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PROSPECTS I N  ULTRALOW TEMPERATURE PHYSICS 

A.J. Legget t  

School of Mathematical and Physical Sciences, ~ n i v e r s i t y  of Sussex, s bright on BN1 9QH, Sussex, U.K. 

Rdsum6.- Come a v e n i r  de l a  recherche s u r  l e s  t r P s  b a s s e s  t empl ra tu res ,  on peu t  p r s v o i r  p a r  exemple, 
l a  d6couverte de nouve l l e s  phases e x o t i q u e s ,  l ' o b s e r v a t i o n  d v e n t u e l l e  du "percement rnacroscopique 
quantique' l  dans l e  v i d e ,  e t  l ' a m p l i f i c a t i o n  des  i n t e r a c t i o n s  t r s s  f a i b l e s  de  l a  physique des  hau tes  
dnergies .  

Abst ract . -  Why t h e  con t inu ing  sea rch  f o r  u l t r a l o w  temperatures  ? P o s s i b l e  mot ives  i n c l u d e  t h e  pros- 
p e c t  of e x o t i c  new phases ,  of observing macroscopicvacuum quantum t u n n e l l i n g  and of  ampl i fying t h e  
u l t r a -weak  i n t e r a c t i o n s  p o s t u l a t e d  i n  p a r t i c l e  phys ic s .  

As i t s  t i t l e  imp l i e s ,  t h i s  t a l k  i s  much more 

s p e c u l a t i v e  than most " reviews". I ' l l  a t t empt  a par- 

t i a l  answer t o  t h e  q u e s t i o n  : Why do we b e l i e v e  t h e  

q u e s t  f o r  u l t r a l o w  temperatures  is  worthwhile ? What 

fundamentally new physics  i s  p e c u l i a r  t o  t h i s  region? 

I ' l l  d e l i b e r a t e l y  say l i t t l e  about a r e a s  covered i n  

o t h e r  t h e o r e t i c a l  review t a l k s  , b u t  even s o  the  se-  

l e c t i o n  of t o p i c s  i s  h igh ly  pe r sona l ;  almost a l l  of 

them a r e  a s s o c i a t e d  i n  some way wi th  the  phenomenon 

of macroscopic quantum coherence, u s u a l l y  of t h e  

s u p e r f l u i d  type. They range from ques t ions  j u s t b e c o -  

ming expe r imen ta l ly  a c c e s s i b l e  t o  some which may, a t  

b e s t ,  be a decade o r  two away o r ,  a t  wors t ,  be a 

mere t h e o r i s t ' s  playground. 

I .  NEW PHASES.- A gene ra l  f e e l i n g  which probably  

mot iva te s  most low-temperature p h y s i c i s t s  i s  t h a t  by 

going t o  lower and lower temperatures we a r e  l i k e l y  t o  

see mor.2 and more s u b t l e  types  of o rde r ing .  One obvious 

reason i s  t h a t  t h e  e n e r g i e s  a s s o c i a t e d  wi th  such or-  

d e r i n g  a r e  o f t e n  very  smal l ,  corresponding t o  t e m p e  

r a t u r e s  i n  the  mK r eg ion  o r  below (exchange energy 

i n  s o l i d  3 ~ e ,  n u c l e a r  d i p o l e  energy i n  o t h e r  s o l i d s ,  

e t c . ) .  Rather  l e s s  obviously ,  i f  t h e  o rde r ing  i s  

ve ry  d e l i c a t e ,  i nvo lv ing  f o r  i n s t a n c e  complicated 

angu la r  c o r r e l a t i o n s ,  i t  w i l l  be des t royed  v e r y  ea- 

s i l y  by any kind of incohe ren t  s c a t t e r i n g  and s o  

w i l l  n o t  occur  u n t i l  temperatures  s o  low t h a t  t he  

s c a t t e r i n g  i s  much reduced (o r  the  energy advantage 

from t h e  o r d e r i n g  i s  much i n c r e a s e d ) .  As an example, 

t he  ve ry  "de l i ca t e"  B-phase of  s u p e r f l u i d  3 ~ e ,  i n -  

vo lv ing  t h r e e  types  of Cooper p a i r s  w i th  s u b t l e  s p i n  

and angu la r  c o r r e l a t i o n s ,  i s  suppressed by boundary 

o r  o t h e r  s c a t t e r i n g  i n  favour  of  t h e  c rude rand  more 

robus t  A phase.  E x i s t i n g  h igh ly  ordered bu lk  low- 

temperature  phases inc lude  o f  course  superconduct i -  

v i t y ,  s u p e r f l u i d  ' ~ e ,  3 ~ e - ~  and B, magne t i ca l ly  or- 

dered s o l i d  3 ~ e ,  n u c l e a r  d i p o l e  o r d e r i n g  i n  s o l i d s . .  

Here I ' l l  d i s c u s s  two p l a u s i b l e  cand ida te s  f o r  addi- 

t i o n  t o  t h e  l i s t  i n  the  nex t  few yea r s .  

