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Abstract

l’olariz.:lLiorlpuLrnti:lls,the self-consistent fields which

dcscril)ethe primry conscqucnccs of the strong atom-atom

irltcractiouiII r}w helium liquids, arc dcvclopcd for liquid 4He

:ll)d31!C, Emphasis is placed on the common physics] origin of the

cffcctivc interactions illall helium liquids, and the hierarchy of

physical effects (very short-range atomic correlations, zero point

motion, cm! the Pauli principle) which determine their strength is

rcvicwcil. An overview is then given of the application of

polarization potential theory to cxpcrimcnt, including the

4])}lol)otl-mwol)-rotor)”spectra of IIcand 3He-411cmixtures, the

3ptmrmll-maxullspectrum of rmrml and spin-polarized Ile,nntl

4
tr:msport properties of superfluid Hc nnd of normal und

S]lil)-;)olilI’i ZC(l 31 Ic.

t}w
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1. Introduction

In this talk I sl~ouldlike to address the fundamental

questiol]of ttm physical origin and proper description of the

cffcctivc indcractions bc~wccn quasiparticles in the helium

liquids, that is, in superfluid 411e,311e,dilu[e mixtures of 3t{e

it)‘111c2,alKIs])il)polarizcc]31{C. I shall then discuss how these

illtcructiollsdetermine the dcr)sityfluctuation excitation spectra

alicltrans;)ortproperties of these various liquids, and compare,

where possible, theory with experiment. The basic approach I

s}u1l be usin~ is polarization potential theory, a minimalist,

pt)cnomcnological, post-RPA, post-Feynmnn, post-landau theory in

WlliCIIpl]ysic:llargurncnts, constraints from static measurements,

sum rules, aIKlcol)tirluitynrgurnentsare comblncd to rctluce

tmtrkcdly(at times to zero) the parameters required to specify the

cffcctivc quasiparticle interaction and calculate the elemcntar,y

excitatiwi spectra. The theory provides n unified and

quantittitivcuccount of excitations nnd transport in the Imlium

liquids (1) ~~ntltus been extended as WC1l to electron liquids (2)

uncl, fII work :n ])ro~rcss wltli K, F, Qtmdcr nnci J, Wnmlxlch, to

tIiiCIC:Ir nuil[t~r,

]’()]ill’i~,~lfl()il ])()~[!ll~lill tlmory is u unifitxlttmwry in two

S(’ll!ir’%. 1’11’s[,II crKtblc*%olN’to undcrstulldthr cornmol)physicrl]

:1
(ll’IKI II {)!’ tlI(’ (~ull(x’t Ivt, mt)d(!sill II(![Illd“lll(!ill[lc!olltt?xtill

wlIi (’11 II)(I II IwkIrl.:;Il)l(I klml ll~rltyit)tlli~rf!st[)rlt)~;ft)rccs



Page 4

responsible for these modes is evident, and in which the physical

effects responsible for tl]cdifferences between quasiparticle

interactions in
“1
}Icand 311cat LI)Csame density can easily be

understood as arising from a combination of zero point motion and

the Pauli principle. SCCOIICI, it provides a systematic basis for

c:lluulutillgthe scattering amplitudes for quasiparticle

excitations in both 411eand 3He, and hence yic!ds a natural link

bctwccn excitation spectra and transport in both systems.

It~polarization potential theory. tilepritmry consequences of

ti~cstrong utom-atom interactions found in the helium liquids are
9

described in lcrms of self-consistent fields, whose strengths,

duscribcd by I)on-localpscutlopotcntinls,determine the effective

qu:lsiparticlcinteractions and the qucisiparticleor quasipair

n~lsscs. 11 iS these fields, the polarization potentials, which

proviclcttlcwavcvcctor and frccluencydcptmdcnt restoring force

responsible for Lhc collective “zero sound” mndcs which app(’arns

stmrp peaks in the density fluctuation excitation spectrum of both

liquid % :lIICI
‘1
}Icin fhc very low Compernture limit. In both

systcrn.wtlI(!rt! csists as WC1l an ntlditionalmmlc of excitation, the

multilxlrticluor multipilirhrnnch, wl)ichis in gcucrul

cOmp:lr:i[ Ivtily fe:tturclcsswith an nvcr[lgeenergy which is Iurgc

cumpilrvd[U ttw zero sound modes. ‘hC Coll])]jllg kf.WCCn thCSt?

mu(ks of cst.lt:lliut~l)lnysu si~r)lfic[lntrole ns well in

‘1
lI(I[(IIVIIIIIIIIK [11{1 1)1111111111-IIu IsoII-I’oto Ii spvctrurnof 11(’:lndLtlc
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3
phonon-mxon spectrum of }Ic:in poluriza”ion poLer,tia!theory it

is described by considering the distinct components in the

“screcncd response” of the system to an external field plus the

polarization potentials.

