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CONFERENCES AND SYMPOSIA PACS numbers: 01.10.Fv 

P L Kapitza Centenary International Symposium 
at the P L Kapitza Institute for Physical Problems 
(Moscow, 2 2 - 2 3 June 1994) 

The P L Kap i t za Centenary In te rna t iona l Sympos ium held 
on 2 2 - 2 3 June 1994 at the P L Kap i t za Ins t i tu te of 
Physical P rob lems of the Russ ian A c a d e m y of Sciences, 
celebrated the centenary of P L K a p i t z a ' s b i r th . 

The following repor t s were presented at the symposium: 
(1) A F Andreev (P L Kap i t za Inst i tute , Russ ia) " N e w 

q u a n t u m states in hel ium crys ta l s" 
(2) H E Hall (Universi ty of Manches te r , U K ) 

"Mechan ica l exper iments in superfluid h e l i u m " 
(3) M Krusius (Helsinki Univers i ty of Technology, 

F in l and) " R o t a t e d superfluid ^ e " 
(4) E J-A Varoquaux (Universi te Paris-Sud, F rance ) 

"Phase slippage in super f lu ids" 
(5) G R Pickett (Universi ty of Lancas ter , U K ) "Exci ­

ta t ions in superfluid i T e " 
(6) D M Lee (Cornel l Universi ty, U S A ) "Ident ica l spin 

ro ta t ion effects in q u a n t u m f luids" 
(7) I A Fomin (P L Kap i t za Inst i tute , Russ ia) "Spin 

currents in superfluid and n o r m a l F e r m i l i q u i d s " 
(8) O V Lounnasmaa (Helsinki Univers i ty of Techno l ­

ogy, F in land) "Nucle i in silver and r h o d i u m metals at 
posit ive and negative nanokelv in t e m p e r a t u r e s " 

(9) G Frossati (Universi ty of Leiden, The Ne the r l ands ) 
"A four th-generat ion cryogenic gravi ta t ional a n t e n n a " 

(10) M Date ( Japan Atomic Energy Research Inst i tute , 
J apan ) "Recen t progress in high field m a g n e t i s m " 

(11) B P Zakharchenya (A F Ioffe Inst i tute , Russ ia) 
"Quas ipa r t i c l e s - exc i t ons in s t rong magnet ic fields and 
gemini r e c o m b i n a t i o n " 

(12) A S Levitov (L D L a n d a u Inst i tute , Russ ia) 
" A h a r o n o v - B o h m effect in mesoscopic c o n d u c t o r s " 

(13) F Pobell (Universi ty of Bayreuth , G e r m a n y ) 
"Acous t ic proper t ies of glasses and polycrystals at very 
low t e m p e r a t u r e s " 

(14) J T M Walraven (Universi ty of A m s t e r d a m , the 
Ne the r l ands ) " T h e Kap i t za leap on the b o u n d a r y of 
superfluid ^ e and a tomic hydrogen g a s " 

The a u t h o r s ' own extended summar ies of some repor ts , 
and the full text of those of G F Frossa t i and M Da te , are 
presented below. The cont r ibu t ions were submit ted in 
English and are reproduced largely as supplied. 
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PACS numbers: 67 .80 . - s 

New quantum states in helium crystals 
A F A n d r e e v 

The n a m e of Petr Leonidovich Kap i t za r anks very highly 
a m o n g the ou t s t and ing scientists of the world no t only in 
physics, especially the physics and technique of low 
tempera tu res and s t rong magnet ic fields. Nevertheless , 
when discuss-ing topics of present symposium, the 
organis ing commit tee decided to p a y p r imary a t tent ion 
to the above ment ioned sections of physics, where 
Kap i t z a ' s cont r ibut ion is par t icular ly valuable . Our 
intent ion was to invite those scientists from different 
countr ies , who work in these fields mos t actively. It is no 
surprise tha t m a n y par t ic ipants tu rn out to be closely 
connected with the Kap i t za Ins t i tu te for Physical Problems . 
This Ins t i tu te of Russ ian A c a d e m y of Sciences was indeed 
a beloved creat ion of our hero of this anniversary. So this 
Cen tenary In te rna t iona l Symposium is no t only a t r ibute of 
respect of the world scientific communi ty to the m e m o r y of 
a great colleague, bu t also a pract ical discussion of the 
current state of an area tha t has been founded and 
developed owing to the ou t s t and ing works of Kap i tza . 

The physics of q u a n t u m helium crystals is based on 
ideas of the physics of q u a n t u m liquids, essentially 
developed in the works of P Kap i t za and L L a n d a u . 
These crystals are characterised by the anomalous ly large 
ampl i tude of part icle zero-point oscillations. Essential 
q u a n t u m delocalisation in crystals is connected with this 
ampl i tude . N o t only crystal particles, bu t , in general , any 
poin t defects are delocalised in crystal lattice because of 
q u a n t u m tunnell ing. F r o m this fact we can infer some 
simple bu t qui te general ideas tha t show the possibili ty of 
realising a number of new q u a n t u m states with unusua l 
' super ' p roper t ies in hel ium crystals. 

He re is the general idea [1]. Let us consider classical 
crystal with poin t defects of definite type. This system is 
disordered, because crystal defects are r a n d o m l y dis t r ib­
uted . Because of the q u a n t u m delocalisation, every poin t 
defect is uniformly ' spread ' over the crystal volume. So we 
get ideally a per iodical crystal with specific proper t ies , 
depending on the character of q u a n t u m delocalised poin t 
defects. 

He re are the most interesting examples: 

1. Vacancies 
A q u a n t u m crystal, with finite concent ra t ion of vacancies 
at sufficiently low tempera tu res (zero-point vacancies), 
should possess m a n y unusua l proper t ies , including super­
fluidity [1]. Cur ren t exper imental da ta [ 2 - 4 ] do not al low 
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us to p rove conclusively the existence of the discussed 
q u a n t u m states in 4 H e or 3 H e crystals. 

2. Isotopic impurities 
The p h e n o m e n o n of q u a n t u m diffusion is due to q u a n t u m 
delocalisation of 3 H e impuri t ies in 4 H e crystals [5]. F e r m i 
degenerat ion [6] of H e impuri t ies was observed in t w o -
dimensional 4 H e crystals. These impuri t ies behave as 
quasipart icles with an effective mass roughly equal to 
twenty masses of the hel ium a tom. They are the heaviest of 
k n o w n fermions. 

3 . Dis locat ion loops 
Equi l ibr ium plasticity [7] is a new p rope r ty of a q u a n t u m 
crystal with delocalised topological defects (dislocation 
loop type). In this case the crystal shape is changed at 
t h e r m o d y n a m i c equil ibrium while the shape of e lementary 
cells of the crystal remains the same. A n exper imental 
s tudy of this effect m a y help to unde r s t and the na tu re of 
the 'e lementary carr ier ' of plasticity. 

4. Surface defects 
Q u a n t u m delocalisation of defects on hel ium crystal 
surface (steps and kinks) causes the effect of super-
crystall isation. It manifests itself as crystall isation waves 
[8, 9]. N o w these waves are used [10] as a very effective 
me thod of investigating the t h e r m o d y n a m i c and kinetic 
proper t ies of crystalline surfaces. At u l t ra low tempera tu res 
(100 |iK and less) peculiar magnet ic crystallisation 
waves [11] should be observed. 
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Mechanical experiments 
in superfluid helium 
H E H a l l 

I was first a t t rac ted to mechanica l experiments on liquid 
hel ium by K a p i t z a ' s ingenious series of experiments 
demons t ra t ing the mechanica l react ion associated with a 

X 2 CJ2 

Figure 1. Combined torsion oscillator and gyroscope with alternating 
current. 

flow of heat in He- I I . Indeed, m y own first experiment as a 
research s tudent was a var ia t ion on this theme designed to 
demons t ra t e the cont r ibu t ion of the superfluid fraction to 
this react ion force. 

By far the mos t fruitful in b o t h 3 H e and 4 H e has been 
the development of the tors ional oscillator and related 
devices, which originated with the pile of discs used by 
Andron ikash i l i to measure the n o r m a l density. The main 
technical development of high precision devices of this type 
has come from John R e p p y and his s tudents at Cornel l . A 
key early stage in this development was the invention by 
R e p p y of the D C gyroscope as a nondes t ruc t ive test for 
persistent currents in 4 H e , which led to a t ruly fundamenta l 
experiment on the na tu re of superfluidity: the demons t r a ­
t ion tha t as t empera tu re is changed it is the velocity ra ther 
t han the angular m o m e n t u m of a persistent current tha t is 
conserved. 

The current state of the art is i l lustrated in Fig. 1: the 
combined A C gyroscope and tors ional oscillator built by 
Peter G a m m e l for experiments on persistent currents in 
superfluid 3 H e . His thesis [1] gives a full discussion of the 
mechanics of this device and its design. Oscillation abou t 
the axis x\ gives a convent ional measurement of superfluid 
fraction. The near-degenera te modes abou t axes x2 and x 3 

are used to detect persistent angular m o m e n t u m abou t axis 
xi, via the gyroscopic coupling tha t it induces between 
them. R o t a t i o n of the cryostat abou t axis x\ is used to set 
up persistent currents and also to cal ibrate the system via 
the Coriol is force. These exper iments also showed tha t 
persistent currents had an effect on the textura l dissipation 
associated with oscillation abou t axis x\\ this p roved the 
most sensitive way of detect ing persistent currents in the A -
phase , which are much smaller t han in the B-phase. 

In the last few years Tim Bevan has developed at 
Manches te r a novel mechanica l device for investigating 
vor tex m u t u a l friction in ro ta t ing superfluid 3 H e , shown in 
Fig. 2. In 4 H e second sound was used for this purpose , bu t 
the small en t ropy and high viscosity of H e means tha t 
there is no such p ropaga t i ng mode . Ins tead, we m a k e use of 
the high viscosity to clamp the n o r m a l fluid in two disc­
shaped regions abou t 100 um thick separated by a flexible 
K a p t o n d iaphragm. W h e n the d i aphragm vibrates in the 
m o d e il lustrated in Fig. 2, superfluid is forced to move as 
shown; this leads to vor tex mot ion relative to the n o r m a l 
fluid and hence to m u t u a l friction. The resistive componen t 
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Figure 2. The pattern of device for measuring the mutual whirl 
friction in He: 1 — driving and detection electrodes, 2 — fill line, 3 — 
oscillating diaphragm, 4 — quantised whirl vortex. 

of the force can be measured as a decrease in the Q of the 
d iaphragm mode . But since there are two degenerate 
n o r m a l modes with o r thogona l noda l lines, the reactive 
force perpendicular to (vs — v n ) can also be measured by the 
coupl ing it p roduces between these modes . Conceptual ly , 
the measurement of the reactive force is the same as the 
detection of persistent currents with the A C gyroscope. W e 
have n o w obta ined good-qual i ty da ta on b o t h componen t s 
of m u t u a l friction in the B-phase; the results are being 
publ ished elsewhere [2]. The behaviour observed in the A -
phase is so far marked ly less reproducible ; we suspect 
p rob lems with var iable textures, over which we do no t 
yet have control . 
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Phase slippage in superfluids 
E J -A V a r o q u a u x 

1. Historical introduction 
This talk describes recent experiments involving the flow of 
superfluids t h rough aper tures of submicron sizes and which 
have revealed the existence of the ana logue of the D C -
Josephson effect in superfluid H e and the occurrence of 
dissipative slippage of the quan tum-mechan ica l phase in 
superfluid 4 H e . A recent survey of this topic by O Avenel 
and the au thor can be found in Ref. [1]. 

The first s tudy of superflow th rough channels of micron 
sizes was performed by P L Kap i t za in 1937 [2] in a series of 
famous experiments in which he showed tha t , if superfluid 

4 H e had a viscosity, the viscosity coefficient would be 
smaller t han 10~ 9 poise, i.e. smaller by four orders of 
magn i tude than tha t of liquid hydrogen , the substance 
with the smallest coefficient of viscosity k n o w n previ­
ously. H e coined the word 'superfluidity ' to describe the 
r emarkab le p roper ty . His discovery led to the search of the 
mechanism which limits the velocity of the flowing super-
fluid and which fixes the critical threshold above which 
dissipation appears . 

Since then, the p rob lem of the critical velocity in 
superfluid 4 H e has been given par t icular a t tent ion, first 
by L D L a n d a u who set a limit for the m a x i m u m velocity at 
which the energy spectrum of the e lementary excitat ions in 
the bulk superfluid remains well-behaved, and then by 
R F e y n m a n , who realised tha t vortices played a major 
role in the appearance of dissipation in the superfluid flow 
th rough a channel . H e gave a rough and intuitive a rgument 
by which he established the ra te h at which vortices are 
formed at the outlet of the channel of typical size d. By 
requir ing tha t the energy taken away by the vor tex rings, 
formed with a size comparab le to tha t of the aper ture , be 
less t han the kinetic energy b rough t by the flowing fluid, he 
obta ined an est imate for the critical velocity. This est imate 
depends on the channel size bu t not on the t empera tu re or 
the pressure, except very weakly t h rough the dependence of 
the coherence length a 0 . It gives a fair descript ion of a wide 
class of critical velocity measurements , bu t no t of the most 
recent ones, as shall be discussed below. 

It can be noted tha t F e y n m a n ' s derivat ion of the 
number of vortices emitted per uni t t ime at the m o u t h 
of the orifice is no th ing bu t the AC-Josephson formula 
which is usual ly wri t ten as 

(p being the phase of the wavefunct ion and \x the chemical 
potent ia l . In flows th rough aper tures typical d imensions of 
which are of the order of the coherence length, it m a y also 
be expected tha t the D C - J o s e p h s o n expression relat ing the 
current / to the phase difference dcp across the aper ture be 
valid. In the ideal case of a pu re q u a n t u m tunne l effect, this 
expression reads: 

J = Jc sin b(p , 

where Jc is the m a x i m u m current tha t can flow wi thout 
dissipation th rough the weak link. In less ideal junc t ions , 
such as micro-br idges for superconduc tors or mic ro -
aper tures for superfluids, the c u r r e n t - p h a s e relat ion is 
no t necessarily a sine function bu t it remains per iodic by 2n 
in the phase difference. This stems, on heurist ic g rounds , 
from the fact tha t the phase of the wavefunct ion is defined 
modu lo 2n. 

2. Description of the experiment 
Exper iments were a t t empted as early as 1965 to verify the 
existence of Joseph son-type effects in superfluid 4 H e as 
they const i tute an impor t an t step in the unde r s t and ing of 
critical velocities for superflows, and, m o r e generally, of 
the na tu re of superfluidity. After R icha rds and Ande r son 
first repor ted the observat ion of frequency mixing features 
which they a t t r ibuted to the AC-Josephson effect, a 
number of experiments were carried out to confirm this 
observat ion bu t failed to do so conclusively. It was then 
though t tha t Joseph son-type effects were masked in 
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superfluids by the r andomness intrinsically associated with 
the mot ion of vortices. 

The discovery in 1972 by Osheroff, R icha rdson , and Lee 
of the superfluidity of 3 H e revived the interest for these 
quest ions as the coherence length for Cooper -pa i red 3 H e is 
two orders of magn i tude larger t han tha t for 4 H e , which is 
of a tomic dimension. It thus became possible to envisiage 
an experiment in which the micro-aper ture would be an 
actual weak link and would provide a coupl ing between two 
superfluid ba th s of the required strength to observe genuine 
Josephson effects. 

