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ABSTRACT

A reviev is given of the present state of knowledge concerning
the condensed phases of HGB. ttention is confined to the pure substance,

and emphasis is placed upon the theoretical understanding of {the material.
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I. INTRODUCTION
A. Ouiline

In presenting this “"keynote" lecture on HeB

s L obviéusly caﬁ:not
' ;-énd'éﬂéuld not--give an exhaustive sumaiy;of the present state df'
knovledge of the subject. i proposé to spend the available time looking
.at the field from a broad point of view, with emphesis on what 1s under-
stood and understandable and liftle mention given to those more complicated
parts of the subject which are’sﬁill pfimarily uniélated experimental |
results. I will thus concentrate on a "theoretical approach,” employing
the experiments in a éorrdbbfdtiﬁéhﬁénhéry although it should be realized
that this is not an historically accurate yresentation.
To remove,‘somewhat, the bias of this approach I include feferendes
fﬁ ' to a number of review papers,l"5 and will refer at the appropriate junctures
to the recent original literature.
fé}' | Unfortunately, because of lack of time, I must concentrate on the
 § R pure substance and not coﬁment.at all on the inté:esting pfoperties of
w}% : | mixtures (both Eolid and liquid) of He3 and Hbu} or upon ions and impurities

in Héj.

¥ This work was done under the auspices of the U. S. Atomic Energy Commission.
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B. Interest in Héj

I think it is appropriate to ask--not too frequently, but perhaps
| | a3

at a time like this--why we are interested in He’. Certainly, we can

%

not claim that research on'Hej'is_on the front line of fundamental research.

3

That is, we know the basic iaws 6f ﬁhysics g&verning He”, énd we can't
reasonably expect to diséover in the study of He5 any modifications in
the principles of quentum mechanics. Bub that, I would suggest, does

not make it an uninteresting subject, for the basic laws may be vacuous=—-
or almost so~~in a complicated problem. o understond a complicated
éituation we wust develop new laws--usurlly called "approximations™e--

which in principle are derivable fram the Tundamental laws, but in practice

are not so derived. The investigation of cwaplicated systems for the

purpcose, of :discovering such laws is, I believe, as fundamental as research og the

"front line of physics'.

| Cf the couplicated systems~-namely menysbody systems-~there-are.
some which are-sufficieﬁtly simple 4hat we now believe that we understahd
them very well. I think, for example, of a photoﬁ gas-or a classical gas
such as air under normal conditions. %Yhe simpiest many-body system that’
we, do not entirely widerstand 'is an isotroplc, homogeneous, colleciibn
of g.single species of fermions that have no charge and spin 1/2, and.
interact with: central fqrces{ (I choose fermiqns because this éeems:a ‘ 
& priori simpler in not having a Bose condensation, so perturbation wethods

should be wvalid, but this argument may be speciocus. . Certainly a corre- i’

sponding system of bosons is of equal fundamental:importanceﬁ),Nng-of

3

course, I have just described He” eand, except for the complicating fact - -
that the interatomic forces are strong rather than weak, one can see that

it plays a fundamental role in the physics of many-body systems. I think, -
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thét this is basically the reason ve are interested ip'He .
Unfortunatel&y our theoretical understandiﬁg of even soisimple
& many-body problem as Hé5 ig essentially limited to the very-low-
ﬁemperaturé.region below 0.1° K (I am, of course, excluding the high«
temperature classical range), and so-~-in line with the apﬁroach of this
© lecture-~I shall summarily“ekclﬁde from éonsideration almost;all proéerties
:6f;the subgtance above'lpK.,_Although the high-temperdture range ls beyond
our-comprehension at present; we shall see that theré is plenty.bélONtGrlgtK
, tggintéreShathhi%hétthéoréticalwandztheiexpgriméntalgphysicistf In fact,

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

1I. THE FERMI 1LIUID, He’

- In 1956, Landau6 proposed a phenomenological theory of a strongly
interacting system of fermions at very low temperatures. The most significant

b)

development in research on He’ since the Low TemperaturevConference-éf«{
1560 has been the complete acceptance of Iandau's theory by (thinking) -
physicists. On the one hand, the experimentalists have confirmed the
prédictions of the:théory féf,éii Qﬁéﬁiities, both measured'and couputed
(and onl& a few remain yet to be tested, as we shall see), vhile on the
other hand,lthe;théoristsvhavé succeeéed in supplying the theory with a

>§~V ~ rigorous uh@erfooting by startiﬁg from microscopic theory and making (only

& few) well-defined hypotheses. 3

zé ' Co Although igndaﬁ's wofk}may be f&miliar to most.of;&pu, in-view

of its significance, I will review his fheory in the next section.