My talk is divided into two prts. In the first, minly

didactic part. I discuss at some length the polarization

potentials for the various helium liquids. In the second, I give

a brief overview of the application of the theory to specific

experimental situations, chose])to illustrate how it provides a

quantitative account of the density fluctuation excitation spectra

4and transport properties of superfluid He, normal %Ie,

3
spin-polarized Ilc,and dilute mixtures of 3He in 4He. In so

doing, I shall describe a number of quite recent results, and

discuss Ll:cC1OSC connection between this npproach and variational

maculations of the phonon-muxon-roton spectrum of liquid 4He.

2, Effcctivu Ir)tcraction’;:Pscuclopotentialsand Backflow

There arc two kcy physical effects which must k described in

order to obtajl)Q quantitutivc ncrount of the wuvcvcctor and

frcquct~cydepcldulltrcstorilugforces responsible for cnllcction

Ix’ll:lviol” Ill (1)(! tll!li”l liquids.

u Sll(ll”l-l’ilI)gC corrclnt ions nssuciutvd with strong ]xtrticlc

illll’I’:tc (loll, zc!ro-poftIl mot!ol),” {IIKI, for I:crmi systems,

tll(’ I’:lll!t prill(’fplr
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0 Backf10W

111 polarization potential theory, the shnrt-range correlations are

incorporated into the theory by means of a frequency-independent

configuration space

a static wavevector

the long wavelength

compressibility and

pseudopotential whose Fourier transform yields

dependent restoring force whose strength, in

limit, is determined b;’the system

(for Fermi systems), the quasiparticle

effective mass. Backflow is described as a frequency (and

wavevector) dependent restoring force whose strength in the long

wavelength limit is determined by the qunsiparticle effective

mass. Let us consider these effects separately.

A Pscudopotcntial Description of Effective Interactions

As a particle moves in the liquid it induces density

fluc[u:ltiunswhictiact back on it, as WC1l as on the other

particles, These fluctuations, wh~)semean wave-vector and

frcqucllcydclmrldenccis clcscribedby <p(q@)>, give rise to

polarization fields which both screen externnl longitudinal fields

and act [o prtwick n restoring force for collective behavior. In

po]uriz:itiol)]x)tcrl(ialtheory, as in the RVA nnd landau Fermi

liquid ltlu(ll’y,tl~isrestoring furcc is ckrivcd from u scnlnt

pol;lriz;l(iullI’ic!ld,
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$Jw) = f; <p(qG))>; [1]

+
wl~ichcouples to tl~cdensity fluctuations. pq. by a coupling,

P:wpol(w).In the RPA, fs ~ V
q q’

the Fourier-tr:msform of the

bare particle interaction; in bndau theory. f: is taken to be

momentum-indcpendent, and corresponds to the t?= o component of

landau’s phencrncnologicalinteraction between quasiparticles on

the Fermi surface. In polarization potential theory, f; is a

phcnomenological frequency-indepencknt,but momentum-dependent,

restoring force, which is calculated by considering the physical

behavior of its Fourier transform, a non-local configuration space

pseudopotential, fs(r),

q = Jti3rfs(r)cifl”~.fs [2]

At low temperatures. f:, the spatial average of f~(r), is known

4
from measurcmclirsof the filst sound velocity (for He) or zero

soulidvelocity (for 3}IC). fs(r) describes an effective

intcrncliotlbetween particles in the li(luid:huw is it related to

(11(!1~:11’t’IICil(OM-iltL)M pCJtCllt{:ll?