F i r s t ,  t h e r e  i s  p-wave supe rconduc t iv i ty  i n  

me ta l s .  P o s s i b l y ,  i n  some me ta l s  t h e  o r d i n a r y  phonorr 

exchange i n t e r a c t i o n  f avours  p-wave superconduct iv i ty  

/ I / ,  b u t  t h e  most promis ing cand ida te s  seem t o  be 

me ta l s  which a r e  s o  s t r o n g l y  paramagnetic a s  t o  be  

almost uns t ab le  a g a i n s t  ferromagnetism, s o  t h a t  t he  

S tone r  parameter  I i s  on ly  j u s t  l e s s  than 1 .  I n  t h a t  

case  theory p r e d i c t s  /2 /  t h a t  t he  exchange of v i r -  

t u a l  paramagnons ( long- l ived s p i n  f l u c t u a t i o n s )  

should suppress  s-wave p a i r i n g  and favour  p-waves; 

however, r a t h e r  s u r p r i s i n g l y  a t  f i r s t  s i g h t ,  t he  

t r a n s i t i o n  temperature  Tc does  no t  cont inue t o  in- 

c r e a s e  a s  I + 1 ( i . e .  a s  t h e  f e r romagne t i c  i n s t a b i -  

l i t y  i s  approached) bu t  r a t h e r  goes through a maxi- 

mum / 3 , 4 / ,  of t h e  a r d e r  of - t imes  t h e  

Fermi temperature ,  when ? i s  c l o s e  t o  I and then  

drops  t o  zero  a s  t h e  i n s t a b i l i t y  i s  approached. The 

pure  meta l  which i s  n e a r e s t  t o  ferromagnetism i s  Pd, 

b u t  c a l c u l a t i o n s  f o r  t h i s  system /3 /  p r e d i c t  a Tcof  

the  o r d e r  of on ly  K ,  which is  presumably n o t  

a t t a i n a b l e  i n  t h e  nea r  f u t u r e .  I d e a l l y ,  one would 

l i k e  t o  t ake  an a l l o y  system such a s  Ni-Rh, where - 
by va ry ing  t h e  composition we can va ry  I smoothly 

through I ,  t he reby  i n e v i t a b l y  c ross ing  t h e  p o i n t  

where T i s  a maximum. Unfo r tuna te ly ,  p-wave super- 

c o n d u c t i v i t y  i s  a "de l i ca t e"  phase,  and u n l i k e  t h e  

usua l  s w a v e  type i s  v e r y  e a s i l y  des t royed  by the  

s c a t t e r i n g  which i n e v i t a b l y  occur s  i n  a l l o y s  / I / .  

The b e s t  hope would seem t o  be i f  we could  f i n d  a 

system where t h e  f e r romagne t i c  t r a n s i t i o n  could be 

induced by va ry ing  some parameter  o t h e r  than compo- 
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s i t i o n ;  one p o s s i b l e  cand ida te  /5/ might be  t h e  weak 

i t i n e r a n t - e l e c t r o n  ferromagnet 161 Z r  Znp, where t h e  

ferromagnetism i s  suppressed by a p res su re  of  about 

8 kbar.  

What would be s p e c i a l l y  i n t e r e s t i n g  about a p- 

wave superconductor  ? For a s t a r t ,  i f  t h e  a t t r a c t i o n  

binding the  Cooper p a i r s  i s  indeed l a r g e l y  due t o  

paramagnon exchange, then i t  i s  ve ry  probable  we 

would g e t  an a n i s o t r o p i c  p-wave phase l i k e  superf lu id  

3 ~ e - ~ ,  w i th  a l l  t h e  a s s o c i a t e d  unusual  t o p o l o g i c a l  

p r o p e r t i e s  171. However, we would now have t h e  bonus 

t h a t  t h e  c u r r e n t s  couple  d i r e c t l y  t o  the  electroma- 

g n e t i c  f i e l d ,  s o  i t  should be p o s s i b l e  t o  d i s p l a y  

these  t o p o l o g i c a l  p r o p e r t i e s  q u i t e  d i r e c t l y  and spec- 

t a c u l a r l y ;  f o r  i n s t a n c e ,  t h e  behaviour  i n  a magnetic 

f i e l d  is  l i k e l y  t o  be q u i t e  d i f f e r e n t  from t h a t  of 

o rd ina ry  s-wave superconductors  of e i t h e r  type. (The 

s i t u a t i o n  may be f u r t h e r  complicated by t h e  f a c t  t h a t  

l a t t i c e  an i so t ropy ,  o r  d e f e c t s ,  may tend t o  p i n  down 

t h e  o r i e n t a t i o n  of  t h e  Cooper p a i r s  181). 
A perhaps more promising cand ida te  f o r  o u r n e x t  

