptibility thermometry for 

resolution and improved thermal conductivity by subdividing the sample 

should allow us to resolve this interesting question. 

Some components for a revised dilution refrigerator have been made 

and a dewar has been designed for construction this fall. Several 

electronic packages, such as magnet current controller and readout, have 

been improved. Plotter and scope controls have been interfaced to the 

minicomputer for display of acquired data. 

1. K. Anders and E. Bucher, J. Low Temp. Physics 9, 267 (1972). 

4. Capacitance Thermometry at Very Low Temperatures 

-(D. Bakalyar, R. Swinehart, and W. Weyhmann) 

We have been making measurements on a glass-ceramic capacitance 

thermometer, provided by Dr. Lawless of Corning Glass Works, as a routine 

part of our thermometry program. Previous measurements had shown a 

linearly increasing capacitance as the temperature was decreased below 

about 70 mK, the position of a capacitance minimum. We-have found that 

this incremental change from the minimum is dependent on the amplitude 
2 of the ac measuring voltage, and have also detected a frequency dependence. 

This past spring, however, the incremental capacitance decreased 

dramatically while the total capacitance at the minimum changed very little. 
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No visible damage occurred and all other properties seemed to remain as 

before. We have let the device sit on the shelf for the last few months 

and plan to insert it again to see if it has recovered. Either with this 

or a new device, we hope to continue these measurements in order to find 

a clue to the mechanism causing this interesting effect. 

1. D. Bakalyar e_t al., Rev. Sci. Instrum. 43, 1221 (1972). 

2. D. Bakalyar et al,, Proc. 13th Int. Conf. Low Temp. Physics, Boulder 

(1972), to be published. 
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D. Experiments on Liquid Helium 

1. The Lambda Transition and the Tricritical Point in Liquid 

He /He Mixtures 
3 4 a. The Osmotic Pressure of He /He Mixtures near the Lambda 

Curve and Tricritical Point. (C. A. Gearhart, Jr. and 

W. Zimmermann, Jr.) 

In the last several years considerable attention has been paid to 

critical behavior near tricritical points. A tricritical point is a point 

in the phase diagram of a substance at which three critical lines come 

together. Because two of these critical lines usually lie in physically 

inaccessible regions of the phase diagram, such a point is usually seen 

as the point at which a single critical line goes over into the coexistence 

curve of a first-order phase transition. Tricritical points are known 

to occur in liquids, magnetic systems, and in the solid NH.C1. Although 

it is likely that tricritical points occur in a number of ternary and 
2 quaternary liquid mixtures, their occurrence in binary mixtures is up 

to now unique to liquid helium. Because of their purity and homegeneity, 
3 4 liquid He /He mixtures provide an excellent system for the study of 

tricritical behavior. 
3 4 The tricritical point in He /He mixtures at saturated vapor pressure 

appears at a temperature T = 0.87 K and He mole fraction x = 0.67 

as the point at which the lambda curve ends and a first-order phase 

separation sets in. One of the thermodynamic quantities whose critical 

behavior is of particular interest near the lambda curve and tricritical 

point is the derivative (dx/90) _, where 0 is the difference in chemical 
P,T 

potentials u 3 - u. a n d P is the pressure. This derivative is the 
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"susceptibility" of the liquid with regard to changes in concentration. 

This susceptibility is expected theoretically to diverge strongly at the 

tricritical point and weakly all along the lambda curve, 

Analysis of specific heat data, discussed in Section c. below, has 

given a clear indication of the divergence of (dx/d$) at the tri-
P,T 

critical point and some promising indications of a divergence along the 

lambda curve. However, it is important that more direct approaches be 

pursued, and two experiments along such lines have been carried out 

recently. One involved vapor-pressure measurements and the other studies 
3 4 of the intensity of scattered light. * Although both of these efforts 

show the divergence of (dx/30)o T a t the tricritical point, not much 
r,T 

detail has been obtained from them near the lambda curve. 