Subsequently it will be compared with experiment, after which zero sound

will be discussed. We will end the discussion of the liquid with comments

upon various microscoplc theories. -
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'A. Iandau's Fhenomenological Theory

Iandau's -thedry is based on the assumed validity of perturbation
“theory stérting from a gas of noninteraéting atoms, By perturbation theory

‘one does not mean just a lowe-order calculation, but simply that the theory

converges. Proofs of this have been given by Bloch and de Dbminicis,7

9

Klein, Nozieres and ILubttinger,

and cther workers. Iater in the lecture
we will explore the possible consequences of nonconvergence, but 1t should!
be realized that; except possibly at low temperatures, the validity“of
'ﬁerturbatipn_theory 1ls well supported by experiment.

- A consequence of this assumption is that the elementary excifations
of the true system can be felated'to the properties of the noninteracting

gsystem. It thus follows that the elemsntary excitations~--or quasi-

particles--are equal in number to the number of He”’ atons, obey Fermi -

statistics, and can be characterized by a momentum quantum number. ~They57*$‘-"

may_bé*thbught el as atoms surrounded'by‘their polarization field;‘v(It.
véhbﬁld’be noﬁed'that there may be excitaticas of the real system which
“éah n0t'be reglted to the unperturbed system, because they disqppeér'when
the interaction is reduced to zero. Such an exéitation may stillfbe' to
congidered in'thé Landau theory, as a collective"interaction’bétw%én 
Qpasi-@artigles,' An example is zero sound;) Actually the»concep%'gf-V
a ‘quasi-particle is common to the theory of msny complicated systéms% ﬂ i
One;thinks,'for'examplé,'of phonons andurofons in liqdid Hey, phonons and
Bloch»uavés in é soiid, and the shell model and optical model of nuclear
pﬁysics;”‘. | |

It iénreélizedfthét in a many-body sjstem‘the elemeﬁtary excitations

will not be stable in the sense that e quasi-particle will excite other
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quasi-particles and thus degrade its energy b&vthe creation of wmany
|--ex¢itations¢f For,a-déscription}of the system in terms of Quasi~partic1§sv
tb be valid, we must demand that the quasi-particles have long lifetimes..
That - L&, the energy. of a quasi~-particle e(p) must be much larger than 1/7,
where T is the llfe time of the excitation. The 1ifet1me is dominated
(at low uemberatures) by the exclusion principle, and 1/t varies as the
square of the distance from the Fermi surface {in momentum units). For
HeB,‘we'find weli-defined quasi~particles assocaited with thermal . .
excit&tions.having températures-less vhan 0.050 X.
The above ideas may be forzalized by letting n(p,c) be the

'distribution function for gquasi-particles of momentum,g and spin
oriéntatiCn'd.v If B is the total ene;gy of N atoms of mass m in &

volume V} then we may define the eneryy of & quasi-particle e(p,c) by

the. Vhfiablon in the total energy upou adding one quasi~particle, that is

;) - ° N P . C- .
C}," 0
§~J{e(n,c) Bn(p, = - e o (@)

(21&‘3’1) ’ S .
Simﬁlarly3 ve may ask how oné cuasiuparticle'in luences the energy of
anotha*, thus defunlng che baolc quCulon of the . Iandau theory

f(p, D'y G c') by the relation

U e o K 3 B .y
de(p, 0) = }_ j £(pp'y 99') Sn(p 56") —(‘(‘21:;2_)‘5 .o (2)
I O A . 4 ah)” o

“In en ideal ges,  is zero, but in the theory of a Fermi liquid, £ plays
a vital role. It is considered to be determined pheﬁomenolcgicallyl-

although it cen be derived from any microscopic theory of the liquid.



© It is nov very easy o shov thet the quasi-particle dist#ibution

, "m N '
(e~p) /KT .1 o : ‘ o (3)

where -the chemical potential p . is determined {es usual) by the normalizaetion

» .

criterion

| | i J.‘f]r
¥ = VZ j a(p, a) *-rw)w; . (%)
- .