new low-temperature phase i s  t h e  p r e d i c t e d  BCS-paired 

phase of d i l u t e  s o l u t i o n s  of  3 ~ e  i n  l i q u i d  'He. At 

t h e  moment, t h e  upper l i m i t  on t h e  t r a n s i t i o n  tempe- 

r a t u r e  is  1.5 mK ( a t  21 b a r ) / 9 / .  At f i r s t  s i g h t  one 

might expec t  t h e  t r a n s i t i o n  t o  l i e  i n  the  microdegree 

range,  f o r  t h e  fo l lowing r eason  : Consider t h e  s t an -  

dard  weak-coupling BCS express ion  f o r  the  t r a n s i t i o n  

temperature  

T = cons t .  exp - l/N(O) Veff  (1 

where ac i s  a cu to f f  energy f o r  t h e  p a i r i n g  i n t e r a c  

t i o n  Veff between q u a s i - p a r t i c l e s  nea r  t h e  Fermi 

s u r f a c e  and N(0) i s  t h e  d e n s i t y  of s t a t e s  t h e r e ,  and 

compare d i l u t e  s o l u t i o n s  of  3 ~ e  i n  'He wi th  pure  3 ~ e ,  

f o r  which Tc i s  a . f e w  mK. Veff  i s  expected t o  be  of 

t h e  same o r d e r  of magnitude i n  t h e  two systems, while 

N(0) i s  much sma l l e r  f o r  s o l u t i o n s ;  hence, a t  f i r s t  

s i g h t ,  Tc should be depressed by an exponen t i a l ly  

l a r g e  f a c t o r .  However, by t h e  same argument onewould 

expect  Tc i n  pure  3 ~ e  t o  b e  exponen t i a l ly  s e n s i t i v e  

t o  N(O), whereas t h e  exper imenta l  dependence i s  much 

weaker. Indeed, i f  we were t o  e x t r a p o l a t e  t h i s  de- 

pendence t o  the  v a l u e  of N(0) occur r ing  i n  t h e  most 

concen t ra t ed  d i l u t e  s o l u t i o n s ,  we should f i n d  a Tc 

of t h e  o r d e r  of lo-' K. C l e a r l y  t h i s  procedure  is  

much too  na ive ,  bu t  s e v e r a l  r ecen t  c a l c u l a t i o n s  have 

indeed come up w i t h  a f i g u r e  of  t h i s  o rde r  o r  even 

somewhat l a r g e r  / lo / .  

A BCS phase of d i l u t e  3 ~ e - ' ~ e  s o l u t i o n s  would 

be of extreme i n t e r e s t  f o r  t h e  g e n e r a l  theory of 

Cooper p a i r i n g .  Three v a r i a b l e s  -%e  concen t ra t ion ,  

p r e s s u r e  and magnetic f i e l d  - can be v a r i e d  over  sub- 

s t a n t i a l  i n t e r v a l s .  P r e s e n t  t heo ry  p r e d i c t s  t h a t  a t  

low concen t ra t ion  t h e  p a i r i n g  w i l l  be i n  a 'so s t a t e  

a s  i n  superconductors ,  wh i l e  a t  h ighe r  concen t ra t io r s  

a 'P s t a t e  l i k e  t h a t  found i n  pu re  3 ~ e  w i l l  become 

s t a b l e .  Now, t h e  e x i s t e n c e  of t h e  A phase i n  pure  

3 ~ e  i s  g e n e r a l l y  be l i eved  t o  depend c r u c i a l l y  on the  

phenomenon of s p i n  f l u c t u a t i o n  feed-back /1 11 ( t h e  

s p i n  p o l a r i z a b i l i t y  of t h e  medium, which provides  

t h e  mechanism of a t t r a c t i o n  forming Cooper p a i r s ,  i s  

i t s e l f  s t r o n g l y  modified by t h e  onse t  of  p a i r i n g ) .  

I n  mixtures  t h i s  e f f e c t  should  be nonex i s t en t  o r  a t  

l e a s t  ve ry  much reduced, ( s i n c e  the  a t t r a c t i o n  i s  

l a r g e l y  due now t o  (dens i ty )  p o l a r i z a t i o n  of  the  

i n e r t  ' ~ e  background) and we would t h e r e f o r e  expect  

on ly  a B-type phase  t o  occur;  t h i s  would c o n s t i t u t e  

a c r u c i a l  t e s t  of  t h e  s p i n  f l u c t u a t i o n  hypothes is .  