“IIM*lml,jorld~ysicaleffucts which tlistinguis]lliquid helium

from JxistIullsllvliurnnrc nl most three-foltl:
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o Short-range correlations which enable the helium atoms

to avoid, insofar as possible, sampling their mutual

very strong short range (< 2.7A-1) repulsive interaction

o Zero point motion

o Quantum statistical correlations (eg., the Pauli

principle for 3He atoms)

Since all three physical effects are predominantly short-range, it

follows that at long distances, where liquid correlations are not

important, fs(r) should be identical to the bare atom-atom

potential. Aldrich and Pines (3) describe the short range

behavior of the pseudopotential fs(r) with the aid of a simple

physical argument, illustrated in Fig. 1, namely that the

positional correlations brought about by the strong short-range

repulsion between the atoms prevent the atoms from sampling the

full consequences of that interaction. Hence, the almost

hard-core repulsion of range %.68A-1, found in the bare

intcr?rtion must go over to a soft-core repulsion, of range r=,

8
which they characterize by an r potential of strength a,

fs(r)
s

= a (l-r/rc) r<r
c

[3]
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Because fs is known, for a given choice of rc. a is uniquely
o

determined.

For liquid 411e,fs(r) describes the effective interaction

between 4He quasiparticles; AP took rc to be the range of the bare

atom-atom repulsive interaction. For liquid 3He. fs(r) is the

spin-symmetric average of the effective interaction between

parallel and anti-parallel spin quasiparticles,

f;(r) =
[ 1ftt(r) + flJ(r) /2 [4]

To Lhc Cxlent that the effects of zero point motion and the Pauli

principle are small compared to those of the short-range, “hard”

core,
3

correlations in determining the He pseudopotentials, at a

given density the shape and range of f~l(r) f~~(r), and fs(r)

should be quite similar, and one would expect a close relationship

between these. and the pseudopotential, u(r), which describes the

3effective interaction between }leand 4He quasiwnrticles in dilute

mixtures of 311ein ‘lie. The differences in the pscudopotentials

can bc characterized by changes in

of zero point motion and the PutIli

For example, the influcncc of

r and will arise as a result
c’

principle.

the zero point motion is seen

clearly if, at the SVI.Idensity of 4He (n = 0.0218 A-3), one

.s
compares nl = 27.3K with ]](]= 35.lK. Replacing a single

o c1 4He

a[urnI]y:1311~:t(omgiVCS I.iSC LO ~ spiltinllyavcriigcd31IC-41[c



Page 10

particle interaction which is ‘3CX%larger Lhan that between two

4IIeatoms. Hsu and Pines (4), hereafter HP, conclude that the

major reason for this increase is an increase in the core radius,

the effective range of the repulsive interaction, which both

increases slightly the contribution made by the repulsive par’tof

the pseudopotential to its spatial average and reduces

substantially the contribution coming from the attractive part.

As my bc seen in Table 1, with riochange in the core height of

the pseudopotential. a 2.6% increase in r= leads to a 30% increase

s
in f The corresponding values of the spatial averages, core

o“

radius, and core height, for the direct part of the effective

interactions between 3He quasiparticles in liquid 4He are likewise

given in Table 1. There one sees that for dilute solutions of 3He

in 411c,the l’auliprinciple acts to increase V.‘t by both

11 11 Ttincreasing r over r 11
c and by reducing a compared to a . Ac’

11 ~itl,fs u
comparisol~of V. and V“

0’ o’
shows that zero point

o

motiol~plays a much more significant role than the Pauli principle

in dctcrminil~gthe spatial averages of these pseudopotentials; the

cnhanccmcnt duc to zero point motion is some 57%; that due to the

Pauli principle is ‘“5%.

3
‘1’hccorresponding parctmetcrsfor pure l{edetermined by

13cclc1

‘rub1c’

d(!llsi

, Ikss, IIsu, ana Pines

1, Note that for pure

Y. (11(!spatial LIVC1’il~’C’

(in preparation) are also given in

3 4Ilccompared with IIcat the s:lme

?1
of f is some ‘~0% larger than f:,

o



Page 11

klii]ethe ParJlipr~nciple acts to reduce f~$ by some 3%. Bedell

4
et al. find that origoing from He CO 3He the greater zero point

motion of ihe ‘He atoms not on]:;!eads to an enhanced core radius.

but also Implies that the correlation-induced screening of the

short-rarigcrepulsion interaction is somewhat less effective.