In order to gain more information about (dx/d0) we have undertaken 
"»i 

to make sensitive measurements of the differential osmotic pressure of the 

mixtures in the critical regions. Our apparatus consists of an isothermal 
3 cell with two chambers containing mixtures of slightly different He mole 

4 fraction connected by a superleak permeable only to He . As long as there 

exists a superfluid connection, the susceptibility (dx/d0) is then 
i f " 

given in terms of pressure and mole fraction differences AP and Ax by 

the expression 

(oWotf) = (x/v4) (Ax/AP) , 
4 where v, is the partial molar volume of the He component. The osmotic 

pressure cell makes use of a diaphragm capacitance manometer for making 
3 pressure difference measurements. The cell is attached to a He 

refrigerator in order to allow measurements to be made along the entire 

length of the lambda curve. 
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Preliminary measurements at several different values of x have given 

indication that our approach is successful. In particular at x = 0.64, 

with Ax = 0.004, we see a distinct tendency for (dx/d0) to rise near 
T,P 

the lambda transition as it is approached from the superfluid side, an 

indication which was absent in the vapor-pressure measurements at this 

value of x although just visible in the light-scattering work. 

One of the surprising and fortunate features of this work is that 

at x = 0.64 the superleak continues to function well as a superleak for 

50 m K above the bulk lambda transition temperature. As a result, it is 

possible for us to measure (dx/90) near the tricritical point both 
T,P 

in the normal and superfluid regions. We believe that the enhanced 

superfluidity in the superleak is due to a superfluid film that forms 

along the surfaces of the pores of the superleak. This effect is 

discussed below in Section b. 

1. R. B. Griffiths, Phys. Rev. B 7_, 545 (1973). 

2. R. B. Griffiths and B. Widom, private communication. 

3. G. Goellner and H. Meyer, Phys. Rev. Letters 26, 1534 (1971); 

G. J. Goellner, Ph.D. Thesis (Duke University, 1972). 

4. D. R. Watts and W. W. Webb, Proceedings of the Thirteenth International 

Conference on Low Temperature Physics, Boulder, Colorado, August 1972 

(to be published). 

3 4 b . Surface-Film Superfluidity in the Normal-Fluid Region of He /He 

Mixtures (C. A. Gearhart, Jr. and W. Zimmermann, Jr.) 

Several years ago Keyston and Laheurte reported evidence that in 
3 4 4 

liquid He /He mixtures with values of x near 1.00 a superfluid, He -rich 



33 

film formed at the walls of the container at temperatures up to ~ 0.1 K 

above the phase-separation temperature. In recent work by Laheurte this 
• 2 effect was seen at concentrations down to x = 0.7.8. This interesting 

effect seems to be due to the van der Waals attraction between the helium 

atoms near a wall and the,wall. Despite the fact that the attraction is 
3 4 4 essentially the same for both He and He atoms, He atoms, on the average, 

4 occupy less room, and therefore it is energetically favorable for the He 

concentration to rise near the wall. Since the temperatures at which this 
4 effect occurs are well below the lambda temperature of pure He , the 

4 
He -rich film can become superfluid if it is of sufficiently low con
centration and at the same time thick enough so that superfluidity is 

3 4 not suppressed by curvature-of-the-order-parameter effects. ' 

The differential osmotic pressure cell described in .. 

Section a. above provides us with a useful way of exploring the existence 

of this anomalous superfluidity over a wide range of concentrations. 

We thus have a means of extending the work of Keyston and Laheurte. The -

presence or absence of superfluidity at a given set of values of x and T 

is judged by whether or not it is possible to observe a tendency toward 

osmotic equilibrium under those conditions. At x = 0.74 we have seen 

evidence for superfluidity at temperatures as high as 0.93 K, 0.15 K 

above the phase-separation temperature. At x = 0.64 we see evidence for 

superfluidity up to 1.14 K, 0.19 K above the lambda temperature of the 

bulk fluid! As mentioned in Section a. above, this latter state of 

affairs is extremely valuable to us, for it enables us to carry out 

osmotic pressure measurements both in the superfluid and the normal region 

near the lambda curve and tricritical point. 



34 

At lower values of x the onset of superfluidity in the superleak 

drops below the bulk lambda temperature. For example, at x = 0.20, the 

last sign of superfluidity is seen at around 1.75 K, more than 0.1 K 

below the bulk lambda temperature, and at x - 0.00, the corresponding 

point is 2.01 K, 0.16 K below the bulk lambda temperature. Presumably 

order-parameter-curvature effects are dominant at these lower values of 

x, and we are seeing the same sort of lowering of the superfluid onset 
4 temperature that others have seen for pure He in very fine pores. Our 

superleak is made of Vycor glass, whose pores are thought to have a 

characteristic size of about 50 A. 