The low-concentra t ion 'so phase would be  even more 

i n t e r e s t i n g ,  s i n c e  i t  would be  ou r  f i r s t  ( l abora to ry )  

example of a n e u t r a l  and impuri ty-f ree  s-wave Fermi 

s u p e r f l u i d .  One p o i n t  of p a r t i c u l a r  i n t e r e s t  i s  t h a t  

a magnet ic  f i e l d  of a few hundred gauss should pro- 

bably  s t a b i l i z e  t h e  s o  f a r  h y p o t h e t i c a l  Fulde-Ferrell  

phase 1121, i n  which the  o r d e r  parameter undergoes a 

complicated s p a t i a l  v a r i a t i o n ;  i n  superconductors  

t h i s  u l t r a - "de l i ca t e"  phase i s  thought t o  b e  inev i -  

t a b l y  suppressed by a combination of t h e  Meissner 

e f f e c t  and impur i ty  s c a t t e r i n g .  F i n a l l y ,  t h e r e  i s  

t h e  i n t r i g u i n g  p o s s i b i l i t y  1131 t h a t  t h e  'He-mediated 

i n t e r a c t i o n  between 3 ~ e  i m p u r i t i e s  i s  s t r o n g  enough 

t h a t  even two i s o l a t e d  313e atoms form a weakly-bound 

molecular  s t a t e .  If  s o ,  t hen  by va ry ing  t h e  concen- 

t r a t i o n  we may be a b l e  t o  s tudy  expe r imen ta l ly  the  

t r a n s i t i o n  between t h e  "Cooper-pair" l i m i t ,  where 

t h e  fo rma t ion  of p a i r s  and t h e i r  Bose condensat ion 

a r e  one and t h e  same p rocess ,  t o  the  "diatomic- 

molecule" l i m i t ,  where they  a r e  q u i t e  d i f f e r e n t .  

2 .  QUANTUM PURITY : TRUE AND FALSE VACUA.- L e t ' s  now 

t u r n  from t h e  s u b j e c t  of p o s s i b l e  new phases  t o  the  

q u e s t i o n  of what fundamental ly  new phys ic s  we can do 

wi th  t h e  ones we have a l r eady .  As we dec rease  t h e  

temperature ,  a t  l e a s t  two important  t h i n g s  happen : 

t h e  number of thermal  e x c i t a t i o n s  dec reases  r a p i d l y ,  

and ultra-weak i n t e r a c t i o n s  may become important .  

The e f f e c t s  of t h e s e  a r e  d i scussed  i n  t h i s  and the  

nex t  s e c t i o n  r e s p e c t i v e l y .  

Consider f i r s t  t he  case  where a l l  e lementary  

e x c i t a t i o n s  of t h e  system a r e  bosons (e.g. phonons) 
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and l e t  the  thermal reduced de Broglie wavelength a t  

temperature T be AT. Then, crudely speaking, any 

subsystem of volume much l e s s  than A; w i l l  contain 

no e x c i t a t i o n s ,  i . e .  i t  w i l l  be i n  i t s  quantum-mecha- 

n i c a l  groundstate. For o r ien ta t ion ,  AT f o r  l iqu id  or  

so l id  helium a t  1 mK i s  of order 1 micron. Fermion 

e x c i t a t i o n s  i n  a  normal system are  more d i f f i c u l t  

t o  remove, but i n  a  superconductor o r  i s o t r o p i c  Fer- 

m i  super f lu id  they vanish dramatical ly  a s  the tempe- 

ra tu re  is  reduced; f o r  T < 0.03 T there  i s  l e s s  

than one fermion q u a s i p a r t i c l e  per cubic centimetre ! 

Moreover, those few e x c i t a t i o n s  which do s t i l l  e x i s t  

have very long mean f r e e  paths - l imited,  a t  tempe- 

ra tu res  of t h i s  order ,  by the dimensions of the sam- 

ple .  

Thus, i n  some many-body systems a t  low tempe- 

ra tu res  we have prec i se ly  the vacuum which p a r t i c l e  

t h e o r i s t s  dream about; moreover, i n  many cases t h i s  

vacuum has a  n o n t r i v i a l  s t r u c t u r e  and even one which 

we can cont ro l  experimentally and cause t o  vary i n  

space. Some aspects  of t h i s  s i t u a t i o n  a r e  explored 

i n  the t a l k  by Maki 1141; however, the re  a r e  many 

others  which a re  connected s p e c i f i c a l l y  with the 

"quantum puri ty"  of the  vacuum. As a  f i r s t  i l l u s t r a -  

t ion,  consider a  sample of superf luid 3 ~ e - ~  i n  which, 

by imposing s u i t a b l e  geometric cons t ra in t s  and magne 

t i c  f i e l d s ,  we have caused the o r i e n t a t i o n  of the  

an i so t rop ic  Cooper-pair wave funct ion ( the so-called 

a-vector) t o  vary i n  space. Then consider the ba l l i s -  

t i c  motion of a  q u a s i p a r t i c l e  aga ins t  t h i s  backgrcund 

I f  i t  has wave vector  k, i t s  energy i s  proport ional  
1'" 

to  Ek Z ( E: + I  4cI2)2,  where E A. k x  - R i s  a  

funct ion of the  d i r e c t i o n  of R; thus,  Ek i s  varying 
* 

i n  space and the b a l l i s t i c s  i s  nont r iv ia l .  It turns 

out /15/ t h a t  i f  the  q u a s i p a r t i c l e  i s  f i r e d  off i n  a  

given d i r e c t i o n ,  i t  executes a  s o r t  of boomerang mo- 

t ion  and re turns ,  nearly,  t o  i t s  s t a r t i n g  point  ( a  

complicated kind of Andreev r e f l e c t i o n ) .  To see t h i s  

kind of e f f e c t  ( i n  p rac t ice ,  probably through measu- 

rements of v i s c o s i t y  o r  thermal conductivity) we 

requi re  only temperatures low enough t h a t  the quasi- 

p a r t i c l e  mean f r e e  path is  domparable t o  the  sample 

dimensions; f o r  3 ~ e - ~  t h i s  is by no means an exorbi- 

t a n t  demand. 

