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ABSTRACT 

/ 
! 

.f 
I 
I 

A review· is given of the present stc.te of knowledge concerning 

the condensed phases of He3• Attention is confined to the pure substance, 

and emphasis is placed upon the theoretical understanding of the material. 

I 
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! • JJ.qr.t'RODUCTION 

A. Ou1;line -

/ 
/ 
i 

/ 

In presenting this "keynote 11 :lecture on He3, I obviously can not 

.. -and should not--give an exhaustive summa.:i:'Y.'/Of the present state of 

knm.;l~=dge of the subject. I propose to spend the available time looking 

at the field from a broad point of vi~=w, with empJ:l..asis on what .is under­

stooo and understandable and little mention given to those more complicated 

parts of the subject 1-thich are still primarily unrelated experimental 

results. I vrill thus concentrate on a "theoretical approach," employing 

the experiments in a corroborative manhel"'7 although it shoUld be realized 

that this is not an historically accurate I-resentation. 

To remove; somewhat, the bias of this approach I include references 

to a number of review papers, l-5 and t-Till refer at the appropriate junctures 

to the recent original literature • 

Unfortunately, because of lack of time, I mus'c concentrate on the 

pure substance and not comment at all on the inte~esting proper·ties of 
- ., 4 

m:txtures (both solid and liquid) of He· and He 1 or upon ions and impurities 

in He3 • 

·~ This 'ivork was done under the auspices of the U. s. Atomic Energy Commission. 
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I thi1~c it is appropriate to ask--not too frequently, but perhaps 

at a time like. thia--i·Thy ive are interested in He3• Certainly, we· can 

not cla.im tr.t.at research on :ffe3 is on the :front line of fUndamental research. 

That 'is, we lmm1 the basic la~ors of phy:::;ics g~erning He3, ~nd tore can't 

reasonably expect to discover in the s·~udy of :ue3 any modifications in 

the principles of qU£mtum. mechanics. 3ut tlmt, ·I '1-TOuld suggest, does 

not malte it an 1minteresting subject, :r:or the basic lavs may be ;vacuous-

or almost so--in a complicated problem. ~::o understand a complicated 

situatton vre rnust de·velop ne1·1 l.a1,rs--usually called "approximations"--

wrdch in· princ:i.ple ·are derivable fran ~~he fundamental lmvsr but in practice 

are not so derived. The investigation of co:,lplicated systems for the 

purpose o:r. discovering such lavrs .is, I believe, as fundamental as research on the 

"front line of physics". 

Of the com.:Dlica:t.ed systems--nC'i.mel;r many .... body systems--there are 

some w"hich are sufficiently simple tha·i; ~-re now· believe that we understand 

~c,hem very -vrell. I think,. for example, of a pho-'con gas· or a classical gas 

such ar:; air und.cr normal· conditions. r::im~olest many-body system that·· __ ,_ 
we .. do not entirely ur..derstand 'is an isotropic, homogeneous, collection 

of a s:tngle species of ferm:i.ons tr.~<:l.'c have no charge and spin 1/2, and· 

interaet 11ith central forces. (I choose i'ermions because this seems·, 

a prio:d simpler in not having a Bose eondensation, so perturbation methods 

shouJ.d be valid., . but this .argument ma~r be specious., . Certainly a coJ:re-

spending system of bosons is of equ.al ;fundamental importance.,) . Novr, of 

course, 1 have j~st described He3 e,nd, except for the. ·complicating· f'etct 

that the interatomic forces are strong :tathe:c ·chan -.:...;eak, one can see ·that 

it plays a fundnmental role in the phynic::> o:? many-·Dody systems •. · I think, 
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that th~s is basics.lly the reason vre are interested in He3• 

Unfortunately, our theoretical understanding of even SO!I:simple 

a many-body problem as He3 is essentially limited to the very-low­

temperature region below O.l°K (I am, of course, excluding the high· 

temperature classical range), and so--in line Hith the approach of this 

lectu~e--I shall summarily exclude from consideration almost all properties 

of the substance above l°K •. · Although the high-temperature range is beyond 

our comprehension at present; we shall see that ther~ is plenty .below.i.:.O:;l2tK 

totin"tere·st:~both5the 'theoretica:¥· ca:b.d::t.he-.exp~ximemtal· physicist. In facJc1 

the· subject should prove exciting for many years to come. 

In 1956, 

II. THE Fi5F~£~UID, He3 

6 U:tndau proposed a phenomenological theory of a strongly • . .,' 

interacting system of f'ermions at very loil temperatures. The most significant 

developm-ent in research on He3 since the Low Temperature Conference.of· 

1960 has been the complete. acceptance of Landau's theory by (thinking) 

physicists •. On..the one hand, the experimentalists have confirmed the 

predictions of the,theory fora.ll quantities, both measured and computed 

{and only a feiv remain yet to be tested, as 1-re shall see), vrhile on the· 

other hand, the. theorists have succeeC:.ed in supplying the theory "t-Tith a 

rigorous underfooting by starting from mieroscopic'theory and making {only 

.a .-:ce-vr)- weli-defined hypotheses. , i' 

Although land~u' s work may be famil:ii.ar to most .of.:_ypu, :Ln vie'>v 

of its significance, I 1vill revie-v;r his ·t;heory in the next section. 