1. J. R, G. Keyston and J. P. Laheurte, Phys. Letters 24A, 132 (1967). 

2. J. P. Laheurte, Phys. Rev. A 6, 2452 (1972). 

3. V. L. Ginzburg and L. P. Pitaevskii, Sov. Phys. JETP 34(7), 858 (1958) 

4. Yu. G. Mamaladze, Sov. Phys. JETP 25, 479 (1967). 

3 4 c. Analysis of the Specific Heat of Liquid He /He Mixtures near 

the Lambda Curve and Tricritical Point 

(L. D. Dockendorf and W. Zimmermann, Jr.) 

Measurements at saturated vapor pressure of the specific heat 

c_ of the mixtures at constant pressure and mole fraction give thermo-P,x 
dynamic information which supplements information from measurements of 

(dx/90)_ . In fact, it can be shown that because of the occurrence of T,r 
phase separation, an almost complete thermodynamic picture of the tri

critical region at saturated vapor pressure can in principle be obtained 
2 from measurements of c in that region. As a result, it should be 

r,X 
possible in principle to obtain (dx/3<$)_ as well as other thermodynamic 

T,P 
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functions by calculation from the results for c that were obtained 
r,X 

earlier. 

A step in this direction was taken in the analysis of Islander and 
2 Zimmermann, in which the calculations were all carried out numerically. 

Because of the unavoidable accumulation of error in the succession of 

differentiations and integrations involved, it did not prove worthwhile 

in that work to determine (dx/d0)* . 
T,P 

However, subsequently we have started carrying out computer fitting 

of closed mathematical forms with adjustable parameters to the specific 

heat data. These forms involve a suitable combination of singular and 

non-singular terms. Once determined, such forms can then be integrated 

and differentiated analytically to yield expressions for other thermo

dynamic functions. We believe that such expressions will be useful to 

other workers and will facilitate analysis and intercomparison of 

experimental data in the tricritical region. Further, we believe that 

useful information about (9x/90)„ v may be obtained in this manner. A 

preliminary calculation for x = 0.64 is in good qualitative agreement 

with data for (Sx/90) away from the lambda curve, and shows a 
T,P 

pronounced upswing in (dx/S0)_ _ at the lambda curve in agreement with 
T,P 

the divergence expected there theoretically. 
1. T. A. Alvesalo, P. M. Berglund, S. T. Islander, G. R. Pickett, 

and W. Zimmermann, Jr., Phys. Rev. A 4, 2354 (1971). 

2. S. T. Islander and W. Zimmermann, Jr., Phys. Rev. A T_, 188 (1973). 
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2. The Quantum Hydrodynamics of Superfluid Helium 

a. Quantization of Circulation in Superfluid Helium 

(S. F. Krai, D. R. Starks, W. Zimmermann, Jr.) 

Several years ago observations in our laboratory of the superfluid 

circulation around a fine wire stretched along the axis of a cylindrical 

container filled with He-II gave rather clear evidence of preferential 

metastability at quantum levels. Thus those observations strengthened 

the evidence presented by Vinen a few years earlier for the existence of 

quantization of circulation in superfluid helium flow around solid 
2 obstacles. Our measurements at that time were all conducted with the 

wire and container at rest. In recent work we have made measurements 

of the apparent circulation y in rotation at angular velocities u) up 

to 4 rad see' , using a cell rather similar to the one used in our 
3 earlier work. Our measurements have been made with wires ranging in 

diameter from 66 t o 83 urn a t temperatures between 1.2 and 1.4 K. 

The method of measurement involved determining the total angular 

frequency splitting Ai) between the two lowest-frequency transverse modes 

of vibration of the wire as observed in the rotating system. The 

quantity A"> is given by the expression 

AW. = J{fiu> -Aa> ) 2 + (A® ) 2 , c v r ° 
where Att>, equals np /u, Att) equals 2«> , and Aw is the intrinsic angular 

frequency splitting of the wire due to asymmetries in the wire and its 

mounting. Here n is the apparent circulation around the wire, p is the 

superfluid density, and u is the effective mass of the wire per unit 

length. 
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In these recent measurements we have seen relatively little clear-

cut evidence for quantization of circulation around the wire. The 

apparent circulation v. shows considerably more metastability at 

intermediate levels of circulation than previously, a behavior which seems 

to be associated with longer runs with a filled cell. Unfortunately, it 

is difficult for us with our present apparatus to reproduce the conditions 

under which the best quantum stability was achieved with our original 

apparatus. A further, related problem is the difficulty of determining 

Au> in a reliable way in the absence of the frequent spontaneous passages 

of v through zero seen in our earlier work. Nevertheless, we have 

observed that at each value of <u the apparent circulation X lies between 

reasonably well-defined limits of metastability which are themselves 

functions of <° . Except for small values of u> the sense of yt is always 

in agreement with that of tu . Hence we have been able to delineate a 

region of metastability in the n versus u) plane. 