‘ir’ccal~ is lficrcised!O 5; 7K. The comblncd effects of the

Pauli pr’nciple and zero po]ritmotion lead to a slightly larger

value wf r=. and a very sliF},tlyreduced val’Jeof att. compared to

3
the corresporit!lrigvalues fop anti-parallel spin He

quasiparticles. The hierarchy oi physical effects on the \urious

restoring forces i-.thus clearly established: short range

potcnrial-ifiduccclcorrelation.s,wklichare slmilnr for the various

atom-acornIntcractlons. domir,ate.followed by the influence of

zcru ptJifitmotlufi.Witlii%uli principle rffccts coming in a

cllstal,ttl,lrd

lhc morncrilumdcpcr,clc],t pseudo potcntlnls for the six

wc ltivcconsidered are shomm in Fig. 2.

-1
f@lcn~-c~occur titwavcvcctors ( 1A . The

lotlgwuvclcngth is qui~c a gcncrul

IL =1%(1vi%:+ .)
[1 [J
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then

[h]

In the r2 moment of fs(r), the short range repulsive part of the

pscudopotcnt.ialwins out over the long rmge attractive part, but

in the r4 moment the S~tU~t~Jn is reversed. The physical

consequence of this behavior is pnomalous dispe~sion, a question

to which I shall return shortly.

l’illillly,the density dcpentlcnceof the various

pseudopotcrltialtiis stra~~’.tltforwurdto obtain. For 4Hc thcrd nre

Im free paramclcrs; r~ is t’fxcu,m-d only the core height vnrics

wi:h drnsityo since f: increases with density, the corresponding

illcrcuscir)the core height mctms thmt as the density increases

the snort rmgc corrclcttions in liquid 4Hc ar.’somewhat less

t!ffcctive11)rcducfl]gthe SLrCIlgLh of the repulsive pnrt of thu

Il)(cr:l(’[iull.I:or IILIII(I 311c, where both the incrcnscd zero point
..

nlo’tull of III(I “11P [I[omt+ IIIICI tlw I)UUI1 principle it)fluc!lcc both r
c

:111{1 II , III(’ (tl I: ItIp.u (Jf tlic$~c ]xlrllm(!(t!rs with dcn%i ty invo]vc~ some

d(!~,l’t’(s of I’. I 1)1 1 I’111’till’%%; k(h!l 1 [!t [11 , Ct]oosc ttic dCtlSi ty

11
Vlll”f:ll 1o11 (JI’ IIK’ rc!s])(w![iv(! 11’s, IInd of /)(=r - r:’), 10 Lm such

(!
:i

111:11 111~1 l)s,tIII(llJl)IJttsIII IIIIs K() ov[Br, [It NVII for pure llt?,10 t,ho?m
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previously found by Aldrich and Pines to provide the best fit to

neulror) scatLcring experiment.s, while at pressures greater than 21

atm,
4

the results scale with those found for pure He at similar

densities. The resulting

tlKIL[I)einfluence of the

that it bccomcs weaker as

13uckflow

In ndditlon to

moves in the liquid

back 011it,

COIICHfirst

in l’; for

currcllt,or

Lhc ltKISS t)f

thereby

parameters are given In Table 2. Note

Pauli principle is greatest at svp, and

the system density increases.

inducing density fluctuations, as n particle

it induces current fluctuations, which act

changing its effective mass, As Fcynman and

cmpllauizcd,these backflow effects are quite Importnnt

a hard sphere moving in a classical liquid the jnduccd 1t

bnckflow, takes n dlpolur form, and acts to InCrer.tse

for liquid ‘He,

sp}mrc hy 50%. In polurizntion potential theory

tl)cildutx!dcurrent fluctuations, <J(q~J)>,aro
.

d(!sc!rll)c’dby U V(!cttlrflL!l(l,

,,,pol((l’~’)A = f; (J(qm)>
.
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*
= m+ Nfv.‘~ q

Moreover, SiIICC backflow

[7]

is a purely longitudinal phenomenon,

particle conservation links the induced current mid density

fluctuation according to

<q “ .]((]W)}= (II </J(Cl(Il)} . [s]

I’herosultll~gclfcct

(1), by u wavcvcctor

of backflow is to rcplacc @Pol(qu), in Eq.

nnd frequency dependent qunntity,

(qw) =
[
f; + (h;~lq~)f:

1
<p(qW)> ,

+’poI
[9]

ltlcl’auli

])l’1lll’ 11)1(!