Much more in t r igu ing ,  however, a re  the  pros- 

pec t s  opened up by the  exis tence of d i f f e r e n t  vacua 

of the  same physical  system. I n  p a r t i c l e  physics the  

problem of vacuum i n s t a b i l i t y ,  along with the  closely 

r e l a t e d  quest ion of "instantons", has received a  

g rea t  dea l  of a t t e n t i o n  i n  the  l a s t  two o r  t h r e e  

years  /I6,17/. Suppose f o r  instance we have a  non- 

l i n e a r  f i e l d  theory involving a  r e a l  s c a l a r  f i e l d  

I$ with a  p o t e n t i a l  V($) which has both an absolute  

minimum and one o r  more metastable l o c a l  minima. I t  

i s  conceivable t h a t  the Universe, during i t s  f i r s t  

few ( rap id ly  cooling) minutes of exis tence,  s e t t l e d  

as  i t  were by mistake i n t o  a  metastable loca l  mini- 

( i n  the language of metallurgy, it  was "quenched"). 

Since on the sca le  of p a r t i c l e  physics the tempera- 

t u r e  i s  (now) e s s e n t i a l l y  zero, t h i s  metastable s t a t e  

i s  s t a b l e  aga ins t  thermodynamic f luc tua t ions .  However 

i t  could i n  p r inc ip le  make the  t r a n s i t i o n  by means 

of (macroscopic) quantum tunnel l ing.  There a r e  by 

now a number of ca lcu la t ions  of the t r a n s i t i o n  pro- 

b a b i l i t y  /16,17/; a l l  of them proceed by assuming 

t h a t ,  j u s t  a s  i n  the standard thermodynamic nuclea- 

t ion  theory, a  "bubble" of the  s t a b l e  phase forms 

and must then expand against  the interphase se r face  

tension t o  a  c r i t i c a l  s i z e ,  a f t e r  which i t  canexpand 

f r e e l y  and f i l l  the  Universe. A l l  ca lcu la t ions  indi-  

ca te  t h a t  the t r a n s i t i o n  probabi l i ty  i s  proport ional  

t o  exp (-Ac/ $) , where the"cr i t i ca1  act ion" A, is, 

apar t  from a numerical constant ,  t h e  energy of the 

(three-dimensional) c r i t i c a l  bubble times the  time 

f o r  a  l i g h t  wave t o  cross  it. Such ca lcu la t ions  a r e  

of course impossible t o  compare with experiment, i f  

only because once t h i s  " l i t t l e  bangl'has taken place 

we s h a l l  presumably be i n  no s t a t e  t o  record the 

f a c t  ! 

However, there a r e  severa l  s i t u a t i o n s  i n  la+- 

temperature physics which a r e  almost exac t ly  analo- 

gous (and a r e  fraught  with l e s s  danger to  the expe- 

r imenter) .  One case which has been considered i n  de- 

t a i l  i n  the l i t e r a t u r e  /18,19/ i s  a  s o l i d  which has 

been supercooled i n  a  metastable c rys ta l lographic  

phase; however, t h i s  may be r a t h e r  d i f f i c u l t  to  ex- 

plore experimentally owing t o  the presence of d i s lo -  

cat ions,  e tc . . .  Possibly more promising might be a  

superconducting loop containing a  weak l i n k  (of the 

type used i n  SQUIDS) through which a var iab le  exter-  

na l  magnetic f l u x  0 i s  applied. In the s implest  
X 

model /20/ the p o t e n t i a l  energy of the system is  

where 0, here regarded as  a  dynamical var iab le ,  i s  

the t o t a l  f l u x  through the loop, L i;ts Self-iductan- 

ce, i the c r i t i c a l  cur ren t  of the weak l i n k  and 

0 2 h/2e the f lux  quantum. For Li  > a. and sui- 

t ab le  values of ax the funct ion U(0) has one o r  more 

metastable loca l  minima; moreover, the height  of the 

b a r r i e r s  separa t ing  them from the  t r u e  minimum can 



be adjusted by varying Q I f  t h i s  b a r r i e r  height  i s  
x- 

no t  too l a r g e  compared t o  the thermal energy kgT, 

the  system can jump from the metastable to  the  t r u e  

minimum by c l a s s i c a l  thermodynamic f luc tua t ions ;  the 

theory of t h i s  has been worked out  1201 and i s  i n  

good agreement with the experiments 1211. 