Such an experiment was a t tempted in a number of 
labora tor ies , including a jo int effort by Cent re N a t i o n a l de 
la Recherche Scientifique and Commissar ia t de l 'energie 
A t o m i q u e at Orsay and Saclay by Oliver Avenel and the 
au thor . A micro-aper ture in the shape of a slit of 0.3 x 5 \xm 
was milled with the help of a focused beam of gall ium ions 
in a nickel foil of 0.2 um in thickness. This micro-aper tu re 
was fitted to a He lmhol t z resona tor also equipped with a 
flexible m e m b r a n e . This m e m b r a n e , excited electrostat i­
cally, was used to drive the fluid in and out of the 
resona tor . I ts mo t ion was moni to red by e lect rodynamic 
means , a convent ional r f -SQUID being used as amplifier to 
achieve a very high resolut ion. The na tu r a l resonance 
frequency of the resona tor lies in the 1-30 H z range 
and high-precision digital techniques are used for da ta 
acquisi t ion and filtering. M e m b r a n e displacements of 
5 x 10~ A can thus be resolved in a t ime of 20 ms. A 
second channel was pu t in paral lel with the micro-aper tu re 
so tha t pressure and t empera tu re equilibria can be reached 
m o r e rapidly. But this also enabled persistent currents to be 
main ta ined in the loop th read ing the micro-aper ture and 
the paral lel channel . As such, this device is the direct 
hyd rodynamic ana logue of the superconduct ing rf-
S Q U I D . Its opera t ion can be very accurately model led 
by numer ica l techniques on a computer . 

3 . The DC-Josephson effect in superfluid 3 H e 
After some early results in 4 H e were obta ined, and in 
par t icular the observat ion of staircase pa t t e rns in the 
ampl i tude versus drive response of the resona tor which are 
typical of r f -SQUID opera t ion , 3 H e was pu t into the cell 
and cooled to submillikelvin t empera tures . Staircase 
pa t t e rns similar to those in 4 H e were also observed in 
3 H e indicat ing tha t similar nonl inear behav iour was tak ing 
place in the weak link, revealing the existence of a per iodic 
c u r r e n t - p h a s e relat ion with a per iod of 2n in the phase 
difference and obeying the AC-Josephson relat ion. F o r the 
weak link described above, the c u r r e n t - p h a s e relat ion 
tu rned out to be close to a sine function at zero pressure 
and T > 0.8TC as expected. A near- ideal DC-Josephson 
effect was thus observed. Devia t ions from a pu re sine 
function tu rn out to be pr imari ly due to ideal fluid 
hyd rodynamic effects at the inlet and outlet of the mic ro -
aper ture . Below 0 .7 r c , or at higher pressures, the 
coherence length becomes significantly smaller t han the 
size of the aper ture and the c u r r e n t - p h a s e relat ion 
becomes m o r e complicated, and even his tory dependent , 
which seems to indicate tha t textures m a y play a role. A n 
interest ing result is tha t the weak link behaviour appears to 
be the same irrespective of whether the A or B phase 
prevails in the bulk . This shows tha t the superfluid order 
pa ramete r in the weak link is domina ted by the proximi ty 
of the walls. I ts precise s t ructure, and the manne r by which 

it is affected by textures in the bulk remain an interesting 
p rob lem to be studied. 

4. The case of 4 H e 
As briefly recalled above, the case of 4 H e , in spite of 
n u m e r o u s studies and most no tab ly those conducted 
recently at the Univers i ty of California at Berkeley and 
the Univers i ty of Minneso ta , is also far from being 
resolved, bu t it has al ready b rough t abou t a n u m b e r of 
surprising and enlightening results. A l though is appears 
qui te certain tha t phase slips cor respond to sudden j u m p s 
of the quan tum-mechan ica l phase difference across the 
aper tu re by 2n, the threshold at which these slips occurs 
has been found to vary with t empera tu re as 1 — T/T0, with 
T 0 ~ 2.45 K, from abou t 1.9 K down to ~ 0.15 K. Below 
this t empera tu re , it exhibits a sharp change of behaviour 
and becomes t empera tu re independent . However , it still 
shows a weak dependence on pressure, decreasing by abou t 
12% when the pressure is raised from 0 to 24 bar , and a 
very str iking dependence on minu te concent ra t ions of 3 H e 
in the 10~ 9 range, decreasing very sharply be low a 
t empera tu re which is found to depend logari thmical ly on 
impur i ty concent ra t ion . These observat ions conclusively 
show tha t the process by which new vortices are released in 
the aper tu re — nucleat ion, unpinn ing , e t c .—invo lve very 
small energies, of the order of a few kelvin. F u r t h e r m o r e , 
the t empera tu re dependence implies tha t the process is 
thermal ly assisted above 0.15 K. By the same token, it 
should exhibit f luctuations, which are indeed observed, 
with the correct t empera tu re dependence. The p la teau 
be low 0.15 K is interpreted as being due to q u a n t u m 
tunnell ing, when the zero-point f luctuat ions of the var ious 
(phonon) modes const i tu t ing the the rmal b a t h finally take 
over the rma l excitat ions at sufficiently low tempera tures . 

These findings can be explained by assuming tha t very 
small half-rings are nucleated at certain sites, located where 
the superfluid velocity is the highest, at some asperi ty in the 
immedia te vicinity of some sharp bend of the wall of the 
aper ture . Such a poin t of view has al ready been taken by 
G Volovik (1972), E B Sonin (1982), and M u i r h e a d -
V i n e n - D o n n e l l y (1984). The prob lem can be solved nearly 
exactly and the energy barr ier oppos ing nucleat ion Ea(vs) 
can be evaluated as a function of the superfluid velocity v s . 
The nucleat ion ra te follows if one further makes use of a 
result established originally by V I Goldansk i i (1959) and 
later independent ly by I Affleck (1981) relat ing the a t t empt 
frequency COQ/2K to the cross-over t empera tu re Tq between 
the the rmal and q u a n t u m regimes: 

H(o0 = 27t£Brq . 

The nucleat ion rate , and hence the most p robab le values 
of the observable quant i t ies in the p rob lem can thus be 
computed by carrying these steps in succession with only 
one pa ramete r which is not strictly determined, namely the 
core pa ramete r a0 of a very small vor tex lying very close to 
a wall. C o m p a r i n g the ou tcome of the calculation to the 
exper imental results fixes a0 at approximate ly 5 A. 

The effect of 3 H e on the critical velocity for phase slips 
is also very interest ing to s tudy as it provides a way to 
evaluate the superfluid velocity at the nucleat ion site which 
cannot be measured directly. Detai led measurements of the 
critical velocity as a function of t empera tu re at the low-
tempera tu re end of the q u a n t u m pla teau for impur i ty 
concent ra t ions ranging from 0.9 x 10~ 9 to 10~ 7 have led 
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to a value of the local superfluid velocity at the nucleat ion 
site in our aper tu re of 22 m s _ 1 , a value compat ib le with 
tha t for a0 of 5 A. 

T h u s a pic ture emerges for the mechanism of 2n phase 
slip: (1) nucleat ion event takes place when the appropr i a t e 
condi t ions are met, (2) the newly formed microscopic vor tex 
moves in the superfluid flow field according to the law of 
ideal fluid mechanics , at least as long as n o r m a l fluid 
friction can be neglected. It grows in size in the diverging 
flow field convert ing kinetic energy from the poten t ia l flow 
field into vort ical line energy and traverses all the s t ream­
lines th read ing the aper ture . Thus , the q u a n t u m mechanica l 
phase experiences a change by 2n on every possible pa th 
going from one side of the aper tu re to the other , leading to 
an overall reduct ion by 2n of the to ta l phase winding 
number across the aper ture . 

This scenario accounts for the proper t ies of phase slips 
by 2n and for the t empera tu re dependent (above 0.15 K ) , 
orifice-size independent critical velocity associated with 
them. Other events, involving slips of the phase by mul t i ­
ples of 2n and occurr ing at velocities which can be smaller 
t han the nucleat ion critical velocity for 2n phase slips are 
also observed for larger orifices, and also for higher 
He lmhol t z resonance frequencies. These events, which 
are current ly investigated, are no t described by the 
preceding mechanisms and m a y provide a rou te from the 
nucleat ion regime to the m o r e commonly met critical 
velocity of the F e y n m a n type. 
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Spin currents in superfluid and normal 
Fermi liquids 
I A F o m i n 

The superfluidity of helium, discovered by P L Kap i t za in 
1937, became one of the central p rob lems in condensed 
mat te r physics again at the beginning of seventies. The 
reason was the discovery of superfluid phases of the hel ium 
lighter isotope — 3 H e . Unl ike 4 H e , a toms of 3 H e are 
fermions; therefore in this case superfluidity, in super­
conductors , originates from Cooper pai r ing effect. This 
occurs at much lower t empera tu res t han for 4 H e — a r o u n d 
1 m K . 

W h a t is essentially new here is tha t for 3 H e Cooper pai rs 
have spin equal to 1, compared with o rd inary super­
conduc tors . This dist inction generates a number of 
nontr iv ia l proper t ies : for example, a condensa te of such 
pa i rs can transfer spin current tha t is not connected with 
mass flow. 

At the pai r ing with a nonzero spin, F e r m i liquid 
symmetry, related to ro ta t ions of all spins t h rough a rb i ­
t r a ry angle, gets b roken . Hence , the g round state is 
degenerate with respect to three con t inuous pa rame te r s 
(for example, Euler angles), de termining such ro ta t ion . 
Strict degeneracy takes place when these angles are 
constant in space. There are, however , states, close to 

the g round state, in which angles of ro ta t ion are slowly 
changing in space. Cur ren ts , t ransferr ing spin componen t s , 
conjugated with cor responding angles, flow in such states. 
These currents tend to restore uniformity of condensate , bu t 
no t t h e r m o d y n a m i c equil ibr ium; their cont r ibut ion to spin 
transfer is reversible. Usual ly they are called superfluid spin 
currents , in order to distinguish them from quasipart ic le 
spin transfer, which is also possible in n o r m a l phase . At the 
Kap i t za Ins t i tu te for Physical P rob lems A S Borovik-
R o m a n o v , Y u M Bun 'kov , V V Dmit r iev and Yu M M u -
kharski i have m a d e experiments result ing in finding 
p h e n o m e n a tha t owe their existence to spin currents . Their 
results are reviewed in the first pa r t of this repor t a long with 
the a u t h o r ' s theoret ical approaches . 

A typical manifes ta t ion of 4 H e superfluidity is a 
the rmomechan ica l effect, i.e. an unusual ly s t rong react ion 
to t empera tu re nonuni formi ty . Similarly, spin superfluidity 
causes a n o m a l o u s react ion of H e to magnet ic field n o n -
uniformity. In nuclear magnet ic resonance experiments 
nonuni formi ty of the magnet ic field leads to rising spin 
precession phase difference in t ime at different po in ts of the 
he l ium's volume. This difference is similar to the phase 
difference of the 4 H e condensa te wave function; it generates 
spin currents , which redis t r ibute spin over the hel ium 
volume. If the vo lume is closed, then such a redis t r ibut ion 
in the B-phase of 3 H e creates a s t ructure consisting of two 
doma ins [1 - 3 ] . In the domain located in relatively stronger 
magnet ic fields, magnet i sa t ion has the equil ibrium value; in 
the other domain it deviates from the equil ibrium direction. 
The angle of deviat ion equals arccos(—1/4). The whole 
s t ructure precesses with the same frequency, which is equal 
to the local L a r m o r frequency in the site, where the wall 
separat ing two domains is s i tuated. U n d e r condi t ions of 
pulse nuclear magnet ic resonance the wall posi t ion is 
determined by the conservat ion of the project ion of full 
magnet i sa t ion on the direction of magnet ic field. Absence of 
spin currents in s ta t ionary states gives a cons tant precession 
phase t h r o u g h o u t the precessing domain . This allows one to 
call it 'uniformly precessing domain ' . Brought - in phase 
precession takes place in spite of nonuni formi ty of 
magnet ic field; such precession is being observed unt i l 
re laxat ion of the whole s t ructure takes place. A b r o u g h t -
in phase precession gives rise to extremely long-living signal 
of induct ion in nuclear magnet ic resonance exper iments 
with B-phase. Separa t ion of uni form precession into 
doma ins in H e - B was confirmed by direct experiments . 

Re laxa t ion of a two-doma in s t ructure t owards equi l ib­
r ium proceeds t h rough enlargement of the equil ibrium 
domain at the expense of the precessing one, while the 
domain wall moves in the direction of weaker fields. Energy 
losses m a y be compensa ted by means of resonance h igh-
frequency field, the same as is done when using con t inuous 
nuclear magnet ic resonance . In this way brought - in phase 
precession can be main ta ined indefinitely long. This m e t h o d 
allowed the above ment ioned group of scientists from the 
Kap i t za Ins t i tu te to observe also s ta t ionary spin flowing 
th rough the channel between two H e volumes, while the 
brought - in phase precession was main ta ined in b o t h vol ­
umes [4]. Induced current went up with increasing 
precession phase difference in the two volumes, unt i l it 
reached a critical value. W h e n the channel length and 
diameter decreased to the dimensions of the effective 
coherence length, one could observe the t rans i t ion to 
Josephson effect for spin current : it became a con t inuous 
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per iodic function of phase difference [5] . T w o - d o m a i n 
s t ructure is ana logous to a two-phase system separated 
in an external field. There are surface and vo lume modes of 
oscillation in a system like tha t [6 ] . Surface oscillations are 
similar to gravity waves of a liquid surface in a gravi ta t ional 
field. The square- root dependence of frequency on wave 
vector also resembles the gravi ta t ional case. Precession 
phase degeneracy gives rise to a vo lume gapless mode . 
Both types of oscillations were observed [7 ] . 

The effects, characterist ic for superfluids, may, under 
some condi t ions , be observed also in n o r m a l l iquids. 
Accord ing to A F Andreev [8 ] , one can observe t h e r m o -
mechanica l effect in 4 H e beyond the l ambda point . The 
same is t rue for 3 H e . Recent ly three g roups — in J a p a n 
(Osaka) [9 ] , in U S A (Cornell) [ 1 0 ] , and in Russ ia (Kapi tza 
Inst i tute) [ 1 1 ] in different experiments discovered anomal ies 
indicative of the existence of coherent ly precessing spin 
s t ructure also in solut ions of 3 H e in 4 H e , where dissolved 
3 H e behaves as n o r m a l F e r m i liquid. Anomal ies were 
observed at t empera tu res near and be low 1 m K , i.e. in 
collisionless region. Here , according to Leggett [ 1 2 ] , F e r m i 
liquid interact ion gives rise to a nondiss ipat ive componen t 
of spin current . Theoret ical and numer ica l analysis of spin 
dynamics equa t ions for n o r m a l F e r m i liquid has shown [ 1 3 ] 
tha t , owing to this componen t , in a weakly nonun i fo rm 
magnet ic field, in a n o r m a l F e r m i liquid, under condi t ions 
of pulse nuclear magnet ic resonance, coherent ly precessing 
spin s t ructure is formed, also consist ing of two domains . In 
one domain magnet i sa t ion is parallel ; in the other , an t i -
paral lel to the field. F r o m this analysis it follows tha t a 
similar s t ructure can arise in liquid H e above the 
t empera tu re of t rans i t ion to the superfluid state, as well 
as in n o r m a l metals , were F e r m i liquid consists of 
conduct ion electrons. F u t u r e invest igations of spin cur­
rents and coherent ly precessing spin s t ructures will lead to 
bet ter unde r s t and ing of the proper t ies of interact ing F e r m i 
liquids, b o t h superfluid and no rma l . 
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A fourth-generation cryogenic 
gravitational antenna 
G F r o s s a t i 

Abstract. Large metall ic cylinders with a mass of several 
tons have been cooled to liquid hel ium tempera tu res and 
recently down to T ~ 1 0 0 m K leading to the most sensitive 
gravi ta t ional wave detector ( N A U T I L U S ) . The sensitivity 
is still no t enough to detect waves from distances so large 
tha t the n u m b e r of events becomes several per year. 
Cool ing spherical detectors with a mass a r o u n d 1 0 0 tons to 
t empera tu res a r o u n d 1 0 m K could achieve this goal giving 
rise to a new as t ronomy. 