(!!, !,(’111 i:ll

[ ilf’ C’)i[(!ll

v
WI!would C!)ip(wlIIW l,x~ckflowCocfficicrlts’,r to h

q’
3

y (tm wimc illliquid Ilcund 411cut 11)(!snmt’densiIy; Io

(tl:llItlc%llOrt-1’ilrlJ~Ocorrcintinns urc lnninly
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Irw= m+ Nf”Em
[
1+F:3

o 1
[10]

where F; is the dimensionless spin-symrnctic4 = 1 component of

landau’s interaction bctwccn qunsiparricle on the Fermi surface,

the nxlssclefincdin Eq, [7] is the momentum-dependent avcrnge

qll(.lsi]xlir Cffcc[ivc mass, which chaructcrizcs the single

quasill(}lc-quasilmrticlc response to nn external field, and n~rtybe

Pur:lmt!trizcdby using the Lindhard function for single pnir

I’espollsc.wllh the burc nmss m replaced by m;. Only in the limit

oi q = O

1:0r

Itlllcti(nl

would be

dots it cquul the qunsiparticlc rnnss.

3ilc,specific hcnt cxpcrimcnts tell us what Nf~ 18 as n

of density; AP assumed thut at the snmc density, Nf~

[hr s:tmc for 411(:: they dctcrmincd the q clcpcndcnccof m:

of ll~cbtckf]ow terms ill

A,,ol((lb))hy tl)t?

[11]
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in which case wc could write:

*
m

q T
= m + Ntht,(q) + N h ‘1 Tuq)

[12]

with u slm~lar expression for mU . For an unpolarized system’,one
ql

then IKIS N = NJ = N/2, and fv = (htl+ ht4)/2; on the other hand,
1 q

for n fully spin polarized systcm, onc has Nt = N, and

[1*]

[13b]
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Pauli principle as WC1l, and is much smaller because the Pauli

principle causes partic-]csof parallel spin to spend more time in

tlieattractive region

inter-aclion. Intkcd,

of the effective particle - particle

the weak density dcpendcncc of the lcittcr

suggcsLs ttnt under pressure L}]eparticles of parullel spin o

cxpcriel~ccbackflow cffcc[s which are ncurly the same us those

applicable at svp; in other words, the Pauli principle prevents

particles of parallel spin from sampling the rapid

backflow potential brought on by the comparutivcl,y

screening.

rise in

ineffective

The influence of the Pauli principle on bnckflow Is even inure

strikit~gin splrl-polurizcd‘~llc. For the fully polarized systcm at

SVl),b(JtlI mjcroscc)])ic calcul:llions und sum rule nrgumcnLs yicltlttn
~w

tlp-%pi]lcffcctivc mass. m
1
S 0.84m; thus, tita fixed density the

txickflow I)[JLClltiLll, t)lf(q)l ~ccrc:lscq with incrcas~ng splr]

poIdr

11(’\{ilt

lJ1’illC

illl(’1’il(’[ ion.
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linear response of the systcm to an external field, w~xL(q,(J).

+
coupled to its drmsity fluctuations, p . If wc consider instead

q

tllclirlcarresponse of the system to the sum of wext and the

polarization poterltial,Wpol(qlu), specified by Eq. [9], WC obtnin

[143

where Ksc(qw) is the systcm response to nn external potential plus

wpol(qt@. lhc poles of Nc(q61)yield the clispcrslonrelation for

the dcnhity fluctuation excitation modes; one has therefore

cctivc mode excitntlon energy.

[14], provitlcsu formul busfs

[ IY>l

for a un~ficcl

nnd norm I 311c.