_—

It is convenient to define an effective mass (at the Fermi

surface) by: ' ' ;-

Yp e(;:.”g).‘. f“szp . ' (5)

= nZ=l - (6)

Y]
i)

1
g
<3

The effective mass plays an important role in the theory since at low
temperature only the region near the Fermi Surface is of importance.
(In fact, it is only in this region that the quasi-particles are welle

defined.) In the same manner; we my see thet £ will only be needed

for its argunents near the Fermi suxface, so we write



! LY .
£, og') = £lpp's 09} | = -(“—x—@; ‘ Y (Fy+ 60" 2,) Py(cos 0) ,
- o D P'=2p e .
S | , » (D
) where inVaria.nce afg;wnents have been ceuployed to £ix the spin dependénce,
G 1s the ang;l@ bemreen P and p » and the constants Fz and Z 2 are to be
de*‘semlned by ekperiment. (The notation is that of Hone.log)
With this formalism Iandau derived a relation between m* and f
(from Galilean invariance):
E = SZI) 6(1}3, d) - 2_ f(PyP s C: O'g) V— ﬂ(P G') 3 s (8)
| _ (am)
- which may Dbe written as
Fo= 5. B (9)
1 % 2Va ° :

Lmdau al o showed that in the limit of low temperatm:'e the speC.Lflc

heat C was related to that of the ideal gaa CF by

b

(and thus was pred:.c“ced to have a linear dependence on the cemperature),

wh:s.le the velmlcy of ﬂound S vas given. by

~y
~ pp 5-"1+FO‘§1/‘”
5 = e ’ (11)
'ﬁm‘ Fij
N
5
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and the susceptibility X was related to that of the ideal gas XF by

Ef‘;;
X Srtenies .
X = Zo 1 s — (12)
¥ 1+ I ' o
) ' p

(and thus approaches a constant at low temperatures).
| | The transpcrt properties of the liquid have been considered by
Iar;cﬁéﬁ,6 Khala*cnikov»and. Abrikosov, it and Hone.l2 The calculations
proceed as in kinetic theory, and the result involves a quasi~particle--
quasi~particle scattering function w(@y;ﬁ), The Fermi liquidv:‘ behavior
does not appear in the viscosity x, but does appear explicitly in the

| spin self-diffusion coefricient D. As can readily be understood in terms
of the éxclusiomprinc.iple effect on qugsi~partiéle scattering, i.t is
predicted that for ._10w temperatures 1 and D vary as T"e, and K varies

as 1T 7.

z
Iarkdaul) has suggested approximeting the scattering functiom
w(6, ) by the forward-scattering amplitude a(9,o, o') for two quasi-

particles colliding at initial angle @, which can be written

w(e,g) ~ gﬁ{ae(@, g, 0")] e (13)

h 2207
o av. .

Now interestingly enough, the quantity (6,0, 0') may be related to

f(@, 0,0'). However, it is not equal to f since in a we consider a

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

while in £ the 'quasi—particies travel strictly forward but scatter

with some (small) energy transf‘ér.- I.a,:rlrle.u15 has shown how to relate

£ and a, and thus allowed numerical estimate of 1, k, and D.
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B. Comparison With Experiment

A comparison of the landau theory with experiment has been given
in g receﬁt papef by ane,lo so we limit ourselves to only a brlex
sumﬁafy of the #egults'at the saturated'vdp r pressure, where from the
observed density one congludes that pF/h = 0.795 x ;08 cm -1 + The
velocity of sound, lowétemperatu:e spzeific heat, and susceptibility 21l
have the appropriate temperature dependence and imply that m*/m =_2.82;
Fo = 9.25; F = 5,46, and ZO = «2,80. The other parameters qf the theory

have nOu yet been evaluated. Note the rather large value of m¥*, while

the value of Z, = ~0.7 shows via HEg. (12) that the system is very close

0

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

i

-exclﬁsion p;inciple of course and is not & magnetic spin-spin effect
It is en impémé-;t as p' of the behavior of the J.lqu._d (and ‘cherf sohd)

From these experimentally determined parameuers, using b?e theory

4

one can predict that as the temperature goes Lo zero, nT2 = 1.5 x ;0‘6;
kT = 57, and DI® = b2 x 10“6 (in cgs units)« Recent expe?iments confirm
the predicted temperature behavior (which shouldvbg contrasted &ith the
situation presented at the Low Temperature Conference of 1960u), and
yield 177 = 2.8 x 1070, T = 48 £ 3, and B = 1.5% x 10°° . The
numerical agreement should be considered good, in view of the approximate
theoretical work. In fact,. the attempt to relate w(6,¥) to £ should
probably be atandoned{and the experiments used-simply to determine w.
_Altegnétively; perhaps nicroscopic theory can be<emplo&ed\to éhed’lighﬁ
‘on the $ dependence of w and so improve the theoretical estimates.