Subsequently it will be compared with e..xperiment; after ,ivhich zero sound 

will be discussed. i.J'e vr111 end the discussion of the liquid with comments 

upon various microscopic theories. 
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A. Iandau' s Phenomenological Theor~1·.· 

Landau' 8 ·theory is based on the assumed. valid.i ty of' perturbation 

· theory starting frorn a gas of' noninteracting atoms. By perturbation theory 

one does not tnean just a lm-1-orde:r calcUlation, but simply that the theory 

converges. Proof's of thi.s have been given by Bloch and de,. Dominicis, 7 

Klein; 
8 

Nozieres and Luttinger, 9 and other vrorkers. · !Ater in the lecture 

'vre '.rill explore the possible conseg_uences of nonconvergence1 but :i.t shouldY 

be realized that, except possibly at lm·r temperatures, the validity of 

perturbation theory is ivell supported by experiment. 

A consequence of this assumption is that the elementary excitations 

of the true system can be related_ to ·che properties of the noninteracting 

system. !t thus follows that the eJ.emantary excitations--or quasi­

particles ... -are equal in number to the number of He3 atoms, obey Fermi· 

statistics, and can be characterized by a mor.n.entum quantum numper! · They· · · · · 

may be thought af as atoms surrounded by -their polarization field~ · (It 

shoUld be noted that there may be excitat:Lo:..1s of the real system >·ihich 

can no'ft. be :t'ealted to the unperturbed· system, because they disappear when 

the interaction is reduced to zero. 

considered in.the Landau theory, as 

Such an exCitation may-_ still/be 
I 

• .. . . I 
a eollectJ. ve in·teraction bet1o1~en 

! 

qua.si-l:ia:rticles. · An example is zero sound~) Actually the· concepjt of' ·' 
\ 
I 

a quasi;..par.ticle is common to the theory of m'J,ny ccmpiicated systems., · 
; . . 4 

One'thinlts, for eY~mple, of phonons and rotons in liquid He~, phonons and 

Bloch >laves in a solid, a.nd the shell mod.el and optical model of· nuclear 

physics.-· 

lt is realized that in a many-body system the elementary excitatiol").s 
', ' 

>-rill not be stable in the sense that e. quasi-particle 1-Till excite ·other 

I . ' 
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quasi-particles and.thus degrade its Emergy by the creation of' many 

excitations •. · For. a description of t.h~1 ·system in terms of quasi-particl~s 

to be valid; we must demand that the quasi-particles bave long lifetimes. 

That :Lsi· the energy of a quasi-:t:articJ.e .e(p) must be much larger than h/-r, 

'i·lhere · 't' .is the life time of the exc:~tation. The lifetime is dominated 

(at lovr temperatures) by the exclusion p:r.•inciple, and 1/-r varies as the 

square of the distance from the. Ferm). surface (iu'momentum units). For 
I 

:Ere\· 1-Te ·find \·Tell-defined quasi-pnrticles assocaited -vrith thermal · 

excitations ha:v-ing tem~ratures less ·chan 0.05° I\. 

The above id.eas may be formal1zed by lett:ing n(p1 cr) be the 
"""' 

· distr:tbution :t1.mction for quasi .. particles of momentum p and spin 

orientation a. · If E is the total enej~gy of N atoms of mass m in a 

volume V, then ·we may define Jche energy of a quasi-particle e.(p;; cr) by 
"' ,-J . 

the varia:t;ion in the total energy upon adding one quasi-particle, that is 

·_-·: .. ·;·.: ... .•: 
.,•,:., •,",L. 

. , :·.:···· oE = L J e C£, :! ) Bn (~ ~) ... (1) . 
0 

Similarly, ,.,e may ask hOiv one quasi-pEtrt:i.cle influences the energy of 

another, thus defining the basic func·cion of' the Iandau theory 

f(p, p'; ~ £') by the relation 
"" .... 

oe(p,cr) (2) 
"- ~-

.·In an ideal gas, f is zero, but in the:: theory of a Fermi liquid,· f plays 

a vital role • It is considered to be determined phenomenologically, 

although it c~m be derived from any m:tcroscop:tc theory of the liquid. 

·· ... 
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· !t · :Ls nO'Iv very easy to Bhou t.hE::t the quaci-particle distrl:ibution 

f'UJ.!c"tion is just 
6 

.. 

n(p, cr) = 
..., "" 

' .~ 

(3) 

vthcre t;hc. chemical potentiG .. l p.. is determined (as usual) by the normali:mtion 

c;dteJ;"ion 

. ~ •. (4) 

It is com.renient to define Hn eff(~ctive mass (at the Fermi 

surface) by: 

(5) 

vrhere tl1e Fe1"1ni mo:nentu.ti'l :is 

(6) 

~l:l1.e eff"ective mass plays an import~<a.nt ro1e in the theory since at lou 

temperat-ure only the region near the JI'<;:rmi Eiurface is of importance. 

(In fact, i.t is only in this region that ·che g_uasi-parJcicles are well"' 

defined.) In ·the ::::>J.tne manner, i·Te taa.y scG trta.t. f' •:Till only be needed 

for its a:;.~gt..::.nents near the Fermi su:r·face, so vle Hrite 
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vrhere invariance arguments ba ve been employed to fix the spin dependence, 

G., is the angle bet't·reen ~ and !:,', and the const;ant s F .e and Z p, are to be 
t . w 

determined by experiment. (The nots~tton is that of Hone. .: ) 

~-lith this f'ormalism Iand.au. a.erived a relation bet1-reen m* and f 

(from Galilean invariance); 

, 

-(nrle· 1) = ) --Ul 

,. 