Introduction 
Grav i t a t iona l waves were predicted by Einstein in 1 9 1 6 , in 
the f ramework of his Genera l Theory of Relativi ty, bu t 
they have never been detected despite intensive efforts of 
m a n y exper imental g roups in the last 3 0 years [1 ] . One of 
the reasons is tha t only accelerated masses possessing a 
quad rupo le m o m e n t can give rise to g-waves since the t ime 
derivative of the dipole m o m e n t d = J2imixb (where / 
labels the part icle of mass mt and posi t ion xt) represents the 
to ta l m o m e n t u m of the system, which is conserved. The 
power radia ted has thus a te rm in l/c5 instead of 1 / c 3 as 
for e lectromagnet ic waves. As an example [1] , a cylindrical 
steel ba r of 1 0 0 0 tons , 1 0 0 m long ro ta t ing at the largest 
possible speed before b reak ing (co = 2 0 rad s _ 1 ) a r o u n d an 
axis perpendicular to the axis of the cylinder would emit 
1 0 ~ 2 6 W. This is an extremely small value, bu t could still be 
detected, eventually, if we had a detector which could 
absorb all the energy emitted. Unfor tuna te ly the cross 
section of even the best detectors is extremely small. F o r 
those acquain ted with low- tempera ture p rob lems this is 
easy to see this since it is ana logous to the Kap i t za 
resistance p rob lem. In fact, Einstein 's equa t ions are similar 
to the equa t ions of elasticity in c o m m o n mater ials , except 
tha t the spring cons tant C 4 / 8 T T G has dimensions of force/ 
length. He re G is the gravi ta t ional cons tant 
G= ( 6 . 6 7 2 0 ± 0 . 0 0 4 1 ) x 1 0 " 1 1 m 3 s " 2 k g " 1 and c is the 
speed of light. As D Blair discusses in his b o o k [1 ] , the 
s p a c e - t i m e con t inuum can be seen as an extremely rigid 
elastic b o d y (since the 'elastic cons tan t ' is of order 1 0 4 3 N ) , 
where the g-waves are like sound waves p ropaga t ing at the 
speed of light. The characterist ic impedance of a solid to a 
sound wave pV/a (where a is the area facing the wave), can 
be assimilated to c3/G for s p a c e - t i m e . F o r liquid hel ium 
and copper , the rat io of the impedances is 
( p V ) C u / ( p V ) H e 2* 1.8 x 1 0 3 , while tha t between s p a c e -
t ime and copper is of the order of 1 0 2 8 , which means tha t g-
waves t ravel un impeded th rough ord inary mat te r . T r a n s ­
ferring energy from these high-velocity ' p h o n o n s ' to a 
massive an tenna is thus very inefficient, the cross section 
being I0 = 0 . 6 8 G v 2 M / n c 3 (for a wave coming in the 
o p t i m u m direction [ 2 ] ) where v is the speed of sound in 
the detector mater ia l and M is the mass of the detector. 
The cross section of present detectors , with masses a r o u n d 
2 tons , and sound velocities of order 5 k m s _ 1 is thus 
limited to abou t 1 0 ~ 2 5 . Supposing we have a detector of 
tha t size tuned to our ro ta t ing bar , the energy absorbed 
would be of order 1 0 " 2 5 x 1 0 " 2 6 = 1 0 " 5 1 W which is 
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r idiculously small, cor responding to the power absorbed in 
the detector due to one (3 Hz) q u a n t u m every 1 0 1 1 years! 

F o r the above reason only gravi ta t ional waves of cosmic 
origin like supernovas , coalescence of double stars, t r app ing 
of stars by black holes, etc., are candidates for emit t ing 
gravi ta t ional waves detectable on ear th. The frequency of 
such events is very low in our galaxy. Supernovas are 
expected every 3 0 - 4 0 years while b inary coalescence might 
happen once every 1000 000 years . If a large black hole 
exists at the centre of the galaxy it might t rap a star every 
1000 years [3]. W e see tha t much larger volumes of space 
must be explored if gravi ta t ional waves are to be detected. 
Events from the large Virgo cluster si tuated at 1 0 - 2 0 M p c 
(1 M p c rsj 3.6 million light-years) which has abou t 2500 
galaxies are the preferred target , since there should be 
several events per year. 

Two types of an tennae have been developed in the last 
20 - 30 years. The Weber an tenna and the laser inter­
ferometer an tenna [1]. Both use the fact tha t g.w. deform 
the metr ic tensor h so tha t mat te r interact ing with the wave 
is subject to strain in the direction perpendicular to the 
p ropaga t i on of the wave. Such strain h = AL/L is very 
small due to the small interact ion cross section of the wave 
with mat te r . A supernova collapse in the centre of our 
galaxy (10 kpc) with 0 . 1 % of one solar mass being 
converted in gravi ta t ional waves should p roduce a strain 
h ^ 1 0 " 1 8 on Ea r th . 

The interferometer an tennae use very long-arm inter­
ferometers with relatively heavy mi r rors reflecting laser 
light which goes back and forth m a n y t imes so as to 
p roduce a very long effective L. Such an tennae have great 
po ten t ia l sensitivity bu t for the m o m e n t are still two orders 
of magn i tude less sensitive t han Weber an tennae . 

The Weber an tennae [4] are m a d e of high quali ty-factor 
mater ia ls (Q is typically several million) suspended so as to 
d a m p as much as possible the external v ibra t ions at the 
resonant frequency. N o w a d a y s the ba r s are cooled to 
decrease the Brownian noise. W h e n the wave passes 
t h rough the an tenna , typically in a few milliseconds, it 
induces a (quadrupole ) v ibra t ion which lasts for a t ime of 
the order of Q/co. The vibra t ion energy is t ransferred to a 
detector , typically a much smaller mass (or masses) 
a t tached and tuned to the ba r frequency which thus 
vibrates with a much larger ampl i tude . This mot ion is 
detected in m a n y ways, one of the best being capacitively. 
One of the electrodes of the capaci tor , for instance, is a 
small mass t ransducer , with the larger displacement 
ampl i tude , while the other moves with the same ampl i tude 
as the bar . The capaci tor is charged and the modu la t ed 
vol tage signal is detected with a state-of-the-art super­
conduct ive q u a n t u m interference device ( S Q U I D ) . Other 
types of t ransducers are in use t h r o u g h o u t the world , with 
var ious advan tages and disadvantages . The resonance 
frequency of the ba r is chosen to be the most p robab le 
for the predicted wave, typically a pulse of increasing 
frequency with most of the energy being emitted in 
mill iseconds at a few hund red to a few thousand 
her tz [1, 2, 3]. 

The need for low tempera tu res in such gravi ta t ional 
wave detectors was clear since the 60s, when Weber 
opera ted a separated pair of r oom- t empe ra tu r e g.w. 
an tennas in coincidence. In fact the u l t imate sensitivity 
which can be achieved with a resonan t -mass g.w. an tenna 
can be wri t ten in te rms of the energy spectral density / ( v 0 ) 

of the g.w. burs t : 

/ ( v o ) > Z o _ 1 ^ + 2 ^ . (1) 

The mass is resonant at v 0 with qual i ty factor Q and 
t empera tu re T. It is assumed tha t the mo t ion is detected by 
a t ransducer whose electrical energy is a fraction /? of the 
to ta l an tenna energy and is amplified with an electronic 
device of noise t empera tu re Tn. M o s t g roups t h r o u g h o u t 
the world use cylindrical ba r s m a d e of the h i g h - g 
a luminium alloy Al 5056 (vs = 5.1 x 10 3 m s _ 1 ) , whose 
length, of abou t 3 m, is fixed so as to resonate at a 
frequency co0 a r o u n d 1 kHz , where the signal spectral 
energy density is expected to be largest. The typical 
mass is a few tons . 

In Eqn (1) the first te rm on the right represents the noise 
due to the the rma l f luctuation in the an tenna (Brownian 
noise). The ra te of f luctuation is related to coupl ing between 
the fundamenta l m o d e and the the rmal reservoir. This 
coupl ing itself determines the acoust ic loss of the bar . 
T h u s the effective noise energy decreases as the re laxat ion 
t ime T (or the qual i ty factor Q) increases. The discovery tha t 
at low t empera tu re it is possible to t ake advan tage of the 
steep increase of the qual i ty factor Q for a luminium 
alloys [5, 6] convinced mos t of the exper imental g roups 
to use this mater ia l . 

The second noise term in Eqn (1) stems from the 
measurement process itself. It is due to the electronic 
noise of the t ransducer and amplifier. This noise has the 
familiar Nyquis t form as experienced in most areas of 
electronic ins t rumenta t ion . Josephson effect S Q U I D ampl i ­
fiers, whose noise t empera tu re can in principle app roach the 
q u a n t u m limit (Tn = hv/k = 47 x 1 0 " 9 K at 1 kHz) , are 
fundamenta l to g.w. an tennae . 

One can classify the different generat ions of Weber 
an tennae by their t h e r m o d y n a m i c t empera tu re . The r o o m 
tempera tu re an tennae developed by Weber in the 60s are 
said to be of the first generat ion. The 4.2 K cryogenic 
detectors developed in the 70s and opera t iona l in the 80s are 
of the second generat ion. In 1986 three such cryogenic 
detectors (Rome , L S U , Stanford) have set a new upper limit 
on the intensity of the g.w. reaching the E a r t h [7]. In 1989 
the R o m e an tenna Explorer , cooled at 2 K with superfluid 
hel ium, reached the sensitivity of h = 7 x 1 0 ~ 1 9 [8]. 

Antennae operating below 1 K 
In order to further reduce the effective t empera tu re of the 
an tennae , striving to reach the q u a n t u m limit of sensitivity 
it was suggested by W F a i r b a n k s and his group tha t they 
be cooled to millikelvin t empera tu res . They considered 
cooling the an tenna to 2 m K using electronic demagnet i sa­
t ion of the wel l -known pa ramagne t i c salt C M N (cerium 
magnes ium ni t ra te) [9]. This was never done and it is only 
with the development of powerful di lut ion refrigerators 
tha t cooling tons of meta l became possible. The first g roup 
to succeed was the R o m e group with their N A U T I L U S 
an tenna [10]. They demons t ra ted for the first t ime tha t a 
2.3 ton mass can be cooled to be low 100 m K . It will soon 
be followed by the A U R I G A detector at the L N L ( I N F N -
Legnaro) and the Stanford Univers i ty detector . These 
an tennae be long to the third generat ion. 

Potent ia l ly N A U T I L U S could reach a sensitivity of 
3 x 1 0 ~ 2 1 when cooled to 30 m K with a S Q U I D amplifier 
work ing at the q u a n t u m noise limit. The strain on E a r t h 
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caused by an event in the Virgo cluster with 0 . 1 % of a solar 
mass being converted into a gravi ta t ional wave pulse is 
~ 2 x 1 0 ~ 2 1 , cor responding to an energy density at 1 k H z 
/ ( v 0 ) = 3 x 1 0 " 6 J m " 2 H z " 1 . The cross-section of N A U T I ­
L U S for the best possible wave or ienta t ion is I0 = 8.44 x 
1 0 " 2 5 m 2 Hz . If one averages over all polar i sa t ions and over 
all directions the cross-section is decreased by a factor 
abou t 7.5. The energy absorbed in the an tenna , given by 
f(v0)I0 is only 3.4 x 1 0 ~ 3 1 J which is less t han one q u a n t u m 
at 1 k H z . F u r t h e r increase in sensitivity requires q u a n t u m 
nondemol i t ion techniques, n o w under s tudy [11]. 

Spherical detectors (fourth-generation Weber detectors) 
Spherical detectors could improve on resonan t -mass bar 
detectors , even with the noise level unchanged . 

It was recognised long ago by R F o r w a r d [12] tha t a 
spherical detector can be considered a t rue g.w. observa­
tory. A free elastic sphere has 5 degenerate quad rupo le 
modes of vibrat ion tha t interact s trongly with a g.w. A 
cylindrical ba r has only one mode . Each m o d e can act as a 
separate an tenna oriented t owards a different polar isa t ion 
and direction. The source direction and wave polar isa t ions 
can be determined from the ampl i tudes of the quad rupo le 
modes of the sphere. Moreover , compar ing a sphere to a 
cylindrical ba r of the same mater ia l and same resonant 
frequency (this condi t ions is roughly given by the equality: 
length of the ba r = diameter of the sphere), the sphere has 
a larger cross section because it has a larger mass and 
because it is omnidi rec t ional [3]. F o r instance, an a lumin­
ium sphere resonat ing at 1 k H z like the N A U T I L U S 
cylindrical bar , has a diameter of 3 m and a mass of 
a lmost 38 tons , a factor of 17 m o r e t han the typical 
bars . The cross section improves by the same factor with 
respect to the opt imal ly oriented cylinder and abou t a factor 
of 100 if averaging over all directions. 

Since the technical feasibility of reducing the noise and 
approach ing the q u a n t u m limit appears independent of 
whether the detector is a ba r or a sphere, the above 
improvement in cross section is reflected in the sensitiv­
ity. This means tha t if the sensitivity of a quantum-l imi ted 
cylinder, opt imally oriented, is h = 3 x 1 0 ~ 2 1 , the sensitivity 
of the sphere is h = 3 x 1 0 ~ 2 2 whichever the source 
direction, since h is p ropo r t i ona l to M 1 / 2 . If instead of 
Al one were to use a heavier alloy like CuBe or C u A l with 
the sound velocity kept abou t the same, one could gain 
further a factor 1.7 in h, going to abou t 1.7 x 1 0 ~ 2 2 wi thout 
having to rely on quan tum-nondemol i t i on techniques. A 
spherical detector can detect in a very na tu ra l way no t only 
the tensor ia l waves (spin 2) predicted by general relativity, 
bu t also the scalar waves (spin 0) predicted by the other 
metr ic theories of gravi ta t ion, like the theory of Brans and 
Dicke [14], developed to incorpora te M a c h ' s principle in a 
relativistic theory of gravi ta t ion. The scalar rad ia t ion is no t 
excluded by the upper limits imposed by solar systems 
experiments . This type of rad ia t ion could be emitted by 
t ime var ia t ions of the source m o n o p o l e momen t , like in the 
radia l oscillations of v ibra t ing neu t ron stars, and should be 
detected by mon i to r ing the excitat ions of the m o n o p o l e 
m o d e of the sphere. 