It should be noted that the viscosity éeasurement (below O.l0 X)
is not a direct measureﬁenﬁ, but is deduced from the absorption of sound

and thus involves additional theory. A direct measuremernt would be most
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welcome, as would measurements of the density dependence of 9 and k in
" . . . .
the Fermi liquid region. This latter uessuvrement would afford additional
checks on the tleorv; because the equilibrium properties are lmown, and
U 10
% and 7 have already been estimated as funcitions of density.

Ry

The experimental situation with regard to the spln—opln relaxaulon
Gime Té is o©till not resolved,l but the spin-lattice relaxatlon time'

Tl has been measured recent ly down to a relatively low temper&tu?e of

0.5° ¥ (Commmnication 1.21). At these temperatures it is startigg to
display departures from the classical theory. It will be most interesting
o dbtain experimental resulis at lower temperatures, although Tl and
Te_remain to e calculated for & Fermi liguid.

C. Zero %oanu

. 2
As the temperature approzchzs zero, crdinary sound in liguid He”
is strongly attenusted; but landauw has pointed cut that a new possibility

.

exisng,in a Perml liquid, namely the ogcillation of the self-consistent
poténtial in vhich quasi-particleg rno*\ré:.,lbr This éollective motion 1sg
closely related to plasma oscillations, and to the vibrational and
rota@icaal.s%ates of atomic nuclei.

Yor propagation of ordinmry sound local thermel equilibrium must
be maintained; while zero sound requires the opposite; CrlESrLOH, namely
that the wean free path of quasi-particles be large compared tolthe wave -
- length of the collec ive oscillation. Numerically‘this requires, for
example, that at 1000 Nc/oec the temperature must be beTOW O 05 K to
propagate zero soundﬂ. For six years this has discouraged the experimentalists,
but a serious atbempt is now being wads to cbserve it (Comnunication 1.14).

The mathematics required to derive zero sound is rather simple.

One allows for spatial inhomogenelty in the Fermi liquid theory, and
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treats the variation frow equilibrium to first order. - Thus, we have

]

u(p 2, 6 t) = ny(p, o) + onlp,x; g, %)

e(prrsot) = ey(py0) + Belpyry %) « (24)
Now Eq. (2) becomes .
. N , Ly ap ,
OG(P:,{'; gat) =/ f(% g'vgsﬁ{j) Bn(,.?'yf:f,':‘t) T . (15)
~ poe T (2nn)

Since at low temperatures the quesi-particle mean free path is very long,
ve mey app%omeaue the Bolizmann egquetlon by ignoring the colllsion ‘term,

Thus we have

o v -

5 tYn - ype - ypn ve=0, (16)
vhich can be linearized to

»a-gg{i)« + V. (Bn)‘\/ € - Y, (Be)‘\7 P = 0 . : (a7

Clearly, this equation. has solvt;on in which Be and Bn vafy,harmonlcally
in ‘space and time. Inserting Eq. (15), and the properties of no and €q s

. . P 11 n&
one can find the dlspCf51on relation for these waves. Depending upon
thc parancters, the waves can either propagate without aamp_ng,(ln this
approximation of ignoring the collisicn term), propagate with damplnu,

or propagete with ever-increasing amnplitude., The last would indicate thab

the Fermi liquid theory is inappropriete for describing the systenm;
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numericélly one finds that He5 corresponds to the first case, that is,
the attenuation of zero sound decreasing as thc temperature ‘decreases.
This result refers only to the simplest mode of density fluctuation.
More complicated density wodes, and all spin-dependent modes, seem to
be danped als hough ‘there appears Lo be the DOSoiblll Yy of pfOpagathg
11

spin-dependent mode in the presence of an cxternal Pieldsr

D. Micrescopic Theordes

The wost naive theory of ligquid fio” would be that of an ideal

Fermi gas. As ve have seen above, this can not be very good, because
the function £{p,p', 6, ¢') (which is zero Ffor an ideal gas) plays a vital
~ M.

oA

role in the description of He’. A Hartree-Foeck theory suffers from the

facc that the interatomic potential is strongly singular et shoré““
distances 50 thet bwo-body correlaticas must be included to obtain
even finite results.