Iandau also shOi'red that in ·Ghe limit of loH temperature the specific 

heat C -.ras relt9/t:.ed to that of the ideal ga:3 

c rrr)r 
c = } m ,.;:_ 

F 

(and thus was predicted to_have a linear dependence on the. temperature),; 

't·lhile the velocity of sound S vias given by 

, 

(7) 

(8) 

(9) 

(10) 

(11) 
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and the susceptibility X vras related to that of the ideal gas '). by 

F~~ 
1 

X 1+ 3 

'). = zo ' 1+ 4 

(and thus approaches a constant e:t lmT temperatures). 

The transport :properties of the liquid have been considered by 

landau, 
6 

Kha.latnikov and Abrikosov, 11 and Iione.12 The calculations 

proceed as in kinetic theo:ry, and the re::rult involves a quasi-particle .. -

quas:!.-particle s·cattering func·Cion ~tT(G) ¢). The Fermi liquid behavior 

does not appear in the viscosity "'' but does appear explicitly in the 

spi..'Yl self ... diffusion coefficient D. As can reacl..ily be understood in terms 

of the exclusion~principle effect on quasi-particle scattering, it is 

:predicted that for lmr temperatm~es 

.. 1 
as T . 

and D ~2 
vary as T , and K; varies 

.tandau13 has suggested approJ:ime:ting the scattering _function 

:v(G,¢) by the fortmrd-scattering amplitude a(G,a,a•) for tvTO quasi-
• . "'WW.~ 

particles colliding at initial angle G, vrh:i.ch can be written 

Now :i.nterestingly enough, the qmntity a( G, a, a') may be related to .._,..... 

f(G, a, a'). Hoi,rever, it is not eg_ual to f since in a we consider a -- ' 

scattering with no energy change but some (small) momentum transfer, 

while in f the ·quasi-particles travel strictly fo~vard but scatter 

with some (small) energy transfer. 
15 -

I.anda.u has shmm how to relate 

f and a, and thus allo-wed numerical estima:ce of 1), "'' and D. 

(12) 

(13) 
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A comparison of the Landau tp.eory with experiment has been given 

I . 10 
in a recent paper by Hone, so >·re limit ourselves to only a brief 

summary of the resv_lts at ·the saturated yapor pressure, where from the 

I 8 8 ·1 observed density one concludes th.'lt pF h = 0. 7 5 x 10 em • The 

velocity of sound, low-temperatu:re s:peci:fic heat, and susceptibility all 

r..ave the appl:'i)priatc temperature dependence and imply that m* /m = 2 .82, 

F0 = 9.25, F1 = 5 .!~6, and z0 ; -2 .eo. The other parameters of the theory 

have not yet been evaluated. Note the rc/cher large value of m*, vJhile 

the value of z0 = -0,. 7 sho-v;s via Eq. (12) that the system is very close 

to being ferromagnetic. This large spin-spin interaction comes from the 
' 

exclu3ion principle o-r course and is not a m:.1.gnetic spin-spin effect. 

It. is an impo:ttant .o.specJc of the 11ehavio:;.~ of the liquid (and the! solid). 
II 

From these experimentally determined parameters, using the theory 
\ 6 

one can predict that as the _temperatu:::-e goes to zero, TirrF = 1.5 x 10"' , 

KT = 57, and rrr?· = 4.2 X 10'"'6 (in ego units).. Recent experiments confirm 

the predicted tempera tu.re bel1a vi or ( vlhich should be contrasted with the 
. . 4 . 

situation presented a .. c the Lovr Temperuttrr'e Conference of 1960 ), and 

,.,2 8 ... 6 48 + - - !? . 4 • 6 
yield 'C)J.: = 2. x 10 , ItT = . - 31 und IiJ: = 1.5 x 10 • The 

numerj.cal agreement should be con£lidered good, in view· of the approxiw.ate 

theoretical viOrk. In fact,·. the a"Gtempt -Go relate 1-r( G, ¢) to f should 

probably be atandoned and the experiments used simply to determine w. 

Alternatively, per'b..aps microscopic theor-y can be .employed to shed' light 

on the ¢ dependence of iv and. so improve the theoretical estimates. 

It should be noted that the v5.scosity measurement (belo\v 0.1° K) 

is not a du~ect measurement, but is deduced frcm the absorption of sound 

and ~elms involves additional theory. A direct measurement i'lOuld be most 
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ivelcO'lle, as ivould r.a.easurements· of the density dependence of '11 and K in 
.. 

the F0rmi liquid region. This latter meastu.~ement 1Wuld afford additional 

checks on the theory, because the (!CJ..Uilibriur.a Pl"operties are known, and 

lr . ! d . 10 
K and '11 ba\~ a eady been estin~tcd us funct~ons of ensity. 

The experimental situat;ion vr:t·th re[Inrd to the. spin-spin relaY..a.tion 
; 

time . . l J t "\~ I i is ::.>tlll not resolved, 'but the spin·laG ice re.w.Y..a.tion t me 
' I 
I cr

1 
has been mcasrcceo. recent,ly dmm to a relo..t:l vely lv~Y temperature Of 

0.4° It (Communicatic1n 1.21). At these; tempr2:ratures it is startJ~ to 

display de:r;arttu-es from the classical theory. It will be most interesting 

to obtain experimental results at lover te,n:peratures, although T
1 

and 

T2 remain to he calculated :for a Fe1"mi l:tqv.id. 