However, one can a l s o  consider the p o s s i b i l i t y  

t h a t  the system tunnels quantum mechanically through 

the  p o t e n t i a l  b a r r i e r .  This a r i s e s  because i n  addi- 

t i o n  t o  the "po ten t ia l  energy" U(Q) the  c i r c u i t  a l s o  

possesses a "k ine t ic  energyM 4 C ', where C i s  the  

capacitance of the junct ion 1201 (we neglect  r e s i s -  

tance f o r  the  moment). I f  we assume t h a t  we can apply 

the standard canonical quant izat ion procedure t o  the 

macroscopic dynamical var iab les  CJ and 0, then i t  i s  

s traightforward t o  est imate the quantum tunne l l ing  

probabi l i ty  and show t h a t  i t  is  dominant when 

kBT << fi w 
0 )  Wo (]/LC)$ (AQx/  eo); (3) 

where AQ i s  the d i f fe rence  of the ex te rna l  f l u x  @ 
X X 

from the value a t  which the metastable minimum beco- 

mes unstable .  For r e a l i s t i c  point-contact weak l i n k s  

t h i s  requ i res  only moderately low temperatures 

( 5  0.1 K ) .  However, the above est imate app l ies  only 

t o  c i r c u i t s  where normal res i s tance  can be neglected; 

t o  take t h i s  i n t o  account i n . t h e  quantum tunne l l ing  

ca lcu la t ion  appears a non-tr ivial  problem. I f  i t  i s  

indeed poss ib le  t o  d i sp lay  macroscopic quantum tun- 

n e l l i n g  i n  t h i s  system, it should provide some amu- 

s i n g  s i d e l i g h t s  on the quantum theory of measurement! 

The above example i s  what f i e l d  theor i s t swould  

c a l l  a "zero-dimensional" case : only one p a i r  of 

dynamical var iab les  (Q, and i t s  conjugate momentum) 

a r e  involved. An example possibly c loser  t o  the va- 

cuum tunne l l ing  of p a r t i c l e  physics i s  the A ~ B  

t r a n s i t i o n  i n  superf luid 3 ~ e .  I f  t h i s  t r a n s i t i o n  

nucleates  i n  bulk l i q u i d  a t  a l l ,  whether thermody- 

namically o r  quantum-mechanically, it should do so  

by the usual  bubble-formation mechanism, with a 

" c r i t i c a l  bubble" rad ius  Rc which i n  general should 

be a few times the coherence length 5,. I f  we now 

simply take over the part ic le-physics  r e s u l t  f o r  t h e  

quantum tunne l l ing  probabi l i ty  by replacing the  speed 

of l i g h t  by some e f f e c t i v e  ve loc i ty  cs associated 

with the o s c i l l a t i o n s  which i f  s u f f i c i e n t l y  ampli- 

f i e d  lead t o  the t r a n s i t i o n ,  then the r a t i o  of the  

(negative) exponents f o r  quantum tunne l l ing  and 

c l a s s i c a l  nucleat ion i s  about 4R /AT,  where AT i s  

the  reduced thermal de Broglie wavelength of the  

o s c i l l a t i o n  i n  question. Any reasonable est imate of 

c then leads t o  the r e s u l t  t h a t  quantum nuc lea t ion  

c e r t a i n l y  dominates f o r  T _< 0.05 Tc, and possibly 

even f o r  T - Tc. I n  view of our present  u t t e r  lack 

of understanding of the nucleat ion mechanism i n  su- 

p e r f l u i d  3 ~ e ,  I be l ieve  a proper ca lcu la t ion ,  with 

due a t t e n t i o n  t o  the e f f e c t s  of d i s s i p a t i o n  i n  the 

normal component, i s  highly des i rab le .  A t  any r a t e  

there  seems a r e a l  p o s s i b i l i t y  t h a t  ultra-low-tempe- 

r a t u r e  physics can eventual ly serve as a " laboratory 

of instantons" j u s t  a s  i t  is  already / 141 a "labora- 

to ry  of so l i tons"  ! 

3. AMPLIFICATION OF ULTRA-WEAK EFFECTS.- F ina l ly ,  

br inging our f e e t  perhaps s l i g h t l y  c loser  t o  the 

ground, l e t  us  b r i e f l y  review some of the  ways i n  

which the c h a r a c t e r i s t i c  coherence of low-temperature 

condensed phases, p a r t i c u l a r l y  super f lu id  ones, can 

amplify e f f e c t s  much too small t o  be seen a t  the 

l e v e l  of individual  atoms or  molecules. Perhaps the 

s implest  i l l u s t r a t i o n  1221 i s  the very small o r b i t a l  

magnetic moment U associated with the  r o t a t i o n  of 
orb 

a homonuclear diatomic molecule, a s  a r e s u l t  of the 

f a c t  t h a t  the e l e c t r o n  cloud of each atom i s  s l igh t -  

l y  d i s t o r t e d  by i t s  neighbour (an i n t r i n s i c a l l y  

"chemical" e f f e c t  which vanishes i n  the l i m i t  of 

zero overlap of the  clouds). Any such magnetic moment 

i s  obviously d i rec ted  along the  o r b i t a l  angular mo- 

mentum vector  o r  a x i s  of r o t a t i o n ,  of the molecule. 