(lCpt!lld(!l)l

t?f’ft!cts of
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quasipair response: thus fcr

‘h: X#-w) = &wJ) = Nq2/m*

u2- (q2/2m~)2

[16]

[17]

wlmre tlw miprcssion, [lG], represents the excitation of single

quasiparticles from the condenscttc,and ~~(qw) is the Li,ldhard

response function for quasipairs of nulssmm. To the extent that
q

the collective modes in 3Hc possess a frequency lnrge compwed to

fhc si!iglcpair cncrgics uppcnring in tt;(q,ti),this expression is

WC1l upproximalcclby its high frequency limit, Nq2/m~ U2 nnd the

3
(ltlfcrt!IIccs fII LIIC collective mode cnorgics for Hc and 4Hc nrc

dctcrmilwd by rtwir muss difference, nnd by the inlluencc of 7.cro

I)() i Ilt mot ion 011 f s ,
q

‘I”IIc (!xprcssinns [lG] nl)d[17] nro, in fnct, cxnct.only in the

Ioflgw;lvolt!llgtl)1imit (wllcrc,for exmmplc, [15] nnci[17] yiclclthf!

U%ll:ll IJIIIII:III I’(!;U1O; Llt fii~itcwnvevcct.or~omultipnrticln
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4. The Two-Branch Spectrum, and Mode--Modecoupling

Quite generally, for bath Bose and Fermi systems, one has two

modes of excitation out of the ground state, and hence two

branches to the excitation spectrum. For Bose systems, the

multipa?ticle branch corresponds to stntcs characterized by the

excitation of two or more quasiparticles from the conaensatc, [5]0

while for Fermi systems it corresponds to state~ in which two or

more quasipairs are excited from the filled Fermi sca ground state

[6]. The branches co.neasily be distinguished in the long

wavelength limit, since in this limit the frequency of the single

quasiparticle or quttsip.nirbranch vanishes, while the frequency of

the multiparticle or multipair brmnch is finite. ln polarization

potential theory, wc describe the presence of the two blanches by

Ictting NHc(q(iI) ctmt(tin contributions from both; thus wc write

Nsc(qw) = a J+;(W) + (1 -aq) N#WJ) [18]

●

[19]
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while to the extent that the characteristic frequencies which

enter into

collective

Hm(qw). ~m(q). are large compared to those of the

modes we seek to calculate, wc can write:

Nm(q,u) SNm(q,O) = - Nq2/m*

I-1

[20]

<m;(q)>

For 4Hc, one can obtain <~l~(q)>directly from neutron scattering

experiments, while for 3He, one can estimtte it from Rannn

scattering experiments. To the extent one knows <u~{q)> then, the ‘

influence of the second. multiparticle or multipair, branch on the ,

collcclivc mode energies is contained in the phcnomenological

Parameter, u . Since in all cases ~m(q) > w the effect of
q q’

mdc-mxxlc coupling will be to dcprass the collective mode energy,

h),
q

~, TIIC Phonon-MaxoIl-Noton Spectrum of 4Hc

‘1’llefirst mjor succcss of polarization potential theory cmmc

it) its qu:ulti[:ltivcaccount of the phonon-maxon-roton spt!cLrum of

4
11(!, Al’ slIuwcdtllutif the momentum dcpcndcncc of fv was fixed by

q

r(!quiritlj~t})utNfv - lmSm in the vicinity of the roton minimum,
q

Ulld Ct :IIKI Nm( q,()) we’re CIIUSL* II to provide u fit to the cxcitution
q
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pressures up to 25 atom. (Recall that f’ is fixed by the pressure
q

dependence of the first sound velocity.) A striking verification

of the correctness of t+eir pseudopotential was provided by

measurements of anomalous dispersion as a function of pressure.

At long wavelengths, the phonon dispersion relation takes the

form:

Lim u = Sq (1 + u2q2 ~
3+ u q + ... )

q+ q

where

1

[

*
-1

“2=Z 1
~ + (4mm~s2) ,

‘; - a2m

[21]

[22]

[ 1a2 is given by Eq. [19] and ti3= (m2/24f~) Lim fs(r)r6 . one
q*

S(WS in Eq. [22] that the positive values of f;, characteristic of

Lhc Al’pscudopolcn[ial, bring about anomalous dispersion (a

positive value of U2) while mode-mode coupling, here represented

by a2 ~>0), acLs to Oppose it. As the density increases ,tboveits

Svp Value, f; must dccrcusc

Lliercp~llsiv(!part of fs(r)

s(p)], wllilcthe uttracti~c

in n directly calculable way, since

incrcascs [in n fashion fixed by

part is unchungcd; hence, slncc Al’

fillcl(1,,(/)) ~‘=m (svp), mN)IrKlltnIs dispersion dccrc:~ses

ill(’1’t!il%illg ])1’(?SSUI’C, C:ll(:uln(iut)of LlleWiivevcclot’,

:lll(lllkll[)l l!+ (Ii!i]l(’rsioll t!l Kls, l’(’(l\l Il’CS 01)l% il lilloWl(!(l~(!