As the tempera-cure appro:1e:hc;s zero, o:r'Clinary sou.rld in lig_uid He3 

is strongly attem1ated; but Landau ha..:: pointed out that. a nei·T possibility 

existe. in a Fe1~mi liquid2 :namely the osc:Ulo:tion of' the self-consistent 

:potential in -vrh.ich quasi-particles mmre •14 ThL;; collective motion is 

closely related to ple,mr.a oscillations, and to the vibrational and 

rotational states of atomic nuclei. 

For propagation of o:rdin..r-t:ry sound local thermal equilibrium must 

be maintained; Hhile zero sound requires the opposit~; criterion, namely 

that the mean :free path of quasi .. !xC\rticleG be large compared to the 1>1ave-

length of the collective oscillation. Nvjnerically this requires, for 

exampl,e, that at 1000 Me/sec the t·8mperature rn'i.i.S"G be below 0.05° K to 

propagate zero .sound. For six years this bas discouraged the experimentalists, 

but a serious a·ttempt is now being mad::! -'co observe it (Comim.mication 1.14). 

The rr..e:chemat:i.cs required to de:?ive zero sound is rather simple. 

One allOt-is ·for spa:cial inhomogene:t-l~y ill ~Ghe Fe1·mi liquid theory, and 
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treatG the variation from equilibrium t.o first order. ·Thus, we have 

.. 
'. 

Now· Eq, •. (2) becomes 

d3p' 

(2ltn)3 

Since at low· temperatures the q,ue,si-:p:::r.rticle mean free :path is very long, 

\.re nva.y approximate the Boltzmann eg_t.'I.E·.tion by ignoring the collision term. 

Thus 'tve ba ve 

... 
ern + \1 n - \1 € - \7 n •\7 e = dt --r · ~p -"-P --r 0 ' 

-vrhich can be linearized to 

o(fm} + \7 (on)'\/ € .... \l (oe) •'V n = 0 
2l·t; . -r ~p 0 "'r ---p p • 

Cl.;;arly, t.hir:~ ecxuat.ion has solutions in .,_ihich oe and on vary! :harmonically 
[ 

in ·space and time. Inserting Eq. (15), and. the properties of ~O and e0 , 

one can fir!fl the dispersion relat:i .. on for these va.ves •11 Depench11.g upon 
I 

the :param0ters, the 1,raves can eit:her pro};Bgate 1-rithout damping \(in this 

approxir!l9.ticn of igrw-.cing the coll:i.r:ion ·cel~m), propsgate 1nth damping, 

or propagate 11ith ever.-increasing amplitude. T'.ae last ·would indicate that 

the Fermi liquid theory is inappropriate for describing the system; 

(14) 

(15) 

(16) 

(17) 
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numerically one finds tl'.at HeJ correq)onrls to the first case, that is; 

the at·cenuation of zero sound decreasing a.s the temperature decreases. 

This result refers only to the simplest mode of' density fluctuation. 

More complicated density modes, and all r;;pin-dependent modes, seem to 

be damped; althol.lgh. there appears to 'be the possibility of pro;pagating 

i ' 11 a sp n-dependr::nt mode in the presence of' em. external field~. 

D. Microsco;r~:.£.5fucor.:i:es 

The most naive theory· of ligyid :iio5 vould be that of an ideal 

Fermi gas. As ·~ore ha.ve seen al)ove, this can no·i:. be very good, because 

the function :E'(p,p', <1; cr') (which is zero for an ideal gas) plays a vital 
,.,._. -1.,. A., ""'"' 

role in the description of He3 • A RJrtr:::e-Fock theory ~;uffers from the 

fad; the/~ the interatomic potential is strongly singular at short 

distances so tl:J.a"c ·t"No-body correlaticns must, be included to obtain 

even f:i.ni te resul tG. 

Considerabl·::: study bas bee~1 n:•t;;de of a l'.!B.rd-sphere gas iri the 
I 

I 

lOi·t-density limit.11 This ,.;rork is of forrar:Q interest; but may r).ot be 
I . 

applied di:rectly to He3, 

r 0 (N/V)1/ 3 > 1 (w'here r 0 

! 
ivhich can not be considered dilute in that 

\ 
is the range of the forces bet1-reen atonis ), t-lhile 

the reverse i:;.'leq_uality is necess9.l'Y :tor the validity of the theory. 

The o:aly serious attempt to calculro<;te ~Ghe properties of He3 from 

f'irs·l:;. principles is due to Brueckner and G~mme1.15 This calculation is 

no1-r fow years old and has been f:teq1;cently discussed, so that I ivill 

only comment ·briefly upon it. P..coceEding sorr:eTrhat intuitively" they 

calcUlate th:= interaction bet-vreen tvm atoms carefully, while. taking into 

accovnt the rest of the medium in O:D.J.y t;tm regards.. The, first is 

~chrov~h· the effect of the exclusion r)rinciple -.:·rhich limits the states 

avq,iJ.able for the -Gv.ro atoms under conside::-e.tion, and the second is tfi..rough 

a seJ..f-consistent potential in vlhich the t•·ro atoms move. It can be seen 
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tha:t the theo-ry l1n.s many of the fea·::;u.res of L3.ndau' s theory, and can be 

considered as :::. opecial case cf the Fo:'lni li<.1uid. The numerical results 

are rather reasonable (but • only good t.o a·bout a facto:!:' of tvo) and can 

perr,aps be interpret·ad as suggestiP..c; tb.at tvo~body correlations are the 

mos:t important in describing the liq_u5.d. 