Now i n  an ordinary gas of diatomic molecules, i n  the 

absence of a magnetic f i e l d ,  the o r i e n t a t i o n  of t h i s  

a x i s  i s  completely random, so t h e  ne t  magnetic mo- 

ment averages t o  zero; and though an ex te rna l  f i e l d  

H should i n  p r i n c i p l e  have an or ien t ing  e f f e c t ,  the 

r a t i o  p H/k T i s  so t iny  t h a t  the e f f e c t  i s  usual- orb B 
l y  not d i r e c t l y  detectable .  Suppose however we con- 

s i d e r  the  an i so t rop ic  superf l u i d  phase 3 ~ e - ~ .  Here 

we have Cooper p a i r s ,  which f o r  present  purposes a r e  

j u s t  g i a n t  diatomic molecules, and we expect a very 

weak o r b i t a l  magnetic moment d i rec ted  along the  ax i s  

of r o t a t i o n  of each pa i r .  But now, i n  con t ras t  t o  

the gas of diatomic molecules, the p a i r s  a r e  automa- 

t i c a l l y  Bose-condensed, which means the  a x i s  of ro- 

t a t i o n  i s  the  same f o r  a l l  pa i r s .  Thus, the  magnetic 

moments add up coherently and t h e  system behaves a s  

a (very weak) l i q u i d  ferromagnet. This e f f e c t  has 

recen t ly  been detected 1231; no t ice  t h a t  i t  i s  pro- 

bably the f i r s t  observat ion of a ( s t a t i c )  genuinely 

chemical e f f e c t  i n  pure helium of e i t h e r  spec ies  ! 

One of t h e  more e x c i t i n g  poss ib le  app l ica t ions  of tk 

general  p r i n c i p l e  involved here i s  t o  look f o r  pos- 

s i b l e  macroscopic consequences of the weak in te rac-  

t ion.  According t o  most models cur ren t ly  favoured 
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by par t ic le  t h e o r i s t s ,  there should e x i s t  apart from 

the so-called "charges-current" processes responsible 

for  events  such as nuclear beta-decay, "neutral-  

current" e f f e c t s  which i n t e r  a l i a  produce an additio- 

nal i n t e r a c t i o n ,  over and above the usual electroma- 

gnet ic  one, between e lec t rons  and nucleons 1241.  
This  in terac t ion  i s  f a n t a s t i c a l l y  weak compared t o  

electromagnetism, but  it has the unique property o f  

v i o l a t i n g  pari ty  conservation ( P )  (and poss ib ly ,  t o  

a very small degree, a l so  time-reversal invariance 

( T ) ) .  Intensive searches for  the e f f e c t s  o f  such an 

i n t e r a c t i o n  have been carried out i n  the l a s t  two 

or three years by spectroscopic and scat tering expe- 

riments on atoms, and a few weeks be fore  t h i s  Confe- 

rence the f i r s t  pos i t i ve  r e s u l t s  were announced 1251. 

To get an idea o f  the d i f f i c u l t y  o f  these experiments 

we note t h a t  the s trength o f  the i n t e r a c t i o n  i n  

hydrogen i s  only about 10-15 eV, i . e .  about 10-l6 o f  

the Coulomb i n t e r a c t i o n ,  and even i n  heavy atoms i t  

i s  s t i l l  only  about eV a t  most. For t h i s  reason 

it would almost cer ta in ly  be q u i t e  hopeless t o  look 

for  equi l ibrium e f f e c t s  on the  atomic scale .  

The quest ion now ar i ses  : I s  it possible t o  

use the coherence properties o f  ultra-low-temperature 

systems t o  ampli fy  t h i s  ultra-weak in terac t ion  so 

that  i t  can produce a macroscopic e f f e c t  ? Several 

experiments along these l i n e s  have been proposed, 

although whether they can be made competitive wi th  

the establ ished atomic techniques as a promary source 

o f  information about the weak i n t e r a c t i o n  - indeed 

whether they are current ly  f e a s i b l e  a t  a l l  - depends 

on a complicated combination o f  technical  fac tors  i n  

each case. I ' l l  b r i e f l y  describe two proposals, both 

o f  which are designed t o  look f o r  the P-violating 

but T - c o n s e ~ i n g  component o f  the neutral-current 

electron-nucleon i n t e r a c t i o n ,  and which i l l u s t r a t e  

d i f f e r e n t  aspects o f  superf luid coherence. The i n t e r  

act ion i n  quest ion contains,  among other t h i n g s ,  a 

term o f  the  form qTn.p  6 ( r ) ,  where a i s  the nuclear 
-n  

sp in ,  p the e lec t ron  momentum and 5 a constant : the - 
6 ( r )  ind ica tes  t h a t  the in terac t ion  i s  a "contact" 

one, i . e .  there must be a f i n i t e  probabil i ty  o f  f i n -  

ding the  e lec t ron  at the  nucleus. For electrons i n  

a t y p i c a l  heavy atom or solid the s trength o f  t h i s  

in terac t ion  i s  o f  order 10-lo eV or l e s s ,  tha t  i s ,  

very much l e s s  than the thermal energy 5T. The f i r s t  

proposal 1261 t o  ampli fy  the e f f e c t  presupposes the 

production and maintenance o f  a high degree o f  nu- 

clear sp in  polarizat ion i n  a superconducting metal .  