Considerable study has been mede of a.hard~sphere gas i# the

n

' \ PO 5 § Lo
low~density Limit. This work is of Tormznl interest, but may not be
, :
: I
applied directly to He53~which can noct be considered dilute in thet

f 1/3 _ . \ N ; .
rO(N/V) /3 > 1 (where ry is the range of the forces between atoms), while
the reverse inequality is necessary for the ,wlLsty‘o; the theory.

5

The caly serious attempt to calculste the properties of He” from

1 . . .
5 This calculation is

g due -to Brueckner end Genmel,
now four years old and has been Irequently discussed, so that I will
only comment briefiy upon it.: Proceeding 1oﬁewhaﬁ intuitively, théy
caleilate the inter&ction-hetween.ﬁwo atoms carefully, while taking into

account the regt of the medium in only two regards. The first is

which limits the states

g,.v.
(D

through' the effect of the exclusicn prin

available Tor the two atoms under consideration, and the second is through

a self-consistent potential in which the two atoms move. It can be seen



that the theory has weny of the features of landau's theory, and can be

onsidered as a special case of the Fermi liguid. The nwerical resulis
are rather reasonable (bub:only good to about a factor of two) and can
perhaps be interpreted as suggestiag that two-body correlations are the
most important in describing the liguid.

In the past fev years wany of the noverful techniques of formal

quantua field theory have been applied o the quantum statistlcal mechanics

: e , s 3_6
ofithe many-body problem, notably by Gelltskii and Migdal,™ Luttinger and

p ; UL

A7 i 18 s - 19

Ward, Matsubaray and Martin and Schwineer. This work has. led we
<A 9 cpy B P : 2 ']@5,9 % . »V PUTR- I’
to a cerivation of the Landau thecry, showing that it follows from
& microscoplic thecry in which the truve system is related to the systen

of noninterscting particles by means of & convergent perburbation theory,

This is & wmost iwmportant result, and is esoecially welcome in that it

-

allows a clear and précise definition of a gquasi-particle. - One can"

R

describe the present situation by saying thot we know what a quasis-

particle ig, but we do not yet knovw bow +o calculate its properties from

the properties of T ree he ‘atoms. In a sense, doing the hard calceulation

T

to relate a guagi-particle to a2 particle is not solimportent as knowing.
that there is such a relation and thel the qpas?~rar icle is a weilm
defined concept.
‘é:- ' "+ Neverthsless, the formal techuniques do sugzgest & number of new
approximation methods. In particular, one caﬁ'fornul tc a consistent
‘GWO~bO&j corwalatlon approxwmu tion to the liguid.. Such a method has been
applied to nuclear matter by Puff, 20 and is now being applied (and extended)

2L ond D. Beck.”® T think it will be most

to liquid Hbj by R. E. Mills
eveiving to see if such a (concepuuwiiy) 51nn1e apnrorvmauﬂon yields a

" gquantitative description of the fluild,

e L e e
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1ng” ténsequence of the%%érmal.work‘is the possibility

of ektending thé iandau theory to higher tenperatures.  The microscdpic
: theory is not limited to the range ia which quasi«particles are & welle
defined concept, and a study of the theory may suggest new phenomenological
descriptions valid at higher temperatures. Mr. C. Sung has undertaken
such a study, in an attempt to predict the high-temperature deviation of
the trensport coefficients from Ferni liguid behavior (in terws of the

oy st 123 e v an

measured -equilibrium properties), ” An atienpt in this direction, but -
rather different in approach, has recently been gade by Nishimure dnd

!
Mori.g#

I would like to call attenbion to = rather original approach
. , S

recently put forward by Wu and Feenberg.a) Flrst they relate He5 to a

boson system of particles of the sene 3ss, and preliminary calculations

3 2,

seen to. indicate that, given the properties of the boson system, they

have é rapidly convergént appfoximntion Tor the fermion system. They
then suggest'a two~body correlative approimation to the boson system,
which hypothesis they'can check against experiments»on’liquid HeA. if
they arenﬁuccegsful in this test, they will repeat the ccmputatiop'for
bosons of mass 3 and thus have a theory of the ground state of liquid HEB.