These facts were ignored for m a n y years , pe rhaps 
because a spherical resona tor was no t considered as 
pract ical and simple as a cylindrical bar . N e w facts give 
t o d a y to the experimental is ts the necessary confidence to 
start such an ambi t ious project: 

— the reliability reached by the cryogenic resonant 
an tennas ; 
— the feasibility of the cooling to be low 0.1 K of the new 
generat ion of resonant an tennas , demons t ra ted by N A U ­
T I L U S ; 
— the feasibility of a noda l poin t suspension to suppor t a 
large resonant mass [15]; 
— the de terminat ion of a clear me thod for the or ienta-
t ional deconvolut ion of the signal from a set of t ransducers 
coupled to a spherical resonant mass [16]. 

The p rob lem remains of developing t ransducers with 
lower noise t empera tu re (at present abou t 1 m K ) and larger 
coupl ing p . 

Cryogenics of large-mass g.w. detectors: the Nautilus 
In 1971 Weber cooled for the first t ime a 1.5 ton 
a luminium cylinder to liquid hel ium tempera tu res and. . . 
" Immedia te ly after cooling, a very large a m o u n t of noise 
was observed. Some of the excess noise appeared to be 
associated with internal s t ructura l re laxat ion of the 
cylinder. Some noise was due to acoust ic coupl ing of the 
high intensity noise associated with the liquid ni t rogen and 
hel ium sys tem" [17]. These considera t ions reflected the 
difficulties of opera t ing a g.w. an tenna at low tempera tures , 
demons t ra ted by the twenty years efforts of several 
researchers in four cont inents . The p rob lem was tha t for 
the first t ime a h i g h - g resonant mass of several tons had to 
be cooled to 4.2 K or below, being free to move and 
isolated so well from the rest of the world as to al low the 
detection of a displacement of the order of AL ~ 1 0 ~ 1 8 m. 

In a low- tempera ture system for a g.w. an tenna , 
cryogenics and acoust ic isolation requi rements are strictly 
connected; they can be summarised as follows: 

(a) ensure m a n y m o n t h s of opera t ion t ime, with ra re 
and brief in te r rupt ions in the da ta t ak ing for cryogenic 
main tenance ; 

(b) ensure a cons tant and uniform t empera tu re of the 
an tenna ; a s ta t ionary gaussian dis t r ibut ion of the ampl i tude 
of the ba r v ibra t ions , in absence of signals, is an impor t an t 
condi t ion for a reliable an tenna ; 

(c) do no t add extra mechanica l noise, in order not to 
excite the v ibra t ional modes at a detectable level; 

(d) preserve the inherent high mechanica l qual i ty factor 
Q of the bar . 

The peculiar p rob lem of a cryogenic g.w. experiment is 
to pu t a large resonant mass at the same t ime in good 
the rmal contact bu t in very p o o r mechanica l contact with 
an effective and largely a u t o n o m o u s cooling source. 

At 4.2 K the liquid hel ium b a t h su r round ing the 
an tenna vacuum chamber serves as heat sink and some 
helium exchange gas is used to thermalise the detector. The 
gas is then p u m p e d out before the da ta taking. The an tenna 
t empera tu re remains at abou t 4.2 K as long as the vacuum 
chamber is completely su r rounded by the liquid hel ium. It 
has been found tha t the mechanica l noise p roduced by the 
evapora t ing liquid hel ium mus t be a t tenua ted by a factor 
10~ 7 (140 dB) so as no t to disturb the detector . This 
a t t enua t ion is provided by the suspension system, which 
is carefully designed to act as an efficient mechanica l filter. 

As ment ioned before, the only refrigerator able to 
main ta in t empera tu res down to 10 m K cont inuously 
even in the presence of large the rmal inputs is the 
3 H e — 4 He dilution refrigerator ( D R ) [18]. The most power ­
ful D R s in the range of 50 m K and below (down to 1.9 m K ) 
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Figure 1. Layout of the N A U T I L U S antenna. 

have been built at the Kamer l ingh Onnes L a b o r a t o r y and 
can absorb 25 \xW of heat applied outs ide the mixing 
chamber [19], at a t empera tu re of 10 m K with circulation 
rates up to 10~2 mo l s _ 1 . 

Di lu t ion refrigerators have been built with circulation 
rates of m o r e t h a n 1 mo l s _ 1 [20] and very large cooling 
powers above 100 m K . D R s are themselves sources of noise 
so care mus t be taken to design them so as to minimise 
effects of turbulence and friction. One should use the 
min imum flow compat ib le with the heat leak on the 
an tenna and shields. As the t empera tu re decreases be low 
1 K, the most effective heat transfer mechanism between the 
an tenna and the cooling source becomes the conduct ion by 
solid. This makes the mechanica l isolation from the cooling 
source of an u l t ra low t empera tu re an tenna a much m o r e 
difficult task than for an an tenna at liquid hel ium 
tempera tu re . 

After a careful feasibility s tudy [21], the first u l t ra low 
t empera tu re detector N A U T I L U S was constructed, 
assembled, and tested. The general layout of the cryogenic 
a p p a r a t u s is shown in Fig. 1. The relevant feature of the 
cryostat is its central section, which is shorter t han the 
cylindrical ba r an tenna (hereafter indicated as the ba r ) 
itself. This section conta ins two helium-gas-cooled shields, 
the liquid (He) reservoir (2000 litres of capacity), three 
O F H C copper massive r ings and, t h rough the top central 
access, a special 3 H e — 4 H e dilution refrigerator [22]. E n d 
caps are fastened at each stage of the cryostat to complete 
the seven shields su r round ing the bar . The shields are 
suspended to each other by means of t i tan ium rods and 
const i tute a cascade of low-pass mechanica l filters. The 
overall mechanica l v ibra t ion isolation at the ba r resonant 
frequency (about 900 Hz) is of the order of —260 dB. 

The first copper shield is thermal ly anchored to the 1 K 
po t of the refrigerator. The in termedia te and inner shields 
are in the rmal contact with two silver heat exchangers of the 
dilut ion refrigerator; the mixing chamber [23] cools the ba r 
by means of an O F H C copper rod wrapped a r o u n d the bar 
central section. The the rma l pa th in the above cases is 
const i tuted by soft mult iwire copper bra ids , in order to 
minimise the t ransmiss ion of mechanica l v ibra t ions to the 
ba r [24]. 

Fig . 2 shows the ba r t empera tu re dur ing the cooling 
down. A b o u t three weeks were needed to reach 77 K, with 
the use of 8000 litres of liquid ni t rogen, and abou t one week 
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Figure 2. Temperature of the cylindrical bar vs time. 

to achieve 4.2 K with the use of abou t 5000 litres of hel ium. 
The ba r was kept at a t empera tu re in the range 4 .2 -8 K for 
abou t two weeks, to per form var ious tests. Then the 
u l t ra low- tempera tu re cooling was star ted. The initial 
t empera tu res of the bar and of the three copper shields 
were abou t 8 K. After filling the 1 K po t with H e at low 
pressure, the mixture was condensed and circulated in the 
dilut ion refrigerator. After three days the cal ibrated G e 
the rmomete r s indicated a t empera tu re of 95 m K on the bar 
end face and of 63 m K in the mixing chamber . 

The observed features of the cooling agreed with an 
earlier mode l [25]. F r o m the measured the rmal gradient 
between the mixing chamber and the ba r end (about 
30 m K ) an upper limit of 10 \iW for the an tenna heat 
leak (corresponding to 1.7 \iW m - 2 ) was deduced. The 
overall hel ium evapora t ion ra te was 50 litres d a y - 1 . 

The next step 
H av i n g acquired the recent experience with the N A U T I ­
L U S we are n o w considering the next step in g.w. 
detectors , tha t is, the spherical an tenna . Since at least 6 
t ransducers are required for the 5 resonant quad rupo le 
modes and eventually a m o n o p o l e mode , it is to be 
expected tha t the very high Q ob ta ined with Al 5056 will be 
significantly reduced, possibly by a factor 2 - 3 per 
t ransducer . It seem thus better to look for alloys which 
could be cooled to lower t empera tu res so as to keep or 
decrease r e f f = T//3Q. Copper alloys are qui te interesting, 
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Figure 3 . G R A I L : 100 ton 10 mK spherical antenna. 1—rubber 
damper for sphere, 2 — rubber damper for helium vessel, 3 — dilution 
refrigerator anchored to shields, 4 — mixing chamber of D R (copper 
connections to shields and suspensions not shown), 5 — 3 m diameter 
sphere (transducers not shown), 6—copper rod suspension and 
thermal link, 7—rubber dampers for copper shields, 8 — concrete 
support, 9 — air dampers, 10 — liquid-helium-filled bellows suspension, 
11 — 0.7 K copper shield, 12 — 50 mK copper shield (Nb-plated for 
e.m. shielding), 13 — 70 K shield, 14—15 000 litre helium vessel 
(copper-clad stainless steel). 

par t icular ly CuBe and C u A l which are no t superconduct ing 
and are abou t 3 t imes denser t han Al 5056. Both Be and Al 
can dissolve in copper up to 10% giving sound velocities 
a r o u n d 4700 m s" 1 for CuAl , for Cu - 5% Be v = 4300 m s" 1 

and for C u - 1 0 % B e v = 5300 m s " 1 . BeCu of lower 
concent ra t ions was measured to have Q ~ 10 7 [26]. 

At a density of 7.58 g c m - 3 a C u A l sphere of 3 m 
diameter would weigh 107 tons . Fig. 3 shows a concept of 
such a detector called G R A I L (Grav i ta t iona l Rad ia t ion 
A n t e n n a In Leiden). A similar project will be developed for 
the successor of N A U T I L U S . Other spherical detectors are 
under s tudy in Louis iana , Stanford, M a r y l a n d , and Brazil.")* 

Let us discuss some of the impor t an t aspects of the 
G R A I L project. 
(a) C o o l i n g f r o m r o o m t e m p e r a t u r e t o 4 K 
The t ime constant for cooling a sphere from r o o m 
tempera tu re is given by T = R2/D where D is the rmal 
diffusivity, D = k/pc, which for the alloy Al 5056 is 
D = 4.5 x 1 0 " 5 m 2 s " 1 and for C u - 1 0 % Al is 
1.76 x 1 0 " 5 m 2 s " 1 . F o r R = 1.5 we have T = 13 h for 
Al 5056 and T = 33 h for CuAl . These values d rop quickly 
with t empera tu re , being a few seconds at 2 K. If we were to 
use the me thod of exchange gas as used with N A U T I L U S , 
we see, by assimilating the ba r to a sphere of rad ius 0.3 m 
tha t it would t ake abou t two years! 

W e thus have to cool the sphere by direct contact with 
cold hel ium gas, in a way similar to tha t used at C E R N [27]. 
Cold hel ium gas should be circulated t h rough a heat 
exchanger cooled by liquid N 2 and injected at high speed 

fWe acknowledge helpful discussions with O D de Aguiar of INPE, 
Brazil, who is studying a similar detector. 

at the b o t t o m of the sphere unt i l T = 80 K is reached. At 
this po in t cooling should proceed from a 100 litre h _ 1 

hel ium liquefier and it would require abou t 10 days to cool 
to 4 K. After p u m p i n g out the inner vacuum can (IVC) the 
sphere can be cooled in the usua l way by contact with the 
D R . Cool ing from 300 K to 4 K should last abou t 3 weeks. 
D u r i n g p u m p d o w n of the IVC the 15 000 litre hel ium vessel 
should be filled, and the liquefier disconnected from the 
cryostat to reduce vibra t ions . 
(b) C o o l i n g t o 10 m K 
The N A U T I L U S experiment has shown tha t the heat leak 
to the ba r is abou t 10 | iW or 1.7 uW m - 2 . F o r the sphere 
this would be 48 uW (supposing the heat leak is 
p r o p o r t i o n a l to the area) . Tak ing a factor of two for 
safety we require a cooling power of 100 uW at 10 m K , 
which is only a factor of four m o r e t han the refrigerators 
we have built at Leiden [19]. 

The circulation ra te needed can be obta ined from the 
expression 

Q ? 1 n = = 3 x 10"2 mo l s " 1 . 
82r 2 

This circulation will give a cooling power of abou t 
100 m W at 200 m K . 

F o r cooling from 1 K to 200 m K , one mus t remove 

H = [ c C u d r , 
Jo 

with cCu ~ 10"4 J g " 1 or H = 104 J. If we suppose the D R 
to be at 200 m K we need abou t one day to reach this 
t empera tu re . 

Cool ing to 10 m K requires further r emova l of 
r0.2 K 

H = 10"4r dT = 2 x 10"6 J g " 1 , 
Jo.01 K 

or 200 J, supposing the heat capaci ty is tha t of Al 5056 (we 
have no exper imental da ta on C u A l at very low 
tempera tures) . 

In this case, with en tha lpy and cooling power decreasing 
as T2 we need abou t one day to cool to ~ 1 0 m K . It t hus 
seems tha t cooling the spherical 100 ton an tenna to 10 m K 
can be done in less t h a n one m o n t h . Grea t care mus t be 
t aken in avoiding magnet ic impuri t ies which could increase 
the cooling down t ime at the low end by one or two orders 
of magni tude . 

In the process of cooling with circulating hel ium gas it is 
impor t an t to avoid condensa t ion impuri t ies on the sphere 
and t ransducers , which could decrease the g- fac tor . The use 
of a non-superconduc t ing alloy with a the rmal conduct ivi ty 
100 to 1000 t imes higher t han the Al 5056 alloy should 
provide a small (a few m K ) the rmal gradient across the 
sphere. 
(c) S u s p e n s i o n 
In order to measure a displacement of 10~22 m eno rmous 
precau t ions have to be t aken to avoid external v ibra t ions at 
the resonance frequency from reaching the an tenna . If we 
assume a typical ampl i tude of 10~6 m at 1 K H z on the 
g round , we must have an a t t enua t ion of bet ter t han 
-320 dB or a factor of 10"1 6. 160 dB can be provided by 
r o o m tempera tu re a t t enua to r s with rubber and steel stacks. 
A n impor t an t p recau t ion at r o o m tempera tu re is to 
decouple the boil ing hel ium vessel from the sphere, as is 
shown in Fig. 3. 
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The heat shields provide a t t enua t ion for the D R and are 
separately a t tached to the concrete s t ructure . F o r larger 
a t t enua t ions the the rmal noise becomes the dominan t factor 
and damping at low t empera tu re must be provided. 

One interest ing possibili ty is to use a new type of low-
tempera tu re v ibra t ion a t t enua to r based on bellows filled 
with liquid hel ium. 

At a pressure of 20 bar hel ium deforms by 15% as 
compared to steel with Y o u n g ' s m o d u l u s E = 2 x 1 0 1 1 Pa 
which deforms by abou t 0.2% under m a x i m u m load. 

If we take care to keep the pressure be low solidification 
(say 20 ba r ) then the frequency of such a spring would be 
nearly 10 t imes less t han tha t of an equivalent steel spring. 
The est imated a t t enua t ion per element of suspension (two 
copper plates conta in ing eight 30 cm bellows) would be 
abou t 55 dB against abou t 30 dB for a similar bu t 
convent ional suspension.*)* In this way one could h o p e 
for a to ta l a t t enua t ion of say 160 dB at r o o m t empera tu re 
plus 165 dB due to the hel ium suspension and at least 70 dB 
due to the copper rod which holds the sphere. This is near ly 
400 dB, at least on paper . 

These suspensions offer the possibili ty of some external 
act ion. If some spur ious resonance is close to the sphere 
resonance , changing the hel ium pressure could move it to a 
less dangerous place. Ano the r possibili ty is to use a mixture 
of 3 H e in 4 H e which would al low the hel ium suspensions to 
act as nonmeta l l ic the rmal links between the copper plates 
and the D R . All we need is to use sintered silver inside the 
faces of the bellows suppor t . 