One of the most fruitful methods of observing the behavior of the 

liquid has been to accelerate the cell slowly and steadily from rest 

to a maximum angular velocity tt) (max), then to decelerate in a similar 

manner through <*> = 0 to -m (max), and finally to reaccelerate to 
r r f 

u) (max). In such a run the apparent circulation n versus tu traces out 

an hysteresis loop, parts of which coincide with the limits of 

metastability. Along portions of the loop it is not uncommon to see a 

step-like behavior of x versus u> . These steps are often approximately 

one quantum unit in magnitude, although non-quantum values are also 

observed. 
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If at each value of co we define the median circulation as that 
r 

lying half-way between the limits of metastability, this median 

circulation varies with to in good average agreement with the equilibrium 

circulation calculated using a very simple, approximate, minimum-free-
4 energy argument similar to that introduced by Stauffer and Fetter. This 

argument considers the competition in rotation between quantum-level 

circulation occurring around the wire and single-quantum vortices 

existing in the liquid. 

Thus, despite the absence of clear-cut direct evidence for 

quantization of circulation in the recent experiments and the presence 

of a high degree of metastability, we believe that we have a good under

standing of the average dependence of K on to based on a quantum-vortex 

model for the rotation of the superfluid component. It continues to 

seem likely that non-quantum values of n and the metastability at non-

equilibrium values of n are associated with quantum vortices pinned to 

or near to the wire, but our experiment does not give us direct evidence 

on this matter. 

This work has constituted the basis of Dr. S. F. Krai's Ph.D. thesis, 

which was recently completed. An account of this work for submission 

to Phys. Rev. A is currently under preparation. 

Because of the fundamental importance of the principle of 

quantization of circulation in understanding the behavior of superfluid 

helium, we are currently involved in extending these measurements of 
K versus w to finer wires, since the earlier observations of Whitmore r 
and Zimmermann at rest indicate that such wires have a narrower range 

of metastability. As a result there is reason to hope that the expected 
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ideal equilibrium steplike behavior of >i(to ) will be more apparent. At 
the same time we are planning to explore the behavior of K at rest in 
the first 24 hours after cell filling in order to compare current results 
with those of Whit more and Zimmermann made in the same time interval. 
In setting up these experiments we have modified the apparatus so as to 
insure more stable long-term behavior of the wire. 
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b. A Search for Analogs of the Josephson Effects in the Flow 
of Superfluid Helium (B. B. Sabo and W. Zimmermann, Jr.) 

Ever since the discovery of the ac and dc 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 Josepheon-like behavior. 

Several experiments with a small orifice have purported to show 
1 2 3 4 the existence of an effect analogous to the ac Josephson effect. ' ' ' 

However, recent work has cast doubt on the interpretation of the results 
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of these experiments. ' Moreover, the effect which was believed to 

have been discovered in these experiments can be explained in terms of 

"conventional" two-fluid hydrodynamics, supposing quantization of 

vorticity in the superfluid, as well as by more general arguments in 
7 8 9 terms of the phase of the order parameter. ' ' On the other hand, one 

very recent experiment with two orifices in parallel appears to show 

interference effects analogous to the dc Josephson effect. In any 

event, it is of great interest both to investigate further the phenomena 

already seen and to search for situations under which superfluid helium 

can exhibit Josephson-like behavior 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 characteristics of the structure. 

In order to carry out the analog experiment in superfluid helium, we 

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. Piezoelectric 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 wall 

common to both chambers serves as part of a capacitance manometer to 

detect pressure differences developing between the chambers. This 
-2 -2 capacitance manometer has a sensitivity of 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 
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improve the signal-to-noise ratio by means of signal-averaging techniques. 

Additional features of the design6of the apparatus include electrical 

heaters and sensitive resistance thermometers in each chamber for studies 

of the thermal characteristics of the flow, good thermal isolation of 

the cell from the refrigeration baths in order to provide good thermal 
3 

stability for the cell, and provision for He refrigeration of the cell. 

Our results so far consist of preliminary studies on superfluid flow 

through a single 10 urn diameter orifice, a membrane containing numerous 

regular pores of 0.5 urn diameter, and a similar membrane containing 

0.1 urn pores. For such flow channels the size is large enough compared 

to the superfluid order-parameter coherence length so that one would 

expect to be able to interpret the results on a hydrodynamic basis, 

except possibly very near the lambda point. 