In· ·the past fe\•7 years rD.any o:C' the }?ouerful techniques of formal 

quantwa field theo-cy have been applie.Ci. to the qu.r.mtu.m statistical mechanics 

of~he ma.ny-bdly problem, notably by Gs,.litsk5.i a."ld Migdal, 16 Luttinger and 
I . . ..... . 

1vard, 1.7 V.a.tsubara, 18 
and £·hrtin and Sc:hvrirz~er •19 This 1o1ork has led C£! 

to a ci.erivaticn of the La.nfu1.u theory, '"'{,S, 9 shmr:Lng tl.1.?,t it folloi·TS from 

a microsco}:?ic thecry in -vrhich the ·t.ru.e sy·::rl:.em is related to the system 

of noninteract:i.ng particles by mee.ns: of' a convergent pertu.rbaticn theory. 

This is a most impo:;~tant. result, a:1d is es:pc:;ia.J.ly vlelco:ue in that it 

allmm a. clear ani precise definition of' a CJ.UE'.si-particle. One can 

particle but vle do not yet k..ncr.J hm.r to calculate properties from 

the properties of free :a:e3 atoms. In a se:.1se; doing the J:!..ard calculation 

to rela·te a quasi-pa.rticle to a particle is not so.;'important as lmovr:i.ng , .... · 

tha:c there ~ t3rtch a relation and Jc:aat tb.e qt!E'.si ... particle is a vrell ... 

defined concept~· 

N'evertheless, the for1!ID.l tecrndcrc.es do suggest a number of nmv 

approx:trr.atim1 me·C.hods., In par'dcular, o:ne can formulate a consistent 

~c\1"0;-body corre1.ation. approximation °GO the liquid.·. Such a method has been 

appli(~d: to nuclear rc.atter by Puff, 
20 

myl is nmV' being applied· (and ex-'cend.ed) 

to liq_uid He3 by R. E. Millr.P1 and D • .Bec.:k .. 
22 

I think it ivill be most 

ezc:'i..t:tng to seG if such a (conceptus11y) simp],e app;roximaticn yields a 

qu.ant:lrtative d.escription of the fluid. 
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Anothei->:in~cei:€~--:.l-ing;.:.:6bnsequencE: of ·che ~'·i;~rffiC!.l ·work is the possibility 

of extending the landau theory to h:Lghc:z; tenperat.ures. The microscopic 

theory is not limited to the range i:-,1 1.;--hich quasi-particles are a uell .. 

defineO. concept, and a. study of the theoi'Y m:J,y suggest nevr phenomenological 

descriptions \iS.lid at higher ·cempera·tm·es. IY1r. C. Sung bas undertaken 

such a study, in an at·cempt. to pred.ict. the h:!.gh~tempt:rnture deviation of 

the transport; coefficients from Fermi liquid behavior (in terms of the 

0) 
measured -ecru.il.ibriurn pr:operties) t'" _ _A}1 att;ernpt in this direction, but 

rather different in approach, has recently ·been made by Nishimura and 

21l-
Mori. 

I Hould like to call attention ·co :::, :ra:ther original apprm.ch 

2~ 3 
recen·'""' y rn1""' .oo·...-··· " b T.t .,. d .... 1' -:::> ]'iro:::+ +hey relat~ He to a · -v.L .l:-'~-1.. .l. :,_\val'Q ·y vvUci..U .._-eenoe:rg. ~ ~'-'.,. -

boson :5ystem of particles of the St>ru.e r.:3.s,:;_, arrd preliminary calcu~ations 

seem to ind.icate th..a-t., ·given the propej:t.ies of the boson system, they 

have a rapidly convergent approx:1.m:1tion fen: the ferrdon system. They 

then suggest a t•·:o-bcxly correlative ap;?ro:::~:n,:l.tion ~co the boson system, 

which hypothesis they can check against e:'.::perir:J.ents on· liquid He 4• If 

they are successfu~ :i.n this test, they will repeat the computation for 

bosons of mass 5 and thi?-S :have a "cheor;r of the ground state of liquid He3• 

The method E.eems more suited t,o computing ground.-state properties than 

the :properties of ·the low·-lying excitations. 

The ex:r)erimen{;al informat::i.on concerning the solid is not nearly 

as complete as t:b.at about the liq_uiC.. ..Uthough q_u.alitati vely no doubt 

correc·t>' t;he theorieo of thG solid <:;.re st.:i.ll in n<=ed of q_u.antit.ative 

:;Lmprovem.e11ts. In vicnv of this, n.ml in th0 spirit of this lecture, I 

vill corru11cmt no-vr 011. the general featlJ.res of' th;; solid Vli thout going into 



:--

any of the (:Lntere~;;ting) cleta:.tls. In fut·c~re co.nf'erences '"e shall surely 

devote mo1•e attcnc:Lon to the solid 1:hasc:c. 

liq_v.id, and the same cotrJYaent, may 'be ap:9·l:lcd. to the solid phase. Other 

solids than He3 and. He}.~ can be 1-rcll u:.1d02'stood by treating the dynamics 

of the atoms 1-1:"" th classical theory; 1:n.1Jc ne3 can not, because the zero .. 

point motion causes the rms devia·(:.ion of en atom from i .. cs lattice site 

t b b ' "·I'd "' 'h . t ' . 1 '-. i. th 1' . . 1 
·o e a ouG )v/J or G. e 1.n ·erpar·(.l.C_E~ sernre:"'~on m:~ e me ·c1.ng cur-ve. 