The wethod seems more sulited to coupubing ground-state properties than

Ea the properties of the low-lying excitations.

11T, SOLID He’

The éxperimental information concerning the solid is not nearly
as complete as that aboub tﬁe ligquid. Although qualitatively no doubt
corfect, thé theories of the solid are still in need of quantitative
“aprovements. Ia view of this, and in the spifit of this lecture, I

will comment now on the general features of the s0lid without going into



aqy of the (4nt9wo ting detalls. In fubure conferences we shall surely

: i
devete more attenvion to the solid phases. |

[

5

Y PPN !

Liquid He” i because it is a‘quantum”
!

liquid, and the szme compent way be applicd to the ﬁo?xd phase. Other

. l.J
gsolids than Hej and He can be well wderstood by breat:mo the dynamics
of the atoms with classical theory, but e’ can not, because the zero«
poiru motion causes the rms deviation of ca atom from its lattice site

to bo about pOb of the interparticle senurstion at the welting curve.

4s & conseque nce, the Solid progestics are sensitive to the symmetry of

2

oo

the nuclear Eve function end thus sa effective coupling is created

. ‘ . 26
between the nuclear spins, as was first observed by Prinakoff, and

27

gubs equenuly stimated by Bernardse and thlmahoL;a

The c0u07¢ng between spins is not &s la rge in the s0lid as in the

)
f ol

liguid, since the wave Tunctions a

cmg overlap nmuch more ia the 1iqﬁi
Thus as the temperature is lowered from the classical range in W “ch the
entropy of the liquid, Sﬂ ; is larger than the entropy of the solid, Ss',
one finds thai he ent Cropy op the 20lid becomes R In2 (%o about l%) |

below Oeﬁ K} and goon one reaches & temﬁﬁraéu;e at which the melting curve
has a minimum aﬁd S, =8_ . This equality has been quantitatively confirmed
at the melting-curve minimum“temperatufe T o= 0.53° ¥ (Comﬁunication 1.7).
bs The temperature decreases further the solid spins align and thus 'SS
drops <o zefo as.TB. In this region, sg varies as T, aﬂd therefore Ss
eventually equals and then beomces less than Sg s Thevpredictéd maxinun
in the meliting curve is difficult to estimate quantitatively, but the most
careful theoretical treatment of Ssamders predicts a temperazure of about

. 8 : .
O.O;‘iO Koe The maximum has yet to be observed, but st tudies of the



.

cr . 1 .
dicate that it is being approached,” and give an

|.:.

susceptibility
"extrapolated” temperature in agreeucnt with theory.

B, Crystallographic Phases

The solid 1ls observed in & boe (&) phase just above the melting
curve, then converts to a hcp {B) phase at pressures of the order of
. . 5 sTe BN P
lOO-kg/bm « At very high pressures, ond cbove 18" X, it converts to
‘ i
an fce lattice. ' ' f
The behavior near the welting curve has recently been clarified
2 ' \* |
by H. Fairbank, 2 1ollow‘ng some experimeantal confusion. The conversion

&

from & to § rhase has been studied by Beraordes, who has shown that the
4 .

.

relative stability is a very subtle question, but that the experimental

&éﬁa cn thermal coaduc vity end specific hest are both consiétent with
each othef and with a simple crystallographic transition {and nct a
magnetic transition as wés”previausly speéula*ed).Bo The theory of
Saunders does pfedict the ¢ phase as the more stable phese near the
meltihé curve,'and Turthermore makes interesbing edlctlons <:c>1ﬂcer1ru.1'1'T

the txvnctic properties under pressuwee. In particular,-it is shown that

at high de ies
the nearest-reighbor appro ximation foile and next-nearest neighbors must

be sgimultaneously consi red (which is VﬂfﬂfLUﬁa ely beyond the presenn

28
)e

The ’hcory of Bernardes  is in good agreement witl the

theory

measured CGrueneisen constants for bovh the ¢ and B phases. Saunders
as successfully used the spin relaxation times in the ¢ phase as a

31

A

test of his theory. An anomaly in the specific heat of the ¢ phase

o e
.