Conclusion 
Cool ing masses of 100 tons to millikelvin t empera tu res 
seems feasible and it represents certainly the largest-scale 
appl icat ion of dilution refrigerators. These spherical 
detectors should open a new window on our Universe , 
creat ing an a s t ronomy as impor t an t as radio or optical 
a s t ronomy. 
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Recent progress in high field 
magnetism 
M D a t e 

Abstract. This paper describes recent progress in high field 
magnet i sm mainly done in the Research Cent re for 
Ex t reme Mater ia ls , Osaka Universi ty, with a short survey 
of the history. The main activities are concent ra ted on the 
condensed mat te r physics covering the field of magnet i sm 
and superconduct ivi ty where a c o m m o n keyword is 'highly 
correlated electron physics ' . A wide range of studies of 
metamagne t i sm, field-induced electronic t rans i t ions under 
high field, is summarised . These high field states are 
regarded as field-induced q u a n t u m states with var ious 
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novel proper t ies . High field is also effective for var ious 
a tomic and molecular sciences. Non l inea r Zeeman effect, 
field-induced t r ansparency and d iamagnet ic or ienta t ion of 
organic and biological mater ia ls are shown as examples. 
N e w frontiers in the high field technologies are shown with 
a highly sensitive magne tomete r using the dynamica l 
F a r a d a y effect. 

1. History of high magnetic field generation 
There has been growing interest in the appl icat ion of high 
magnet ic fields to the s tudy of magnet ic proper t ies of 
var ious mater ia ls mainly because the field can p roduce 
intrinsic change no t only in the magnet ic s t ructures bu t 
also in the electronic states of highly correlated electrons. 

N o w a d a y s , one can p roduce D C fields of m o r e t han 
30 Tesla (T), pulsed fields of m o r e t han 70 T and abou t 
500 T can be reached with magne t s tha t are destroyed in the 
process . 

The his tory of generat ing high magnet ic fields began 
with the discovery of Oersted in 1820 who found the first 
'artificial ' field by passing an electric current . The second 
step was to concent ra te the magnet ic flux by using 
ferromagnet ic mater ia ls as was done by F a r a d a y and 
others . The me thod was improved by Ewing a r o u n d 
1890 who at ta ined a m a x i m u m field of 3.5 T and dis­
covered the ferromarnet ic sa tura t ion p h e n o m e n o n [1]. A 
convent ional e lectromagnet at the end of the 19th century 
could provide a field up to I T . 

Innovat ive progress was achieved by Kap i t za who 
p roduced a pulsed magnet ic field up to 35 T by t r ans fo rm­
ing mechanica l energy of a m o t o r genera tor into magnet ic 
energy in 1924 [2]. The DC-field, on the other hand , was 
improved by Bitter a r o u n d 1940 with a water-cooled Bitter 
coil which could p roduce abou t 20 T [3]. A similar field is 
n o w p roduced by superconduct ing magne t s and they are 
used world-wide since 1960. The m a x i m u m DC-field has 
been obta ined with a hybr id magnet consist ing of the Bitter 
and superconduct ing magne ts with net fields of the order of 
30 T. 

D u r i n g the Second Wor ld W a r , a new idea of generat ing 
s t rong magnet ic fields by compress ing magnet ic flux by the 
implosion technique with the use of gunpowder was 
advanced [4]. A similar compress ion me thod was invented 
by Cnare , who used the electromagnet ic force. The m e t h o d 
is being developed at ISSP by the M i u r a G r o u p [5]. These 
m e t h o d s can p roduce abou t 500 T for several microseconds 
with destruct ion of the coil system and so are for precise 
measurements . 

In 1970, the present au tho r proved a theorem tha t an 
infinite magnet ic field can be p roduced nondestruct ively 
when a specially designed mult i layer coil is used [6]. The 
pract ical design and const ruct ion of the new coil were 
implemented and a series of nondes t ruc t ing mult i layer coil 
magne t s was p roduced at Osaka Universi ty . The magne t s 
have been used by m a n y researchers and m o r e t han 300 
paper s in the fields of condensed mat te r physics, chemistry, 
and biology have been repor ted since 1975. A short review 
of the magne t s is presented in the next section and the 
details are given in two papers [7, 8]. 

2. Osaka magnet — multi-layer coil system 
It is impossible to p roduce an infinitely s t rong magnet ic 
field in a coil wi thout dest roying the system because of the 
s t rong electromagnet ic force acting on the magne t . Kap i t za 

was aware of the difficulty, with the conclusion tha t the 
highest field to be practical ly possible to p roduce m a y be 
a r o u n d 50 T even if the strongest mater ia l , for example 
steel, were used. W e call this the Kap i t za limit. As is shown 
in Fig. la , the force is axially compressive while it is 
expansive a long the radia l direction. The force is abou t 
400 kg m m - 2 at 100 T, which is abou t four t imes larger 
t han the tensile s trength of n o r m a l steel. 

Figure 1. (a) Force acting on a coil and (b) schematic model of the 
multi-layer magnet. 

In 1 9 7 0 - 1 9 7 5 , the present au tho r developed a set of 
mult i layer coil systems based on the theorem tha t one can 
p roduce an infinitely s t rong magnet ic field wi thout des t roy­
ing coils if a specially constructed mult i layer coil is used. 
The central idea is i l lustrated in Fig. lb where each circle 
represents an independent magnet coil. Coil 1 p roduces the 
field Bi by a current Ix. Bx m a y be a r o u n d 50 T, within the 
Kap i t za limit. The second coil 2 inside coil 1 p roduces the 
field B2, bu t B2 should be smaller than Bx because the 
electromagnet ic force act ing in coil 2 is p r o p o r t i o n a l to 
Bi + B2. Numer i ca l calculat ion shows tha t B2 = 0 . 6 2 B x for 

Figure 2. Section view of the standard 2-layer magnet: 1 — insulator, 
2 — outer coil, 3 — inner coil. 
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the safety limit of coil 2. Coils 3 .. .n are designed in a 
similar fashion and the expected resul tant field Bx in coil n 
obeys the relat ion: 

AM 
~dB 

BX>BX . + - ( i ) 

This means tha t BY t ends to infinity as n —> oo. W e have 
constructed var ious mult i layer magne t s based on this 
theorem and a test magne t with n = 4 p roduced a 
m a x i m u m field of 107 T in a vo lume 2 m m in d iame­
ter [6]. The pract ical magne t n o w widely used is a two-layer 
one 2 cm in inner diameter , and a section view is shown in 
Fig. 2. The m a x i m u m field is 70 T with a pulse direction of 
abou t 1 milli-second [7]. A n advanced three-layer magne t 
has recently been const ructed which can p roduce m o r e 
t han 80 T. 

In te rna t iona l use of the Osaka magne t has been m a d e 
since 1975 and m o r e t han a t h o u s a n d scientists have visited 
the facility. The main results obta ined by them have been 
repor ted in several pape r s [ 8 - 1 7 ] and the recent highlights 
are shown in the following sections. 

3 . Classical prob lem—spin rearrangement 
in high field 
A r o u n d ten years ago, the main scientific results obta ined 
in the early stage of the high magnet ic field facility were 
limited to the field-induced magnet ic phase t ransi t ion, i.e., 
spin rea r rangement such as the ant i ferromagnet ic spin-flip. 
Two typical examples are shown in Figs 3 and 4. The 
dM/dB signals shown in Fig. 3 were obta ined in the 
ant i ferromagnet ic M n F 2 - F e F 2 system when the field was 
applied a long the spin easy axis. The work was done with 
the coopera t ion of the Jaccar ino group in Santa Ba rba ra 
[18]. The sharp spike at x = 0 refers to spin-flip in M n F 2 at 
8 T. The peak becomes b r o a d in the mixed crystals owing 
to the r a n d o m field effect and again becomes sharp at 
x = 1 for F e F 2 at 42 T. The magnet i sa t ion profile of the 
t r iangular ant i fer romagnet is shown in Fig. 4 for the 
example of E u C 6 , a graphi te intercalat ion mater ia l [19]. 
The da ta were obta ined in coopera t ion with the Suematus 
group of T s u k u b a Universi ty . Var ious extensive studies on 
the magnet ic phase t ransi t ion in this area have been done 
in Osaka on ferromagnet ic , metamagnet ic , and helical 
magne t mater ia ls . These p rob lem are n o w called classical 
because the t rans i t ions are described by the spin r ea r range­
ment alone. 

4. Modern problem—field-induced electronic state 
A not iceable t rend in recent high-field magnet i sm is the 
a t t a inment of a new q u a n t u m electronic state induced by 
applying a high magnet ic field. The subject has become 
popu la r as the m a x i m u m at ta inable field intensity 
increased. Typical examples in this category are given in 
this section. 
(1) C r o s s o v e r o f t h e a t o m i c g r o u n d s t a t e 

A magnet ic field can induce g round state crossover in 
some a toms and molecules. A n example is given where the 
angular m o m e n t u m change from J = \ to / = 2 occurs on 
applying a field. C s F e C l 3 is a hexagona l ant i fer romagnet 
with F e 2 + spins where the ferromagnet ic chains a long the c-
axis are connected by a t r iangular ant i fer romagnet ic inter­
act ion. However , no long-range order is found at low 
tempera tu res because of the singlet g round state with 
Jz = 0, which is a sub level of / = 1. U n d e r a magnet ic 
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Figure 3. Differential magnetisations in M n x F e ! _ x F 2 ; T — 4.2 K. 
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Figure 4. Magnetisation process of a triangular spin system, E u C 6 

field, the first crossover occurs a r o u n d 10 T in the 
f ramework of / = 1 [20] with the net m o m e n t of abou t 
3fiB. A new mult is tep magnet i sa t ion is found above 32 T 
a long the c-axis and it is explained by the crossover from 
J = \ to a sublevel of / = 2 [21]. The central idea of the 
t rans i t ion is simply explained in Fig. 5. The angular 
coupl ing of L and S in the J = 2 state given in Fig. 5a 
shows the presence of a t ransverse componen t of the spin 
which is no t found in the J = \ and J = 3 states. The 
exchange energy p r o p o r t i o n a l to the t ransverse componen t 
should be t aken into account for the c-plane. The analysis 
was done by the present au tho r [21] and the result is shown 
in Fig. 5b. Mul t is tep magnet i sa t ion with the m o m e n t s 1/3, 
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Figure 5. (a) Vector model of the Fe spin in CsFeCl 3 and (b) the 
multistep magnetisation due to / = 1 —> / = 2 crossover. 

1/2, 2 /3 , . . . , is found as expected from the theory and the 
agreement between theory (thin line) and experiment (thick 
line) is surprisingly excellent as is seen in Fig. 5b. The 
var ious fractional states appear by the spin frustrat ion in 
the mixed states of the g round ( / = 1) and excited ( / = 2) 
spin chains. 
(2) Q u e n c h i n g o f t h e H a l d a n e s t a t e u n d e r 
h i g h f i e 1 d 

There has been an increasing interest in the energy gap 
in the l inear-chain Heisenberg ant i fer romagnet with spin 
S = 1 since H a l d a n e conjectured tha t the chain consist ing of 
integer spins has an energy gap above the g round state. A 
high field magnet i sa t ion s tudy up to 50 T has been done by 
K a t s u m a t a et al. [22] as is shown in Fig. 6 and the field-
induced quenching of the gap is found in N E N P , one of the 
best mater ia ls to show the H a l d a n e state. The quenching is 
characterised by the critical field above which the system is 
in the usua l ant i ferromagnet ic state. Electron spin reso­
nance of this mater ia l under high field was studied by our 
group [23] and the an i so t ropy pa rame te r s of the first excited 

Magnetic field/T 

Figure 6. Quenching of the nonmagnetic Haldane state in N E N P . 
Linear magnetisation appears above the critical fields Ha, Hb, Hc 

showing normal antiferromagnetism. 

state were investigated. A striking fact is tha t the sign of the 
an i so t ropy constant D in the g round state of N i 2 + is 
posit ive while tha t of the excited state triplet is negative. 
The result is explained by in t roducing a mode l in which the 
excited state is at two-spin b o u n d state with the resul tant 
spin S = 1 moving in the chain like a soliton [23]. The ESR 
da ta were analysed by use of the theory of spin-cluster 
resonance [24] with a satisfactory agreement . 
(3) Q u e n c h i n g o f t h e q u a d r u p o l e o r d e r i n 
D y A g 

A mult is tep magnet i sa t ion observed in D y A g presents a 
new concept for high field magnet i sm. A n example of the 
da ta is shown in Fig. 7 where stepwise magnet i sa t ion with 
the magni tudes 1/2, 2 / 3 , 5 /6 , and 1 are i l lustrated. The 
thick line shows the exper imental result and the theoret ical 
steps given by thin lines are given by the following model . 
D y A g is a CsCl- type crystal with an ant i fer romagnet ic 
t ransi t ion at T N = 5 5 K. Spins are paral lel to four (111) 
direct ions with the four-sub lattice mode l [25]. A large 
quad rupo le energy stabilises the spin s t ructure . The 
observed step magnet i sa t ion is explained by keeping the 
quad rupo le energy on each D y site bu t we assume tha t there 
is a quad rupo le coupling energy between ne ighbour ing D y 
spins with the form of (3 c o s 2 9tj — 1) 6 ^ / 2 , where Qtj is the 
quad rupo le coupl ing constant between /- and j - sp ins and 0tj 
is the angle between spins. The to ta l energy is calculated as 
the sum of the exchange, quadrupo le , and Zeeman energies 
and the s tandard mean field mode l is applied. The 
experimental ly obta ined steps are explained by a simple 
spin-flip at the 0 —• 1/2 t rans i t ion and the successive three 
t rans i t ions are given by the spin-flip with the rea r rangement 
of the quad rupo le order . Agreement between theory and 
experiment is satisfactory as is seen in Fig. 7. Three 
exchange pa rame te r s and three quad rupo le coupl ing con­
stants have been determined by this t rea tment [26]. Thus , 
D y A g provides a typical example of the quenching of the 
quad rupo le order under a high magnet ic field. 
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Figure 7. Multistep magnetization of DyAg along the [111] axis, 
T = 4.2 K 

(4) M u l t i s t e p m a g n e t i s a t i o n s i n CeP 
Recently, a high qual i ty was achieved in single crystals 

of CeP with R R R 50 and the S h u b n i k o v - d e H a a s (SdH) 
oscillations. A n unusua l me tamagne t i sm has been observed, 
as shown in Fig. 8 [27]. The metamagne t i c t ransi t ion fields 
are a lmost t empera tu re independent from 1.3 to 35 K and 
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lie with equal spacing on the H~ scale. This result is 
explained in te rms of the S t o n e r - L a n d a u model . Namely , 
the magnet ic t ransi t ion of localised Ce spin is related to the 
Landau- level crossing of up and down spin b a n d s which 
one separated by the Stoner gap . The angular dependence 
of the mult is teps were also investigated and a simple cubic 
symmetry with four th-order an i so t ropy was found. The 
mult is teps found in CeP provide the first example of the 
successive phase t ransi t ion induced by the de H a a s - v a n 
Alphen change in the conduct ion electrons. 

Figure 8. Multistep magnetisation of CeP. Peaks A , B , . . . , F are Ce-
spin steps induced by the de H a a s - v a n Alphen oscillations of 
conduc-tion electrons. 