As S; consequence, the Solid pro:fe::.~t:ics a:::-e sensitive to the sycnrnetry of 

the nuclear us,ve function an::l thus e.n ef:~ective coupling is created 

betvreen the nuclear spins, as vo.s f:trst observed by Prinakoff, 
26 

and 

subsequen-tly est;imated by Berna.z·des and P.cirr.alwff'. 
27 

The coupling bet"l·reen spins is rwc as large in the solid as 1."1 the 

liquid, siJ."lce the -.:,"ave functions for atoms overlap much more in the liquid. 

Thus as the temperat-ure is loHereJ. from the classical range in Hhich the 

entropy of the liquid1 S.e P is largr:n• th~ln the entropy of the solid, S
6 

, 

one finds that the entropy of the fJol:i.d becomes R .£n2 (to about 1%) 

b 1 - 0 .,.o 1:{' e Ovl •Y ~ •. , and soon one ree"ches o. tempcr~::.t1...rre at vlhich the melting curve 

l'l..as a minimum and S = S £, s This ecluali'Gy b.as been quantitatively confirmed 

a·t the meHing-curve minimum temp::;rntu:ce ~[' = 0.)3° K (Comriru.Dication 1. 7). m 

As :the ·ceinpera:tv..re decreases fv.:cther the GOl:"Ld spins align and thus 

drops to zer:o as tr'3 • In this region, S .£ "ilo .. ries as T, a.Yld therefore 

s s 

s 
s 

eventually equ...<ils and then ~beomces :Less than S .£ • The predicted rna..:ximum 

in ·the melting curve is diff'icult to ettim:1te q_uEmtite:t:i.. vely, but the most 

car(~fu~ theo:tetical treatment of Ss.i.md.er.s predicts a temperature of about 

0. O'"o 71. 28 
• ) J.\.e The maximum has yet to be observed, but studies of the 
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1 
susceptibility ind:i..cate that it is being approached, and give an 

11ex-trapolated" tempel"at.u.re in agreement u:i..th theory. 

The sol:td :ls observed in e, b:::c (a) phase just above the melting 

curve, then converts to an hcp (f3) phase n,t pressures ·of the order of 

0 I 2 h rO ..... 1 0 l\:g em • A-t. very hig _ preszru:ces, nnd above lb ;:-.1 it conver"l:(s to 

an fe:c lattice. 

The behavior near the meltir>.g ct:rve bas recently been 

by H .. Fairbank, 29 following some expcrirr,cmtal confusion. The 

ciarified 
\ 

conversion 

from ex to f3 phase has been studied b;y· Ber:Jx:tzocJ.es, lvho has shmm that the 

relative stability is a ve'-"'J subtle question, but tha:t the experimental 

data on thermal conductivity and spee5.fic b.es.t are both consistent lvith 

each other and uith a simple crystaD.ographic transition (and not a 

magnetic tri:msit.ion as 11as previousl;y specu~c:.ted). 30 The theory of 

Saunders doeH predict the et ph..asc as the more stable p]:l_ase near the 

melt:i.ng curve, and_ furthe~more rr..cJ;eB interesting predictions concerning 

the rl::"Lgnetic properties ·under pressm~e. In particular, ·it is shovm that 

at h:Lgh densities \vhere spin m~dcring oec1x·~~s at, relatively high temperatlu·es; 

the nearest-:neighbor approxim.aticm fc:.il8 and next-nearest neighbors must 

be simultaneously considered (uh:i.ch :'Ls 1r.-;.fortunately -beyond the present 

28 
'(;heory). 

. , 
'llf1e theory of Bernardes"· is i11 good agreement \·lith the 

mea.su.red Grueneisen constants for both the a and t3 pl;l..ases. Saunders 

has Guce:essfully used. the spin r<..olaxa.tion times in the a phase as a 

test of his theory. 
"1 

An anonaly :\.n the specific heat of the a phase:>-
~ .. ,,, 

tlllS ;yet tO be expl2.ined, ::.L but, iS pl~esunnbly a COnsequence Of the bee 

structure. 
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The hc:p-to-fcc transition l:1ccs not 'been ex:amined theoretically, 

bu·c presumably is <;rct:i.te classical in n:l'G'W'.'o ·because it occurs under 

a:pproxime:cely the same conditio::.1s in 1 • ·• T .. 4. so_:.ta rle • 

IV. J?OSSIBLS SUFIT:tF~:;um HY~SE 

observed expzritnentallyp but there are co:r.:J;:f;:lling reasons for believing 
i 

tb.at such a phase ez:ists. In this l>ectio:::~ :r \..rill revieu the pre~ent 
I 

status of theoretical considero:cionn cGnccx·ni.ng the existence of '::such a 

possible phas~. ProJ?3r-'cie s of the nei·l ph;..'lse b:l ve been revieived . elseuhere. l, 3 