. ‘ , ,
has yet to be expleined,” ™ but is presumably a consequence of the bee

structure.

where spin ordering occurs at reletively high temperatures,



T

The hepwto-fee transition hos not been examined theoretically,

but presumably is quite classical in nature because it occeurs under

L

olid He .

3]

approximately +the same conditicns in

IV. POSSIBLE SUERRFLUID PHASE

<

4 low=-tenperature superfluid phase of liguid He” has yet to be

reasons for belleving

observad ex ge imentally, but there are conpplling
' ' i .
that such a phase exists. In this ¢ ect101 I will review the predent

!
|

status of theoretical considerations concerning the existence of such a
1,5

possible DHQ" Properties of the new phase have been reviewed elsewhere,

L. Breakdown of Perturvcitlion Theory

As was discussed above, tne Tormel theorics of quantum statistical
mechanice have shovi: that the Landau theory is wvalid if the real gysten
of liquid ﬁb oy be related to a systen o noninteracting particles by
pe;burbation theory. Thig ellows the Tormidabion of a clearly defined
que‘s_tiozl, namely,' is there a temporature T below which perturbation
theory ig invelid? It should be emphasized that this is a very precise
COQC”Q . It may be difficult to aaswver the questicn, bub there can be

no doﬁbt as to ‘the weaning of the question.

This question was first asked in 1958, when it vas.observed that
the BCS theory of sus ﬁrcondu" ivity dmplied a 4mound state that could not

be cdbhtained from that of a noninterecting gas by perturbation theory, and

furthernore, that the oheowy coald be gencrelized o apply,to any system

A - 2 TN ’
of interacting fermions.”  In 1959 it oceurred independently sofe]

d‘
i

o]

-

'1

. P )4_ )
groups in the ﬁesﬁj) and to Landau and Pomeranchuk’  thot. the necessary

and sufficient criterion for a BCS~bype ground state is an attractive

»

interachion between quasi-particles in any relative angular-momentum

asis computations have bosn made; this work has been

c
juy
e
@

o
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. ) e smn g - e .
reviewed elsewhiere, *2 and T will discuss only the results (in the next

Returning to the general formulation of the problem, one can sece

that the work cm loy-n¢ BCS ﬁ“eory exrploits only one possible way in
vhich perturbation theory can fh*la ?urthﬂ~Mure, the approach is to .

construct a theory of a2 state which has never been observed, and then
imagine the temperature being raized and ask when the theory breaks down.
it would be much mopre appesling %o cxamirﬂ the theory of the normal
liguid, and fiod a temperature elow which the theory is not valid. Such
an apyrozch cculd employ the many experimental results on the normal
fluid, and in addition be repeatedly ché" wed agoinst the pcooer*“es of
the olqerm»d PhAGE .
AN ' .

Now im liquid e’ we expect two-body correlations to be dominant,
0 ﬁe gré led to exanine The two-body interactions in the ncormal fluid
gde] éee if they ever become suwonv eacvgh to cause a corrvelation fﬁnction

s g

_th&u can 0ot be obtalned by perturbsvive metheds. Thouless was the first
to do this, and he showed that an elenentary estimate of the temperature
below which vervurbation theory failed yiclded the same temperature as

‘that sbove which BCS ‘thcory is no longew 'ﬂ]ié@r - This. calculation opens

the vey for move-accurate estimates of the ﬁraﬁsi’iov temperature for
liguid 6&3, .

»NDW'K-ﬁiSJ te em@hﬂsize that predicting the transition tempersture
- is extremely difficult. The trensi ,ibq temperature depends ekgonentially

© will be noted

o the effective interaction hetween quasi-particles, and
thet even in the theory of superconductivity, the transiticn temperature
is not computed, dbub rather teken froun evporiment.  Furthermore, it is

ey s

very Aifficult to calculate the effeciive inderaction ‘between quasi-particles



with any precision. We do not doubt the existence of qpamlapérticles or
that they surely attract each other'in high»a;g&l&r»momeﬂtum states, bub
it is quite something élse to corpute this iﬂ%; raction with accuracy,
What is needed, is a quantitotively accurate micrOScopid theory
of the normal fluid. Having this, there is ne difficuliy in finding &
tenperature beloy which the theory doesn't converge, and lf the t*eory

gives an accurate descripbion of the normal Fluld {as can be checked by

comparison with experiment) then the predicted transition should be

|

accwozo. It is levgely for this renson that I eam so anxious to see

a .