5. Physics in highly correlated electron systems 
One of the recent direct ions in condensed mat te r physics is 
the s tudy of highly correlated electron systems where the 
heavy fermions or h i g h - r c superconduct ing electrons play 
an impor t an t role. A high magnet ic field is effective for 
these electrons because the field destroys their coupl ing and 
the e lementary processes or couplings are separated by 
applying the field. A schematic p ic ture is given in Fig. 9 
where the gap s t ructure or dense Fermi-level states 

f+ 

r 

Figure 9. The c - f mixed density of states (left) are modified by 
applying high field (right) where the f-bands are separated from a 
normal conduction electron band. 

p roduced by their correlat ion are destroyed by applying 
the field. 

Two examples of heavy fermion mater ia ls are discussed 
below. 

M u c h work has been done on the s tudy of heavy 
fermion mater ia ls in high magnet ic fields and the me t -
amagnet ic na tu re has been observed in some c o m p o u n d s . 
U R u 2 S i 2 is k n o w n as a typical mater ia l with a clear th ree-
step metamagne t i sm a r o u n d 30 T [28]. A detailed s tudy has 
been done by our g roup and the observed da ta are well 
explained by the mode l in which the heavy fermion state in 
the low field region is destroyed by applying a s t rong 
magnet ic field, and the exchange interact ions between the 
field-induced magnet ic m o m e n t s on the u r a n i u m a toms 
p roduce successive metamagne t ic t rans i t ions [29]. The 
localised magnet ic m o m e n t on the u r a n i u m a tom at zero 
magnet ic field is only 0 . 0 3 j U B , reflecting the fact tha t the f-
electrons are no t on the u r a n i u m site bu t form a heavy 
fermion b a n d with conduct ion electrons. U n d e r a s t rong 
magnet ic field, however , the Zeeman energy of the f-
electron exceeds the heavy electron coupl ing energy and 
a phase t rans i t ion to the magnet ic state occurs. It is no ted 
tha t there is a frustrat ing exchange coupl ing between the 
field-induced m o m e n t s and the metamagne t i c three-step 
states with the m o m e n t s 1/3, 3 /5 , and 1 (ferromagnetic) 
tha t appear at their cor responding critical fields. The 
observed da ta (thick line) and the theoret ical three steps 
are shown in Fig. 10a. The heavy fermion energy and three 
exchange coupl ing pa rame te r s are determined by the 
s t andard mean field approx imat ion . It is emphasised tha t 
the present t rea tment is applicable when the spin system can 
be regarded as an Ising ne twork , where a sharp t ransi t ion is 
expected. 
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Figure 10. (a) Three-step magnetisation in U R u 2 S i 2 . Thin lines show 
the theoretical expectation, (b) The negative magnetoresistance in 
Y b B 1 2 , which is perfectly metallic above 50 T. 
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Quench ing of the electronic b a n d gap by a magnet ic 
field is usual ly difficult even when fields up to 100 T are 
used. A n exceptional success was achieved with Y b B 1 2 , 
which has a gap of abou t 100 K above the F e r m i level. The 
origin of the gap is believed to come from the hybr idisa t ion 
of the f- and conduct ion bands . The electric resistivity was 
measured in fields up to 50 T and a large negative m a g n e t o -
resistance was found as shown in Fig. 10b. The resistivity is 
immeasurab ly small and the c o m p o u n d is substantial ly 
metall ic a r o u n d 50 T [30]. The observed result is well 
explained by the quenching of the hybridised b a n d due 
to the magnet ic field. The Zeeman energy of the f-electrons 
plays an impor t an t role in this p h e n o m e n o n . This mode l is 
suppor ted by the high field magnet i sa t ion experiment where 
a clear increase in the magnet ic m o m e n t appears above 
50 T. A similar effect is expected for S m B 6 , a typical 
semiconductor with a b a n d gap due to the hybr idisa t ion, 
bu t the observed magnetores is tance a tenth of tha t in 
Y b B 1 2 . The difference is due to the magn i tude of g-values 
in the two mater ia ls . 

The next example is the high field effect in h i g h - r c 

superconductors . M u c h work on the de terminat ion of the 
upper critical field Hc2 of the oxide h i g h - r c superconduc­
tors has been repor ted since their first discovery in 1986. In 
these experiments , however , the whole profile of the 
magnetores is tance curves has been obta ined only by our 
group [31] because Hc2 of these mater ia ls at low t empera ­
tures is much higher t han the limit for the usua l 
superconduct ing magnets . It is emphasised tha t the whole 
aspect of the magnetores is tance in all 123-compounds can 
be obta ined even at 4.2 K when a field up to 60 T is applied. 
The studied high-qual i ty single crystals were grown by the 
N T T research group [32]. Their thickness was abou t 
0.02 m m , small enough to avoid eddy current effects and 
hysteresis. 

As the magnet ic field becomes s t rong enough to b reak 
up the superconduct ing state, one can determine the 
t empera tu re dependence of the n o r m a l electric resistivity 
for these c o m p o u n d s and the results are given in 
Fig. l i b [33]. The full lines are the results of the usua l 
measurement and the dashed lines be low Tc are obta ined by 
ext rapola t ing the high-field magnetores is tance curves to the 
zero-field value. The whole behaviour of the resistivity 
shows tha t the 123-compounds are ra ther similar to n o r m a l 
metals which display cons tant resistivity due to impuri t ies 
at low tempera tu re . 

Recently, a single crystal of the h i g h - r c superconduc tor 
Nd 2 _ J C Ce J C CuO- y has been studied in high fields up to 20 T. 
The superconduct ing state completely collapsed and the 
n o r m a l electric resistivity persisted at all t empera tu res as 
shown by the dashed line in Fig. 11a. The t empera tu re 
dependence of the n o r m a l resistivity down to 1.3 K shows a 
clear m in imum. The result can be unde r s tood in te rms of 
the two-dimens ional weak localisation mode l [34], which 
means tha t this mater ia l can be regarded as an intrinsic t w o -
dimensional conduct ion system. 

The resistivity min imum is no t observed in 123-com­
p o u n d s where the residual resistivity is small and constant . 
Accord ing to the weak localisation theory, the resistivity 
increase at low t empera tu re does no t occur when the 
residual resistivity is small. This fact explains well the 
results and the two-dimensional i ty of 123-compounds is 
no t contradic ted. 
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Figure 11. (a) Temperature dependence of the resistivity in an oxide 
superconductor. The dashed line is observed under high fields 
(perpendicular to the ab plane), (b) The electric resistivity of three 
123-compounds. The dashed lines are obtained around 50 T. 

6. Field-induced crystallographic transformations 
It is generally difficult to induce crystal lographic t r a n s ­
format ions by applying a magnet ic field. A n exceptional 
case is the field-induced martensi t ic t rans format ion . 
Systematic studies of var ious alloys have been carried 
out by the Shimizu group in Osaka . A striking effect was 
found in F e - N i alloys where the martensi t ic t r ans fo rma­
t ion t empera tu re increased by m o r e than 80 K in a field of 
40 T [35]. 

Ano the r interest ing change in the crystal lographic 
modif icat ion was observed in D y C u 2 [36]. D y C u 2 is an 
intermetall ic rare-ear th c o m p o u n d with the o r t h o r h o m b i c 
C e C u 2 - t y p e crystal s t ructure. The Nee l t empera tu re is 
31.5 K and the D y spin has an Ising-like axis a long the 
a-direction with two-step metamagne t i sm at low fields, as 
shown in Fig. 12. The g / -va lue a long the a-axis is abou t 10 
in accord with the usua l Ising-like D y + spin. Magne t i s a ­
t ions a long the b- and c-axes are smooth and weak in low 
fields, as shown in Fig. 12. 

In high magnet ic fields, however , this mater ia l shows a 
peculiar behaviour given in the right plot of Fig. 12. The c-
axis magnet i sa t ion is as expected up to 13 T bu t a sudden 
j u m p in the magnet i sa t ion occurs a r o u n d 13 T to the level 
of the sa tura t ion m o m e n t a long the a-axis. The magne t i sa ­
t ion curve under a decreasing field is different from tha t 
a long the c-axis bu t is very close to the a-axis magne t i sa ­
t ion, which is called a-like (a) in Fig. 12. After this 
p rocedure , a low field magnet i sa t ion up to 3 T leads to 
the switching of the a- and c-axes bu t the Z?-axis remains 
unchanged . The recovery to the virgin state is ob ta ined 
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either by wa rming the crystal above abou t 100 K or 
applying a field higher t han 5 T a long the a-axis. The 
(/-axis, which is the original a-axis, shows a weak 
magnet i sa t ion up to 5 T, where a sharp step magnet i sa t ion 
appears , and then a decrease of the field clearly br ings 
abou t a typical a-axis magnet i sa t ion reflecting re turn to the 
virgin state. 

N o t e tha t the switching cycle can be observed by 
ro ta t ing the crystal in liquid hel ium because t empera tu re 
increase also results in the recovery process . 

The observed process, called switching of the magnet ic 
axis, is explained by a first-order t ransi t ion mode l similar to 
the mode l of the field-induced martensi t ic t ransi t ion [36]. 

7. Atoms and molecules under high magnetic field 
A high magnet ic field can help us to unde r s t and a large 
range of proper t ies of a t o m s and molecules. The s t andard 
technique is to observe linear and nonl inear Zeeman effects 
with the use of var ious electromagnet ic waves and much 
work in this case has been repor ted . 

A un ique discovery has been the field-induced t r a n s ­
parency in liquid oxygen done by our group [37]. The 
g round state is expressed as 3IS. The boil ing poin t of 
liquid oxygen is 90 K, be low which the liquid has a blue 
colour. U n d e r a magnet ic field, however , the blue colour is 
quenched and the liquid becomes t ransparen t . The field-
induced t r ansparency is nicely explained in the following 
way: the blue colour comes from the two-molecule a b s o r p ­
t ion of light with a zero net spin m o m e n t . U n d e r high 
magnet ic field, however , all spin m o m e n t s are paral lel so 
tha t the light absorp t ion is forbidden and the liquid becomes 
t ransparen t . This is the only example of field-induced 
colour change in condensed mat te r k n o w n at present , if 
one disregards the vir tual colour change of liquid crystals 
due to reflection. 

The second topic in this section is the d iamagnet ic 
or ienta t ion of organic molecules under a magnet ic field. 
Except in the superconduct ing state, the d iamagnet i sm of 
molecules is generally weak and no impor t an t physical and 
chemical effects have been repor ted . In high magnet ic fields, 
however , the d iamagnet ic energy is no t negligible and 
var ious new p h e n o m e n a have been investigated recently. 

Let us consider two examples. One is the d iamagnet ic 
C u r i e - W e i s s law found in an organic liquid and the 
other is the d iamagnet ic al ignment of biological mater ia ls 
related to h u m a n b lood . Consider a benzene molecule under 
a magnet ic field. As the d iamagnet ic shielding current flows 
in the benzene ring, a field-induced d iamagnet ic m o m e n t 
appears in the molecule. I ts magn i tude is m a x i m u m when 
the field is perpendicular to the r ing p lane . Therefore, the 
field energy is m a x i m u m in this case and is m i n i m u m when 
the field is paral lel to the plane. Accordingly, the r ing is 
stable when the p lane is paral lel to the field. The magn i tude 
of the an i so t ropy energy is, however , very small and only 
one molecule per 10 6 molecules aligns in this manne r at 
r o o m tempera tu res under a field of 100 T. The al ignment 
effect can be detected by observing the C o t t o n - M o u t o n 
effect in the liquid. The effect is measured by looking at the 
ro ta t ion angle of the polar isa t ion p lane of the incident light 
under the field; this angle is p r o p o r t i o n a l to the d iamagnet ic 
an i so t ropy xa ° f molecules. At the beginning of this century, 
Langevin po in ted out tha t xa * s inversely p ropo r t i ona l to 
t empera tu re T [38]. At tha t t ime, however , the a t ta inable 
magnet ic field was no t so s t rong and the higher-order effect 
could no t be detected. As the C o t t o n - M o u t o n effect is 
p r o p o r t i o n a l to B2, a high magnet ic field is very effective 
and a series of precise measurements has been done in 
Osaka for m a n y organic l iquids [39]. The results show tha t 
Xa is p r o p o r t i o n a l to 1 /(T — 0 ) , which is formally similar to 
the pa ramagne t i c C u r i e - W e i s s law. So, we called this the 
d iamagnet ic C u r i e - W e i s s law and the C u r i e - W e i s s con­
stant 0 has been measured for m a n y liquids. A theoret ical 
extension has been also done and it is n o w clear tha t 0 
represents inter molecular interact ions. 0 is a lmost zero for 
benzene bu t is 165 K for n i t robenzene . This means tha t 
intermolecular interact ion in n i t robenzene is s tronger t han 
in benzene liquid. The interact ion is r anked as a q u a d -
rupo la r interact ion in liquid. 

W h e n diamagnet ic anisot ropic molecules are connected 
and aligned with their an i so t ropy axes in a definite 
direction, the net an i so t ropy increases with increasing 
molecular number . There are some examples especially 
a m o n g biological mater ia ls . The first clear example was 
found in Grenoble , F rance , with fibrin, an organic m a c r o -
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Figure 13. Diamagnetic orientation of fibrin fibres. The fibre orientation is random in zero magnetic field (left) while good alignment along 
the field is seen on the right. 

molecule in h u m a n b lood whose function is to coagula te 
b lood in case of injury. A p h o t o g r a p h taken in Osaka is 
shown in Fig. 13. The work has con tunued in Osaka and a 
typical a l ignment effect has been found in h u m a n red b lood 
cells. The d iamagnet ic a l ignment occurs from only 1 - 2 T 
and this means tha t a macromolecu le consists of m o r e t h a n 
10 7 uni t molecules [40]. The details are no t shown here, bu t 
the al ignment suggests tha t the effect of a field on the 
h u m a n b o d y might not be negligible even if the field is no t 
very s t rong. The effect of magnet ic field on the h u m a n b o d y 
has a t t rac ted much a t tent ion not only by scientists bu t also 
by m a n y others . However , no clear evidence has yet 
emerged. The d iamagnet ic a l ignment effect repor ted here 
can be regarded as a b r e a k t h r o u g h in this p rob lem. The 
effect of high fields on the h u m a n b o d y — magne tob io l -
ogy — can be further investigted on the basis of such a clear 
physical fact. 

8. N e w technologies involving high magnetic fields 
A high magnet ic field is useful no t only in basic science bu t 
also in advanced technologies. Var ious k inds of t e chno ­
logical appl icat ions are in progress . W e show here only one 
example. It is noticed tha t high field generat ion also 
p roduces high field gradient dB jdz, and this is useful for 
highly sensitive magne tomete r s . A pa ramagne t i c or 
d iamagnet ic mater ia l feels a force p ropo r t i ona l to 
B dB/ dz. Historical ly speaking, F a r a d a y constructed a 
magne tomete r using this relat ion and it is n o w called the 
F a r a d a y me thod . In a pulsed field, the value of B dBjdz is 
abou t 10 4 larger t han in the usua l F a r a d a y magne tomete r . 
W e have constructed a magne tomete r , shown in Fig. 14, 
which uses a pulsed field and the me thod is called the 
dynamica l F a r a d a y me thod [41]. 

Figure 14. Block diagram of the dynamic Faraday method. A 
specimen is set at 1 and a counter-balance material is set at 2. PM 
and the connecting materials are the pulse-magnet and the 
accessories. 