A. Bree.J:do1m of :eertur·u:::.t:ton Theory ------ -------·----~ 

As 'i.JB.S discu::;sed aoo·v·e, ti.12 forrm:J. -theories of quantum statistical 

mecha.nice :b..ave shm·rc. that the L::mcL;::u theo:;:>:y· is valid i:t' ·che real system 

of liquid He3 r:'J.y be relat,ed to a syste·::l oi' noninteracting particles by 

per-turbation t~1eory. This allous ·the fori:TL'lcd;ion of a clearly def'ined 

rp ... c 'belot>r i·Thich per·turbation 

theory is inv~lid? It should b2 C:J'l:!_>P.as:I.z::C. t.1nt this is a very precise 

concept. It n"ly be cliff'icul·c to 2::1::;\rcr ·i:;~2c q_uesticn, but there can be 

'i:llir> Cfv.es·cion was first as~:cd in 1958, uhen it i·ra.s observed tb..at. 

the BCS theory of su:,;erconcluctivit;y- impltcd. a ground state tl'>...at could not 

be obta.ined from thc1.·t of a nonintere.ctir. . .::; ca.s ·b~l perturbation theory, and 

f1.L.'l"t,hermore1 that the theo1->y could 1;e gencr:::clizoi to apply to any system 

7.2 
of inte1·acttng formions/ In 19.59 it occurred. independently to ·t.uo 

groups in the \Iest35 and to Landau anil Po.n~:ra!.'l·::::hul\.34 that. the necessary 

and sufficient crite:;~ion for a BCS-t;;,'])::: g:.·o1.:md state is an· attractive 

in·ceractlon be·c1·reen quasi-part.icl:.=s :b1 ~'21 r<2;J.:1tive ancular-momentum 

state. On thi1:o; bas:i.:3 computations have bc;~:r:. t:},;:u:1e; this 1vork has been 
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revie-vr::;d else-vihere_;~ 7 ::> and I ivill d5.scuos only the results (in the next; 

"''"'c·'-·lon) o:.l'-" lJ..- 0 

Retu::.>"n:lng to the general forrrmJ_at.ion of the problem) one can see 

that the vmrk employing ECS thco:.·:v- exr.loit.s only one possible vray in 

1>Thich perturbation theory can fnll. Furthsr-more, the approach is to 

construct a tbc;;ory of e, state ·1·1hic'h h::ts never been observed, and then 

imagine ·t-;he t.empera:c1J.:re being :caisE~d an<l <wk Hhcn the theory breaks d01-m. 

It 1v-ould. 'be mueh more appealing to ex.am5.n::; t.he theoz-y· of the norrral 

liq_uid., and fi:ad a -~;emperatu:rc be lou vth:i.ch the theory is not valid.. Such 

·, an ap}_:;,roach cc-dd em:9loy t.he many e>:pcr:Ln:-~mt.al results on the normal 
-''· 

fluid, and ln c~.dclit:i.on be repeatedly checked against the properties of 

thE~ ob:::;erved. pb.ase" 
\~ \ <. 

7. 

Nm·i in liqu:Vl He::> \ve expect, tFo-bcd.y co:!.~rela:i:.ions to' be domi.11ant; 

so '\.;e are led t~o e:x£rnine the t~-ro-body inte:L·actions in the normal fluid 

to see i:f they e\rer 'beco:ne strong e:.1c1:gh to cause a correlation :f'unction 

to do this, and he sb.ow~d th.B.t an elen:ent::~.ry· est.im:1te of the tempcratm·e 

belmr wh:i.ch }.Jerturb::J.tion theoz-y f'ai1e6. yiG:Lclcd. the a~me temperature e.s 
··~~ 

that c.1:>o-,J·e -~rhich BCS ~'i:.h::Cory is no lonce:r• -vuJ.:ld.~JJ T'his. calculation opens 

the '~:Je.y for more·-accurate estinm:'ces o:L' the trc.ncition temperature for 

NoH I Hish "co emphasize tb?;c l'r~eclic:t:i..ng the transition tem.pera:ture 

is extremely difficult. The tran;;3iq.o;7 :[.emJ}ex·at.~e dt,:;peJ1dS exponentially 

on the ef'i'ect:i.ve :lnt;eraction betvrecn Cft12Si-~p3.Z'ticles, and it will be noted 

tlw.t even in the theory of supcrco:.'KhKtiyh;y, the transition temperature 

is no·i~ computed, bu·c :r2-ther ·cs.Le:1 f.'r<--'r:< e::p::l"'iment.. Ii'urthermore, it is 

very difficult to calculp;(;e the effect:Lv.:: :i.r;::j(!r.J.ction bet-;~een quasi-pJ.rticles 



·,, 

Hith any p:reeisi011. He do not doubt t:.'te cx:L:5tence of qu.asi-pariicles or 

th:':l;c they sm•ely e:Vcract each other in hJgh··angular ... monlentum states, but 

·l ~- -~ .... 
J..V .!..•:J q_uite r:;cmethinc; else to co:::put:::; th:ts in·ceraction 1-Tith accuracy. 