if the two~body correlation approxirntion to the normal 11quid is

successful. In general, the pronagasion of a quasi-particle of momentum

(2

p, may be described by & Greens fumeiion Gy (p,%) which has the spectral
Ar : ) ~ .

repjﬂcwm:nt cloq

(@] .
: f dw Alp, @)ei® - |
Gt = [ mEy: - (18)
T Em‘.[ + e = :

where W is the chenical uo(,cm,,.hzl, and the spectral fuanction A(p,w)
-

of the normal fluid. In the

-:,

describes all the Lhnfmodmamc PEODOTT

(Q

twosbody=-correlation approximation, the Itransition tcmpefat T is
gilven by the highest temperature at which there is a now trivial solution

o the equation

' , ™ oo

a2t 17 i awt

o) = 5 S2e w(p - ) ¥lp) [ 82| E

e ’.«,j 3. P i 2% § 2n
< (en) o

Alp, o) Al-pt,w)

(O - - @) . (19)
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In thiz equation, v(p-p') is a Fouricr component of the interatomic

-

potential. I we approximate the spectral fucetion by

Ap, @) = 2ud{w ~ e(p) ), g (20)

then #q. (1L9) reduces to the BCS coumaticn, which bas been previously
employed vo estimmte TC. A nore accurato estimate of T wmust await a

better spectral funchion and, of course, the accwacy of the spectral

Punction is subject to check by compubing the properties of the normsl
systen.

Recently it hasg been n“o oced by Corkov and Pitaevekii that the

ro-body approzimetion may not sufiice for two quasi-particies interacting
35
in high-angular-morentun stetes.”” In this case, the quasi-particles are
at rather lerge relative seraraticns and the intervening fluid reduces

0]

b4 Y e

the net force between the particles. Thzy show thet at large distances

the interasomic force is reduced by & Fachor

m 1.7 x 31077, - (21)

where s and 8, are the velocities of gound in liguid He” in an ideal Fermi

]

gas, respectively., If this factor were in effect ab all ranges {(and it

cleayrly isa't at w eIy smna 11 distances), then it would reduce Tc significantly.
UnTortunately, 1t is not yet known how important is shielding for those

distances involved with pairing in the (n04-30~1a“~ e) £ = 2 state

B. The Transibion Tomperature

.

The first quantitative eoblmetes of TC yielded values of

oy 0" 55 k2 L4
T, = 0.¢8% .77 Sibsequently Bordagis and Schrieffe 57 and Morel and
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. O
B .\ PO . . 3
Hozieres” couwputed the effect of finite guasleparticle lifetime, which

ig essentislly the inclusion of some of the effect of not replacing the

o

rel function A(byJﬂ 7ith o delte function. They find that T =~ 0.C27 K.

e g “J"" . ,‘»
v

Gop'kov and Pitacvskid have exorapoiased their result for condensabion in

{,’x

states of large angular momentun £, 4o the case vhere £ = 2. They thus
ran) - . o I P wid O P 8 ) N . . '

find @ lower bouwd 10 fc ~ g ox 10 7. {This does not include quasi-
particle i&ﬁﬁﬂnf, whiich couwld lowver T r another factor of two or three.)

s

- On the other hand, CGor'kov and Piicevskii ax

D

gue thot it is inconsistent

to use on effective mass w (the effest of the modium on a quasi~perticle

nropezetor) and not include the renorasilzation fachor on the potential.

(lq
(@]
3
cr
[ay
[N
¢
o
O
6]
fde
4]

This argument is suggestive, but certiiniy nob coapelling
they propose o second esti ate (ozsin igncring the damping factor) as
that obtained wibth w¥ = mj nasely Tc = 8 z 10”3,03{.)“j

The experinentelists wmast find 4% discouraging to have the theorists
coﬁtiﬁuélly lowering T . I have tried bu make 1t cleayr that the theory: is
not now ca pable of gquantitatively vaLuwu*h.‘i s but--and I believe this
has be=en the $1ifit in which the theoretical cstimates have been made--
the best calcniauions Zive some bagis for hoping that T is within an

experimentolly atbtainable yange, ard thus should serve to encourage the

experimentelists o even wore heprolc af o*nﬁ
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