After one shot of the pulse field, a pa ramagne t i c or 
d iamagnet ic specimen on one a rm of a ba lance acquires a 
m o m e n t u m due to acceleration by B dB j dz and begins to 
oscillate. A n example is shown in Fig . 15 where a thin 
d iamagnet ic hair of 1.92 m g is set on the ba lance . The 
magnet ic susceptibility of the specimen can be measured by 
observing the oscillation and the obta ined sensitivity is 
abou t 10 t imes higher t han tha t of a S Q U I D magne tomete r . 
W e are n o w measur ing a slight change in biological mater ia ls 
after a light flash or physiological shock. This is only one 
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Figure 15. (a) Pulse field profile and oscillation of the balance, (b) The 
long-time oscillation profile. 

example, and we expect wide possibilities for applying the 
highly sensitive pulse field magne tomete r s . 

9. H i g h fields in the future 
W e have outl ined the frontiers in high magnet ic field 
sciences and technologies. They are n o w progress ing rapidly 
and expanding to new fields. It is difficult to forecast the 
future development bu t it m a y be valuable to survey the 
whole of high magnet ic field science with a bird 's-eye view. 
Fig. 16 shows var ious na tu ra l and artificial magnet ic fields 
and the cor responding physical p h e n o m e n a at all possible 
field s t rengths on a logar i thmic scale. The energy uni ts in 
te rms of one electron spin Zeeman energy are given on the 
left. F o r example, it is convenient to remember tha t 1 T is 
comparab le with 1 K and 1 c m - 1 . A q u a n t u m magnet ic flux 
(hc/e) t h rough an area of 1 c m 2 cor responds to a field 
s trength less t han 1 0 ~ 1 0 T. This is the lowest flux density 
tha t can be determined practical ly and the cor responding 
detector is a S Q U I D . It can detect a field change of abou t 
10~ 2 — 10~ 3 of q u a n t u m flux and var ious types of 
b iomagnet i sm: electric currents induced by magnet ic fields 
associated with bra in waves, p roduced by eye movemen t s or 
muscle act ions, have been observed. These are the lowest 
fields tha t can be detected at present . By the way, the E a r t h ' s 
magnet ic field uni t y ( 1 0 - 9 T ) , defined as a quant i ty of the 
order of E a r t h ' s field f luctuations, was the lowest detectable 
field before discovery of the q u a n t u m flux. There are var ious 
magnet ic fields in magnet ic mater ia ls . The highest field is the 

exchange interact ions for example in ferromagnet ic i ron-
cobalt alloy, and var ious magnet ic an i so t ropy fields, dipolar 
fields, and hyperfine fields are included in this category. 
These fields are rich in variety and m o r e are being 
investigated. Their s tudy is also impor t an t for magnet ic 
technologies. 

Artificial fields are shown on the right. Pe rmanen t 
magne t s and i ron-core magne t s lie in the Tesla region 
and superconduct ing magne t can p roduce fields stronger 
by one order of magni tude . Our mult i layer magne t covers 
up to 100 T and flux compress ion can p roduce abou t 500 T, 
which is the m a x i m u m at present . 

On the other hand , na tu r a l magnet ic fields have a wide 
variety. The E a r t h ' s field is of the order of one gauss 
( 1 0 " 4 T), which has b een a s t andard magnet ic unit . The 
solar field near a black spot is abou t 0.5 T, the largest field 
in the solar system. Outs ide the solar system, however, there 
are very s t rong magnet ic fields in high-densi ty stars, white 
dwar f having fields higher t han 100 T. It is believed tha t 
these stars have high mater ia l density induced by the 
collapse of a t o m s due to high gravity and the s t rong field 
is p roduced by flux compress ion associated with the 
collapse. The next stage is the collapse of nuclei or, m o r e 
exactly, mel t ing of nuclei to a neu t ron sea where an electron 
is captured by a p r o t o n forming a neu t ron . This is a neu t ron 
star where the flux compress ion is believed to be huge, of the 
order of 10 9 T. The famous black hole is still above it. 
However , black holes are difficult to observe and n o b o d y 
k n o w s their magnet ic field. These fields m a y or m a y not exist: 
it is still an open quest ion today . It is no ted tha t electron pair 
creat ion energy is close to this field s trength. This means 
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tha t the Zeeman energy of an e l e c t r o n - p o s i t r o n pair with 
paral lel spin is smaller t han the annihi la t ion energy with the 
format ion of vacuum. 

H u m a n achievement measured by the level of magnet ic 
field strength is thus very low at present . W e must admire 
M o t h e r N a t u r e , her depth and capacity. However , we are 
optimist ic abou t future h u m a n possibilities for the follow­
ing reason. Progress in magnet ic field generat ion technology 
in the past two centuries has been linear on the logar i thmic 
scale: the m a x i m u m field at the end of the 18th century was 
10~ 2 T and 1 T at the end of the 19th century. N o w , in the 
20th century, it is substantial ly a r o u n d 100 T. 

Therefore, optimistically speaking, it will be 10 4 T at the 
end of the 21st century. If this were achieved, high field 
science would enter a new world because this field is close to 
the b o u n d a r y of the chemical ca tas t rophe . W h a t is mean t by 
the chemical ca tas t rophe? The b o u n d a r y means tha t the spin 
Zeeman energy is comparab le to the chemical b inding 
energy. Therefore, all a t oms and molecules become 
uns tab le because the spin-paired b o u n d state will no longer 
be stable. W e n o w have no informat ion wha t mater ia ls and 
phases are possible under these condi t ions . Ano the r inter­
esting wor ld will be revealed at the Bloch limit at which the 
first L a n d a u level orbit has an area equal to tha t of the 
crystal lographic uni t cell. W h a t happens here? Hofs tad te r 
predicted tha t the electronic b a n d s t ructure will be reduced 
in the field and he drew the b a n d s t ructure shown in 
Fig. 17 [42]. The field-induced b a n d reduct ion is one of the 
interest ing high field effects. It is predicted tha t there will 
also be a big change in a tomic and molecular hydrogen . The 
shape of the hydrogen a tom in the g round state is spherical 

bu t it will become pro la te a long the magnet ic field. 
F u r t h e r m o r e , in a neu t ron star, the shape will be needle­
like due to s t rong squeezing by the field. A hydrogen 
molecule in the chemical ca tas t rophe region would be in 
the triplet g round state because the singlet is no t stable. 

Thus , the goal of the s tudy of high magnet ic fields is 
long term, spanning centuries. 

References 
1. Starling S G Electricity and Magnetism (London: Longmans, 

1925) p . 285 
2. Kapitza P L Proc. R. Soc. (London) Ser. A 105 691 (1924) 
3. Biter F Rev. Sci. Instr. 10 373 (1939) 
4. Fowler C M, Garn W B, Caird R S J. Appl. Phys. 31 588 

(1960) 
5. Miura N , Got to T, Nojiri H in Proceedings of the 6th 

International Conference on Megagauss Fields (Gen. Albu­
querque 1992) to be published 

6. Date M / . Phys. Soc. Jpn. 39 892 (1975) 
7. Yamagishi A, Date M Physica B 155 91 (1989) 
8. Date M IEEE Trans. Magn. MAG-12 1024 (1976) 
9. Motokawa M, Kuroda S, Date M / . Appl. Phys. 50 7762 

(1979) 
10. Date M, et al. / . Magn. Magn. Mater. 1 5 - 1 8 1559 (1980) 
11. Date M, et al. / . Magn. Magn. Mater. 3 1 - 3 4 140 (1983) 
12. Date M, et al. / . Magn. Magn. Mater. 5 4 - 5 7 627 (1986) 
13. Date M Physica B 155 119 (1989) 
14. Date M / . Magn. Magn. Mater. 9 0 - 9 1 1 (1990) 
15. Date M Physica B 164 108 (1990) 
16. Date M / . Magn. Magn. Mater. 104 -107 2105 (1992) 
17. Date M, et al. / . Appl. Phys. Ser. 8 195 (1993) 
18. King A R, et al. Phys. Rev. 47 117 (1981) 
19. Date M, Sakakibara T, Sugiyama K High Field Magnetism 

(Amsterdam: North-Hol land, 1983) p . 41 
20. Haseda T et al. Physica B 108 841 (1981) 
21. Date M High Field Magnetism (Amsterdam: North-Holland, 

1989) 
22. Katsumata K et al. Phys. Rev. Lett. 63 86 (1989) 
23. Date M, Kindo K Phys. Rev. Lett. 65 1659 (1990) 
24. Date M, Motokawa M Phys. Rev. Lett. 16 1111 (1966) 
25. Morin D , et al. / . Magn. Magn. Mater. 81 247 (1989) 
26. Yamagishi A, et al. / . Magn. Magn. Mater. 9 0 - 9 1 51 (1990) 
27. Kuroda T, et al. Physica B 1 8 6 - 1 8 8 396 (1993) 
28. De Visser A, et al. Solid State Commun. 64 527 (1987) 
29. Sugiyama K, et al. / . Phys. Soc. Jpn. 59 3331 (1990) 
30. Sugiyama K, et al. / . Phys. Soc. Jpn. 57 3946 (1988) 
31. Tajima Y, et al. Phys. Rev. B 37 7956 (1988) 
32. Katsui A, Hidaka Y, Ohtuku H Jpn. J. Appl. Phys. 26 L 1521 

(1987) 
33. Hidaka Y, et al. / . Phys. Soc. Jpn. 60 1185 (1991) 
34. Hidaka Y, et al. / . Phys. Soc. Jpn. 60 1185 (1991) 
35. Kakeshia T, et al. Trans. Jpn. Inst. Met. 24 748 (1983) 
36. Hashimoto Y, et al. Phys. Rev. Lett. 72 1922 (1994) 
37. Uyeda C, Yamagishi A, Date M / . Phys. Soc. Jpn. 57 3954 

(1988) 
38. Langevin P Radium 7 249 (1910) 
39. Yamagishi A, Nagao E, Date M J. Phys. Soc. Jpn. 53 928 

(1984) 
40. Yamagishi A, et al. / . Phys. Soc. Jpn. 58 2280 (1989) 
41. Date M Physica B to be published 
42. Hofstadter D R Phys. Rev. B 14 2239 (1976) 

Figure 17. Band structure of a simple cubic metal under magnetic field 
B drawn by Hofstadter. B is normalised so as to be unity when the 
Landau orbit and a face of the unit cell have same area. 



Conferences and symposia 1207 

PACS numbers: 43.35.Lq 

Acoustic properties of glasses 
and polycrystals at very low 
temperatures 
F P o b e l l 

The proper t ies of a m o r p h o u s dielectrics at very low 
tempera tu res have universal character irrespective of 
their na tu re . They are substant ial ly different from p r o p e r ­
ties of dielectrics in crystalline state: firstly, because of the 
the rmal capacity c and its t empera tu re dependence [c oc T 
(Fig. 1) for a m o r p h o u s dielectrics, bu t cocT3 for 
crystalline dielectrics]; and secondly, because of the 
t empera tu re dependence of sound velocity and a t tenua t ion . 

The first effect is due to addi t iona l excitat ions con­
t r ibut ing also to p h o n o n scattering. This is the reason for 
essentially smaller t he rma l conduct ivi ty in the glass state 
and for the different dependence of the velocity and 
a t t enua t ion of sound. 

The low- tempera ture proper t ies have been explained in 
te rms of two-level-systems tunnel l ing models , which assume 
tha t a t o m s or g roups of a t o m s have m o r e t han one site in a 
disordered lattice and tha t these sites are separated by 
energy barr iers (Fig. 2). In the simplest version of the 
model , only the tunnel l ing between the g round states of 
a double-well po ten t ia l is considered. Because of the 
disorder in system, it is assumed tha t there is a wide 
range of tunnel l ing energies, leading to a cons tant density 
of tunnel l ing states, and very wide range of re laxat ion t imes. 
N o t e tha t they were observed experimental ly to vary for 
1 0 " 9 s to 10 6 s. 

As no ted in classical studies [1, 2], the main con t r ibu­
t ion to heat capaci ty prov ide states with energy difference 
no t exceeding T. Moreover , assuming independence of 

Figure 1. Temperature dependence for the heat capacity of glass ( S i 0 2 ) at various OH concentrations. 

Figure 2. Schematic two-dimensional representation of S i 0 2 . 

density of states on energy, one ob ta ins a linear depend­
ence for heat capacity. This is observed experimental ly. 

Let us consider this mode l as applied to acoust ic waves 
in glasses (Fig. 3). The t empera tu re dependence of the 
velocity of sound mus t a have peak and fall logari thmical ly 
a r o u n d it; the slope of the t empera tu re curve to the right of 
the m a x i m u m is ~ l / 2 of the slope on the left. Also, within 
the tunnel l ing mode l one can show tha t the width of the 
p la teau in Fig. 3b is correlated to the ana logous curve for 
the sound velocity. These proper t ies are due to wide 
energetic zones in tunnel l ing states. M o d e l results agree 
well with experiment . The slope of the curve m a y also help 
to est imate the density of states. 

The si tuat ion in polycrystals is not as obvious as for 
dielectric glasses. In this case low-energy excitations, due to 
defects and impuri t ies , as expected, must have a discrete 
energy spectrum. A n d this, in its tu rn , mus t modify the 
logar i thmic dependence of sound velocity near the m a x ­
imum. Also in conduc tors there is the p rob lem of h o w 
electrons interact with the tunnel l ing system. To resolve this 
p rob lem, a series of experiments were carried out [3]. The 
mater ia ls used were: glass ( S i 0 2 ) , poly crystalline super-
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conduc to r s (Nb , N b T i , Al), and poly crystalline n o r m a l 
conduc to r s (Ag, Cu, and Pt) . Measu remen t s were pe r ­
formed by the vibra t ing wire technique in the frequency 
range 100 H z - 8 k H z and at t empera tu res from 0.04 m K to 
1 K. 

The results of these exper iments are given in Figs 4 - 8 . 
They show tha t poly crystalline superconduc tors behave like 
dielectric glasses. Even the dependence of the sound velocity 
on the ampl i tude of the acoust ic wave is the same, on 
neglecting hea t ing effects. The analogy is observed also in 
the t empera tu re dependence of sound a t t enua t ion (Fig. 3b). 
Ano the r clear piece of exper imental evidence of ana logous 
dependence of energy on re laxat ion t ime is the s t ructure of 
the p la teau, depending on frequency. In accordance with 
the tunnel l ing model , this law gives a co1^3 dependence for 
the t empera tu re (Fig. 8). 

So the s tudy of a m o r p h o u s superconductors , at t em­
pera tures well be low the critical t empera tu re , showed tha t 
their acoustic proper t ies agree well with the tunnel l ing 
model . As no ted above, the interact ion between conduc ­
t ion electrons and tunnel l ing systems essentially complicates 
the p rob lem [4], as indicated by the theory of K a g a n and 
P r o k o f ev. But low-frequency acoust ic proper t ies appeared 
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Figure 4. Temperature dependence of the relative variation of sound 
velocity in SiC>2 at various intensities of acoustic waves. 
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to be ana logous for S i 0 2 and polycrystals . Even a decrease 
of impur i ty concent ra t ion in A g from 100 p p m to 1 p p m 
had only a small influence on the velocity and a t t enua t ion 
of sound. 