~vr:.at :ts needed>' is a qu.:T:rt.it::tti·,rcly accu .. rate microscopic theory 

of the norc.'lEI]. fluicL Ho.v.I.ng ·~his, th::::>.•o is ::10 difficu..lty in fi...Ylding a 

temperature "holutr rrh:l.ch the theo::·;y.- doesn 1 t converge, and. if the theory 

give::; an accurate deccri:ption of the norn:al fluid (as can be checked by 

com:r;.o.rison iT3.th expe1•iment) then -t.he prcdictc.;cl transition should be 

accu:::-<:d:;e. It: is lc:;rG;e1y for J.:;h:in re:tson th:::::::; I am so anxious to see 

if the tvm ... bod.y cor:relu.tion approxir.n:t.:ton to the normal liquid is 

successful. In general, the :LJro:;aga<;:i.on of a quasi-particle of momentum 

:8' rnay be de::;cribed. by e. Gl~aens l'tmc .. ~:i.on G> {£; t) vhich has the spectral 

rep;cc~sentation 

-co 

i·ihere 1-f. is the chauica.l potent:".al, and. the spectral fu.."lction A(p,m) ....., 

descj:•i1x;,s all the therrnodynamic pr.opc:rt.~.es of ·che normal fluid. In the 

given -by the highest tempero;[:;·o.:re at vh.:Lch -~he:-cc.:: is a nontrivial solution 

to the eqv..at5_on 

t}{pt) 
....... 

A(p,. (J)} A( -p', m) 
-{2~1-:-m _ _,. m•)-

v(p 

r 
l 
\tanh· 
i 
i... 

1~ ~ '! 
s.."' I \jr(p') 

ro 00 

d.m f dm' 
' ' 2rc ! 21t' J .J 

-oo -co 

(18) 

(19) 
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In th:i_s .ecru;:;d:;5.on, v(p-p 1 
) is a FonrieJ.• com.p·::ment of the interatomic 

potential. It' \eTC ar.lprOXimate t.he :;:;peet;ral function by 

m) = 2nB(m - e(p) \ 
I ; 

then :sq. (19) reduces to the BCS (JC~lln:t;ion, -.ih:Lch ll..as been previously 

A mo:c·e ~•cc:ee;to entirn9.te of T must mra.it a 
c 

function is subject to check by co::;:.:fr ... lt;i:nr; the properties of the normal 

cy·stem. 

In t.h:i.s case, the quasi~particles are 

at l~ather le,rge l'eln.tive sep:Lrc:t:i.G:ls :mel ·t;he inter\"cning fluid reduces 

the intera·::.omic :force iS reduced by a :Cn.ctor 

.• 9 
J(. 10 -~ J 

vlhere s aml s 0 are the velocities of sou:nd in liquid He3 in an ideal Fer<ni 

gasJ respectively. If this fa.cto:;.4 vTE:r-::: :i11 effect at all ranges (and. it 

(20) 

(21) 

clearly ~~. at; veL'y small dis'.:;ance~: ).v then it 1-rouJ.d. reduce T significantly. c 

Unfortum1.telyp it is no-t yet lmmm hm1 im:pm~tant is shield.ing for ·chose 

B. The T.ransit.~.on 'l:2liroGro:t1..1.Te 
._.........._.. __ ··--... ·-·--·---·-··~~---

n"J.P'1t·1-(;,::,J-i'n" e<··;--:rr<···- .. .,, c•"'' :r y·Teld.ed v-alues of .... ~.t,_,.... _ (:;;.,L.t .t..::.: ,_,v.i. .l( •. ,v .... ,J .... ¥ C ..... . 

St~bsec1uently B.:::.::d·.:w::.s r:ml :3cl:u~ieffer3 7 and Morel and 



. is esseutia.D.:y- the :,_ncl:w:~ion of :';ort.e of' the effect of not, rcplac:Lng the 

They find that T ~ 0.02° K. 
c 

Go1~ 1 l~:ov c:md P5.tac\tDl:ii have extro.polo:::.ed. ·~hai:~ result for condcnstJ,tion in 

sto.:cea oi' lar•t_;e ane;ula!" momentu.m JZj t·) the ease 'i·ihcre £ :::: 2. They thus 

f':l.ncl ;:;;, lm1e:r bounc1 to T ~ 2 ;r. 
c (This do2s no~c include quasi-

another factor of tHo or three.) 

On t;h::: other hB.nd._, Go:;.n' l:ov and P:L:::::.r::v:;J:.:i: a:;:gue tln:c it is inconsistent 

propa;.sator) n:~lCl not :i..n.clude the rsno,~:,1o.l:~::c·:tion fac·tol~ on the potential. 

On this basis 

they Jll'OpO:.:le a second esti .. ate (c~::re.in iGnc·:~nQ; the <bmping factor) as 

T'£l.i2 e~~perir:.~c:;ntc.l~.sts must find. it cEscouraging to have the theorists 

I h.1ve ·;~r:l.etl to cake it clear tl1..at the theory: :i.s 

not n :)U CG..lJB.:bJ.e of quu.ntitati vcly cw .. Lm:d .. I:t,: Tc' bwc--and I believe this 

'Ot::':Q_n. -:-he "')·h···i+ i•1 ·;.,rhl"ch +}..,,,· ·:·ha,-.-~;"'·:··'-'·OJ·i - - V-- •·'.L ..L..!...- v _,~,_ l,__ v ~'-' ............ J-. ~ .... ..., ~··'-~ ..... - cctim3.tes have b;:;en made--

the h::est CE~lctllations giv;:; some basls fo~.· hop:Lng that T is withLTl an 
c 

expz:::rimerr::.e.lly att.~:dnable range, m:,d ·t.hu.n shco.J~d serve to enco'll.!'age the 
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