Then the quant i t y  CQ i s  coherent over the  sample 
-n 

and plays the  same ro le  as a magnetic vector poten- 

t i a l  5; and i n  a superconductor, because o f  the ma- 

croscopic coherence o f  the Cooper pair wave funct ion,  

t h i s  leads t o  the well-known phenomenon o f  f l u x  quan- 

t i z a t i o n  w i t h  a <-dependent modi f i ca t ion  which i s  i n  

principle  detectable .  Notice t h a t  it i s  the coheren- 

ce o f  the centre-of-mass motion o f  the  Cooper pairs 

which i s  important here. 

The second proposal 1271 r e l i e s  by contrast 

on the  coherence o f  the r e l a t i v e  motion o f  the Cooper 

pairs i n  3 ~ e - ~ .  I t  i s  we l l  known tha t  a p a r t i c l e ,  

atom or molecule can normally possess an e l e c t r i c  

dipole  moment _d only i f  both P and T are v io la ted .  

For since the only  charac ter i s t i c  vector describing 

a s ta t ionary  s t a t e  i s  J ,  we should have t o  have - 
d = cJ ,  which obviously v i o l a t e s  both P and T. On 
* - 
the  other hand, imagine for  the moment tha t  our sys- 

tem possessed two conserved angular momentum vectors ,  

say an orb i ta l  angular momentum _L and a spin - S .  Then 

we can wr i te  d = c L x S ,  which v i o l a t e s  P but  not - - - 
T ,  as required f o r  present purposes. Now i n  an ordi- 

nary atom or molecule, L and S are not separately  - - 
conserved but  precess around t h e i r  resu l tan t  J ,  so - 
that  <L x S> i s  zero i n  a s tat ionary s t a t e .  More - -. 
s i g n i f i c a n t l y ,  even i f  for  a given atom it were 

nonzero, i n  an ordinary gas the atomic or ien ta t ions  

would be completely random so tha t  <L x S> , and - 
hence the e l e c t r i c  dipole  moment, would average t o  

zero. So even i f  the  P-violating dipole  moment e x i s t s ,  

i t  seems impossible t o  see i t  i n  any ordinary system. 

But now consider superf luid 3 ~ e - ~ .  The Cooper 

pair wave func t ion  f o r  t h i s  phase i s  obtained by 

s tar t ing  w i t h  what for  a diatomic molecule would be 

just  a 3~ s t a t e  ( <L> = <S> = <L x S> = 0 )  and then - - ." - 
rotat ing the  sp in  coordinates r e l a t i v e  t o  the orbi- 

t a l  ones around some ax i s  Gi through an angle 0. The - 
new s t a t e  has <L> - = <S> - = 0 ,  but  <L - - . 3  x ~ > = - ~ s i n 0 . & 0 .  - 
Now, what i s  crucial  i s  t h a t  from the  very  nature o f  

the superf luid s t a t e  the Cooper pairs must be aose- 

condensed, tha t  i s  they must a l l  have i d e n t i c a l  re- 

l a t i v e  as we l l  as cen tre -o fmass  wave func t ions;  

t h u s ,  I; and 0 are the same f o r  a l l  pairs and any - 
e l e c t r i c  dipole  moment along 2 x adds up coherently 

over the whole l iqu id  t o  produce a macroscopic e f f e c t .  

To be sure,  the f a c t  tha t  it i s  macroscopic i n  the 

technical  sense ( i . e .  proportional t o  the t o t a l  vo- 

lume o f  l i q u i d )  by no means implies  t h a t  i t  i s  large ,  

and it i s  even a quest ion whether it i s  measurable 

wi th  e x i s t i n g  techniques. Nevertheless ,  the mere 

ex i s tence  o f  t h i s  and other macroscopic e f f e c t s  o f  

the weak i n t e r a c t i o n  i s  i t s e l f  a dramatic i l l u s t r a -  

t i o n  o f  the unique nature o f  the  phenomena t o  be 



found at ultra-low temperatures. 

In the course of preparing this talk I have 

benefited greatly from discussions with many collea- 

gues at the University of Sussex, particularly T.D. 

Clark, M.G. Richards and W.S. Truscott. I am also 

grateful to K. Maki for an advance copy of his talk 

to this Conference. 
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