But at low tempera tu res T < 10 m K and frequencies 
near 400 H z the exper imental da ta disagree with theory. 
Disagreement is in the shift of the m a x i m u m , depending on 
the ampl i tude of the acoust ic wave, and in sa tura t ion at low 
tempera tures . N o t e tha t the shift of the m a x i m u m is an 
effect qui te opposi te to wha t could be expected, if one 
assumes sample heat ing. The influence of acoust ic wave 

intensity was observed at energies near kQT. Possibly this is 
due to a change of the number of tunnel l ing states under the 
influence of p h o n o n s . Below the p la teau a t t enua t ion 
decreases linearly, bu t no t as Q~l oc T 3 , as was expected. 

The results of s tudying acoust ic proper t ies of different 
poly crystalline superconduc tors and conduc tors indicate 
tha t their behaviour is very similar to tha t of glass in a 
wide range of t empera tures . Is this similarity of quant i ta t ive 
or of quali tat ive na tu re? 
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PACS numbers: 67.65,+z 

The Kapitza leap on the boundary 
of superfluid 4 He and atomic 
hydrogen gas 
J T M W a l r a v e n 

The 'Kapi tza l eap ' effect was discovered in 1941 [1] and 
explained, on the basis of acoustic disbalance theory, by 
I M K h a l a t n i k o v in 1952 [2]. The effect consists of the 
existence of a finite t empera tu re difference between 
superfluid hel ium, which has infinite the rmal conduct iv­
ity, and a solid; or, generally, between any two substances 
with high the rmal conductivi ty. Since then this effect has 
often played an impor t an t role in the unde r s t and ing of 
m a n y fundamenta l and applied p rob lems of low- tempera­
ture physics and cryogenics. 

He re we consider the Kap i t za leap between a tomic 
hydrogen gas H^, which is in spin-polarised state, and a 
film of superfluid 4 H e on the walls of the exper imental cell. 
Insights of na tu re and quant i ta t ive est imat ion for such 
systems are of great impor tance for the pract ical realisation 
of t empera tu re and density pa rame te r s for Bose condensa­
t ion in a tomic hydrogen , i.e. for the creat ion of a new 
superfluid Bose system. 

It is k n o w n tha t the value of the Bose-condensat ion 
t empera tu re in a Bose gas can be computed from the 
formula 

* B r c = 3.3i , 
m 

where n is the density of the system. F o r n = 1 0 1 9 c m - 3 we 
obta in Tc = 0.1 K. Therefore, to reach Bose condensa t ion , 
one needs low tempera tu res or high densities. In the latter 
case three-part icle recombina t ion in a vo lume and on the 
surface of the film prevents the system reaching Bose-
condensa t ion . The theory of this process was developed by 
Yu M K a g a n , Y V Shlyapnikov, and I A Var t anyan t s [3]. 
Accord ing to it, d i p o l e - d i p o l e interact ion of electronic 
spins in the case of t e rnary collisions causes depolar isa t ion 
of a tomic hydrogen and, consequent ly, its r ecombina t ion 
to H 2 molecules. It is na tu ra l tha t velocities of volumetr ic 
and surface recombina t ions are p r o p o r t i o n a l to n3 and 
strongly increase at high densities. At smaller densities, 
when t empera tu re is substant ial ly less t h a n the b inding 
energy of hydrogen e 0 ~ 1 K, the prevail ing channel in the 
surface poten t ia l well becomes a three-part icle surface 
recombina t ion . I ts ra te is p ropo r t i ona l to n3

s, 

ns ~ e x p ( e 0 / r ) s(T, 6) , 

where ns is surface density, and s is the adhesion coefficient. 
To suppress this re laxat ion channel , it is necessary to 
decrease the volumetr ic density of hydrogen drastically. In 
this case one needs very low tempera tu res for reaching 

Bose condensa t ion . But here the Kap i t za leap intervenes, 
t ending to w a r m up the system on the interact ion of 
part icles with surface: Q = R^AT, where Ar is the 
difference of system and wall t empera tures , Q is the heat 
flow per uni t t ime. On the b o u n d a r y of a tomic hydrogen 
and superfluid hel ium the inverse Kap i t za heat resistance is 
given as 

R^ oc nvs(T, 6) , 

i.e. p ropo r t i ona l to the average the rma l velocity of the gas 
v o c \ / r , and to the adhesion coefficient s(T, 6). So 
decrease of adhesion coefficient leads to suppression of 
the three-part icle surface recombina t ion but , s imul tane­
ously, to wa rming up of the system. Hence it follows tha t it 
is impor t an t to k n o w h o w s depends on t empera tu re and 
angle, if one wan t s to find op t imal pa rame te r s of Bose 
condensa t ion . Accord ing to the theory of K a g a n -
Shlyapnikov, the function s(T, 6) is determined mainly 
by the de Broglie wavelength and conservat ion laws for 
energy and m o m e n t u m at scattering. N o t e tha t there are 
three possible var ian ts for interact ion of a hydrogen a tom 
with the surface: purely elastic, leading to mir ror reflection; 
direct inelastic interact ion with surface, accompanied by 
emission of a surface wave (r ipplone); cap ture of a part icle 
by surface poten t ia l well, s imul taneous emission of 
r ipplone, leaving poten t ia l well and jo in ing r ipplone. The 
third var iant gives purely diffuse scattering and determines 
the adhesion coefficient. 

In a series of experiments [4] s(T, 6) was studied in a 
wide range of t empera tu res and angles. At the first stage a 
thin and long capillary with length L and diameter a was 
used. W e created a pressure difference across the capillary 
ends and observed the K n u d s e n flow (/ > a) of a tomic 
hydrogen . W e also measured the so-called Klaus ing factor 
K (see Fig. 1), equal to the probabi l i ty of pene t ra t ing 
th rough the capillary. At pure ly mir ror reflection K = 1, 
so the adhesion coefficient is equal to zero. At diffuse 
reflection 

K 
3 L 

<̂  1 and 1 . 

The experiment with thin capillaries showed tha t the 
scattering is mainly of mir ror type, and the adhesion 
coefficient depends on t empera tu re linearly, being much 
less t han 1. This result was later confirmed in ' a tomic 
opt ic ' , experiments where we used a parabol ic mir ror for 
focusing part icle rays. The distance between the mir ror and 
the receiving detector was variable . W h e n the detector was 
in focus, it counted a relative number of mirror-scat tered 
part icles. Shifting the detector from a focus, one could 

a K = 1 

8 a 
1 3L 

Figure 1. (a) mirror reflection of H atoms in thin capillary; (b) diffuse 
reflection of H atoms. 
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count diffusely scattered part icles. In other words , the 
device measured angular dependence of the reflection 
coefficient. The results showed tha t 80% of part icles are 
scattered t h rough mir ror reflection, so tha t s < 0.2; this 
agrees with earlier capillary experiments . In conclusion it 
should once m o r e be emphasised tha t detailed s tudy of the 
adhesion coefficient s(T, 6) and Kap i t za heat resistance RK 

is very impor t an t for exper imental a t t a inment of 
t empera tu res necessary for Bose condensa t ion in spin-
polarised a tomic hydrogen . 
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PACS numbers: 67.57.De; 67.57.Np 

Excitations in superfluid 3 He f 
G R Picke t t 

The excitation gas in superfluid 3 H e is un ique in tha t it is 
one of the few in na tu re in which an entire assembly of 
part icles with n o n - N e w t o n i a n dynamics is completely 
accessible to experiment. There are similar ensembles of 
excitat ions found in other systems bu t invariably in solid 
mater ia ls en t rapped in a rigid lattice. In superfluid 3 H e the 
excitation gas moves in the b a c k g r o u n d med ium of the 
superfluid condensa te alone. F o r most purposes the 
condensa te can be considered as a 'mechanical v a c u u m ' 
and the independent dynamics of the excitat ions can be 
studied by mechanica l me thods . This is most easily done at 
very low tempera tu res where the low excitation density 
means tha t the excitat ions collide only rarely and the 
mot ion is wholly ballistic over the length scale of a typical 
experiment . 

The un ique behaviour of the excitat ions arises from the 
par t icular form of the dispersion curve which is quite 
different from the N e w t o n i a n pa rabo la , in tha t the energy 
min imum falls no t at zero m o m e n t u m bu t at the F e r m i 
m o m e n t u m where there is also an energy gap, A. This shape 
gives rise to two different types of excitation: quasipart icles 
which have group velocity and m o m e n t u m paral lel and 
quasiholes which have group velocity and m o m e n t u m 
opposed . 

Because of the energy gap to the m i n i m u m excitation 
energy at low tempera tu res the expression for the excitation 
density is domina ted by the gap Bo l t zmann factor 
Qxp(—A/kT). At the lowest t empera tu res we can current ly 
reach ( a round 100 uK at zero pressure) this density is so 
small tha t the mean free p a t h s become of the order of 
ki lometres , orders of magn i tude longer t h a n any experi­
men ta l dimension. This allows us to carry out experiments 
with nonin te rac t ing b e a m s of excitat ions. 

The mechanica l behav iour of the excitation gas is largely 
governed by the p h e n o m e n o n of Andreev reflection. This 

f The text of this article (in Russian) and those by M Krusius, D M 
Lee, and O V Lounasmaa have bee published in full in the Russian 
journal Priroda issue 4, 1994. 

arises from the fact tha t near the min imum in the dispersion 
curve an excitation m a y have its group velocity reversed for 
a negligible change in m o m e n t u m . This behaviour comes 
into play when a quasipart ic le (quasihole) incident on a 
region of increasing gap is retro-reflected as a quasihole 
(quasipart icle) . This process was first discussed by Andreev 
in the context of electron reflection at a n o r m a l - s u p e r ­
conduct ing interface, where the excitation energy is 
reflected bu t the electric current cont inues into the super­
conduc tor as a Cooper pair . In the superfluid 3 H e context 
such reflection processes have a very s t rong influence on the 
dynamica l proper t ies , since they permit an excitation to be 
reflected with virtually no change of m o m e n t u m . 

W h e n we observe the excitation dispersion curve in a 
moving frame, it becomes distorted. This is one of the mos t 
interest ing aspects of this system. The usua l E = p2/2m 
pa rabo l a for a N e w t o n i a n part icle is no t dis torted bu t 
simply t rans la ted since there is no absolute rest frame. 
However , our excitat ions are no t free part icles obeying 
Einsteinian relativity bu t are tied to the condensa te and thus 
have a preferred rest frame. The result is tha t as we move 
relative to the liquid, excitat ions with m o m e n t a a p p r o a c h ­
ing are seen to have increased energies and those with 
m o m e n t a receding decreased energies. T h u s the effective 
gap for app roach ing excitat ions increases and tha t for 
receding excitat ions decreases. 

Our experiments are performed largely with vibra t ing 
wire resona tors (VWRs) . He re a wire is oscillated m e c h a n ­
ically in the liquid and the behaviour of the excitation gas 
inferred from the damping . Once we are well be low the 
superfluid t rans i t ion t empera tu re the excitation density is 
domina ted by the Qxp(—A/kT) factor. W e would expect the 
damping to reflect this, which indeed it does bu t with a 
value several orders of magn i tude larger t h a n would be 
expected from simple kinetic gas a rguments . W h a t we have 
neglected is the fact tha t the quasipart ic le and quasihole 
excitat ions interact with the moving wire in different ways. 
The dis tor t ion of the dispersion curve in the (moving) frame 
of the wire resona tor means tha t on the leading side of the 
wire a large fraction of the quasiholes are Andreev reflected, 
which means they exchange no m o m e n t u m with the wire 
and m a y be ignored. Similarly on the trai l ing side of the 
wire a large fraction of the quasipart icles are also Andreev 
reflected. This sets up an asymmetry since the n o r m a l 
reflection processes, the only ones which in terchange 
m o m e n t u m on the wire, are largely from quasipart icles 
on the front side and quasiholes on the rear side. However , 
a quasipart ic le str iking the wire pushes it whereas a 
quasihole pulls it. T h u s the net forces on the wire from 
the n o r m a l process on b o t h front and rear sides, instead of 
oppos ing each other as in a n o r m a l gas, bo th act in the same 
direction, to d a m p the mot ion . This has the effect tha t an 
extremely dilute gas of excitat ions can exert an extremely 
s t rong force on a moving wire and thus the excitat ions are 
very easy to detect and we can use them as p robes in a 
number of experiments . 

In recent beam experiments we have m a d e use of the 
quasipart ic le ' b lackbody rad ia to r ' . This device consists of a 
b o x having a small hole in one face conta in ing inside two 
V W R s , one to act as the rmomete r and one as a heater . 
These devices are extremely sensitive and show a linear 
cal ibrat ion in applied power over 7 orders of magni tude . 
W h e n heated the rad ia tor pu t s out a the rma l beam of 
excitat ions t h rough the hole at a t empera tu re cor responding 
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to the t empera tu re in the box . This is the ' source ' mode . 
Alternat ively we can detect a flux of excitat ions incident on 
the hole from outside since the excitation density in the b o x 
bui lds up unt i l equil ibrium is reached, at which poin t the 
t empera tu re inside is a very accura te measure of the energy 
flux incident on the hole. The b l ackbody rad ia tor m a y thus 
act either as source or as detector . 

W e have only just begun to exploit this device bu t the 
most significant use so far has been to m a k e a direct 
observat ion of Andreev reflection in superfluid 3 H e . A 
b lackbody rad ia tor pu t s out a b e a m incident on wha t is 
essentially a flat paddle . W h e n the padd le is s ta t ionary the 
excitat ions are normal ly reflected and lost in the bulk 
liquid. But when the padd le moves a superfluid backf low 
is set up which dis tor ts the dispersion curve of the incident 
beam and leads to Andreev reflection of a fraction of the 
excitat ions. W h e n this occurs, the Andreev reflected 
part icles are retro-reflected back into the box, thereby 
increasing the excitation density inside, which we can 
easily measure . 

In the future we hope to m a k e direct observat ions of the 
reflection of excitat ions at an A - B phase interface (where 
there is a j u m p in the gap) with b l ackbody rad ia to r s on b o t h 
sides of a static A - B b o u n d a r y stabilised by a magnet ic 
field. Since we do no t yet k n o w h o w a b l ackbody rad ia tor 
will opera te in the A-phase , we have a further var iant of this 
experiment where the beam from a b l ackbody rad ia tor is 
incident on a small region of A-phase stabilised by a high 
field generated by a small solenoid. The retro-reflection of 
excitation excitat ions by the phase b o u n d a r y should be 
detectable in the source rad ia to r as an increase in excitation 
density. This configurat ion has the advan tage tha t only one 
rad ia to r is needed which can then opera te in the B-phase. 

L o o k i n g further ahead, we are considering the use of 
quasipart ic le excitation b e a m s to p r o b e the s t ructure of the 
vor tex lattice in ro ta t ing systems in col labora t ion with the 
Hels inki g roup . The flow field associated with each vortex 
in t roduces a large Andreev reflection aspect into the 
t ransmiss ion of excitat ions t h rough such a lattice and 
the interact ion should be very s t rong. 

U l t r a low power dissipation measurements are becoming 
a possibility with the b l ackbody rad ia tor . A copper b o x 
with a 0.3 m m diameter hole can resolve powers of the 
order of 1 fW. This could be improved by some orders of 
magn i tude by a cor responding decrease in the area of the 
hole. W e should be able to m a k e these rad ia to r s sensitive 
enough to be used as part icle detectors . 

The low t empera tu re regime is likely to provide a 
number of interest ing surprises for some t ime to come 
since the excitation gas has such unusua l proper t ies tha t 
m a n y m o r e counter- intui t ive p h e n o m e n a will surely come 
to light. 