Our first result concerns the observation of a fundamental "Helmholtz" 

resonance in the apparatus due to the mechanical inductance of the super-

fluid flow in the orifice in combination with the mechanical capacitance 

provided by the finite compressibility of the fluid occupying the chambers. 

The frequency of this resonance is expected to vary with temperature 
s 1/2 approximately as p u., where p is the superfluid density and u. is the 

speed of first sound in the liquid. We find this behavior well satisfied 

everywhere except for the smallest pores near T , where we find that 

the effective superfluid density in the pores is less than the bulk p . 
» s 

We interpret this lowering of the effective superfluid density in the 

pores as indicating a reduction of the average 'magnitude of the order 

parameter in the pores due to a growing coherence length near T . 
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Our second result concerns the critical velocity of flow in these 

orifices. In the smallest orifices we see a clear intrinsic region at 

higher temperatures in accord with the fluctuation theory of dissipation, 
12 which predicts a critical velocity varying as p /T. In the larger 

orifices at lower temperatures the critical velocity is nearly temperature-

independent, being typical of extrinsic critical velocities. 

Using the single 10 um diameter orifice we have searched unsuccess

fully for the ac Josephson effect. In this search we placed a third 

piexoelectric transducer oscillating at 200 kHz very close to the orifice. 

We measured both pressure and temperature differences between chambers 

in order to monitor the net chemical potential difference. No evidence 

of any step-like behavior in the chemical potential difference was seen. 

This work constitutes the basis of Mr. Sabo's Ph.D. thesis which 

is currently being completed. 
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E. Experimental Studies of the Properties of Crystalline He 

1. Heat Capacity Measurements 

There is growing evidence for the existence of an anomalous lattice 
3 1 2 3 contribution to the heat capacity at low temperatures in solid He . ' ' 

The anomaly takes the form of an excess specific heat which has been 

characterized within the context of the Debye model by a temperature 
4 dependent Debye theta. In the recent work of Castles and Adams the 

excess heat capacity could also be represented by a term linear in 

temperature. -An additioanl puzzling feature of this work was the finding 

that the temperature dependent Debye 0 at the lowest temperatures was 

still decreasing and was substantially lower than the limiting elastic 

values set by sound velocity measurements. At the present time there 

is no consistent theoretical explanation for either a temperature 

dependent Debye theta or a term in the heat capacity varying linearly 

with temperature. 

It is possible that a linear term in the temperature dependence of 
3 

the heat capacity in solid He is an artifact of the temperature scale rath
er than an inherent property of the material. Recently it has been learned 
that large deviations from Debye behavior in the form of terms varying 
linearly with temperature, previously believed to be inherent features 
of the low temperature heat capacities of certain solids, could be removed 
by the use of magnetically smoothed temperature scales in place of 
the usual vapor pressure scales. ' 

We have continued our measurements of the heat capacity over the 

past year. We now use an all-copper calorimeter which can be cooled 
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below 30 mK and is linked to our dilution refrigerator by a tin heat 

switch. In the calorimeter, the large surface for thermal contact is 

provided by a number of copper plates machined in the lower half of the 

chamber. The primary thermometer is a powdered CMN sample which is 

calibrated in the range from 1.5 K to 2.5 K against a germanium thermometer 

which is itself calibrated against TCQ. Determinate corrections to the 
JO 

usual temperature scales suggested by Cetas and Swenson can be readily 

carried out. The thermometer is linked directly to our minicomputer 

with the heater power for the measurements set by the software. 
o 

Although there exist techniques which allow heat capacity measure

ments to be carried out when the system temperature is drifting rather 

rapidly we have not been able to use' them because of the relatively long 

internal thermal time constant of our calorimeter. The Kapitza boundary 
3 *-resistance limits heat transfer between solid He and the calorimeter 

despite a large' surface of contact between them. We have consequently 

devoted considerable effort to reducing sample chamber heat leaks in 

order to reduce the warm up rate. The major heat-leak turned out to be 

produced by building vibrations. To make measurements below 100 mK we 

found it necessary to mount the apparatus on a concrete block resing on 

dry sand completely independent of the laboratory building. The residual 

heat leak is now of the order of an erg a minute. The series of runs 

currently in progress should produce reliable data for the lattice heat 

capacity over the temperature range in which anomalous behavior has been 

observed. Measurements below 0.075 K should also yield useful information 
2 on the l/T nuclear spin contribution to the heat capacity. 
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