With

qc, UL WIIICI:

of f: :111(1 (r :
q
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AP found excellent agreement with the direct determination of this

quan~ity (as a function of pressure) by Dynes and Narayanamurthi

(7).

In recent work, Coffey and I (manuscript in preparation) have

examined anew the polarization potential calculation of the ‘

phonon-maxon-roton spectrum. Our reexamination was prompted by

two recent developments: Stirling’s extraordinarily accurate

measurements of the excitation spectrum in the vicinity of the

roton minimum (8), and improved microscopic calculations of the

excitation spectrum by Manousakis and Pandharipande (9). BY

m!ing use of the experimentally determined values of <u:(q)> in

Eq. [20:. we reduced the number of free phenomonological

Parameters to one, the multipartjcle vertex correction, a .
q

(Recall that f: is set by the physical arguments presented above,

f: by ltm effcctivc mass in 3He at the same density, and f; by its

fall-off in the vl,cinityof the roton min~mum. ) As shown in Fig.

4, wc were able to obtain an excellent account (-O.l% accuracy) of

Srirlillg’scxpcrimcntal results for the roton excitation spectrum,

thereby confirming the AP description of a roton as a 4HC

quasip.lrliclc,of effective mass -2.8mo, moving in a weakly

momentum-dcpcndcnt ttttractivcself-consistent field, Nfs, of
~

particles.

dynamic (:c)tls[*cItJ[:rlc:csof

W) by Hm(cl,o)in Eq.
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[20]: Lhis approximation should work very well for rotons, and for

long wavelength phonons (q < 0.5 A-l), but for shorter wavelength

phonons and mxons, whose energies lie closer to the multiparticle

spectrum, it might be expected to be less accurate. A comparison

of our results with experiment. given in Fig. 5, shows that this

is the case. Also shown in that Fig~!reis the variational

calculation of Manousakis and Pandharipande

physical effects (short-range correlations,

mode-mode coupling) are taken into account.

in which the same

back-flow, and static

For wavevectors up to

‘1.3 A-l, the two theories give nearly identical results; it may

therefore be plausibly argued that the Manousakis/Pandharipande

calculations provide a microscopic justification for the

polarization potential approach. It is likely that the reason we

do considerably better than Manousakis and Pandhariponde is that

our cal~:ulationsincorporate a significant reduction in the

strcng,thof the backflow potential for 1.5 A‘1<q <2.4A-l.
-.U

Finally, as shown in Fi~. 6, we see that this modified

version of AP theory gives an excellent quanli!ative account at

all pressures of the anonmlous phonon dispersion measured in

ncutrotlS(’iltlC?l’ill~ cxpcrirnents,and of the shift with pressure of

~])(! L)v(?l’1111 %lJCCtrUi_II, and uf the rotor) energy and momentum. As

tlnvc!no[C(1(~al”1icr, sillcc(r is ussumd 10 bc independent of
q

density, .tI)(’r(” :Ir(’ no frc’r Ixlr:mwrcrsin !Iw finite prc:,s~lr~-

I



cnlc~l’a~lorls:Lhjcagrccm,cri[wiL}lcxpcrirficrlt~F1usserves to

‘.-tiliclateLi,c[hcory.

(3. l?uLor,-RoLcir,Ir,LcractiofisirI‘Ile: IIou],dSLates aridTrafisport

Prupcrtics

Furtliercor,ilrmatiofiof t},cAldrich-Pines description of a

4
l-otona% a llequasipartlcle of mass ‘2.6mo came from the work of

13cdc11.Pirlcs.and ibxlowski. (10) (hcrcaftcr BPZ) who nrgucd

that C}ICrotofi-rotoninteraction could tlicrcforcbc described In a

4
~r,;icrsimilar to tint used for the background IIcquasiparticlcs:

t~fitis. by a cofillguratiorispuce p5CUdOpOLCnLlal. f(r). which at

lurig cilbtul,ccs(~ r=) is ldcnLlcal to C},Cinteraction bclwccn bare

‘1
Ilcatoms. bccotncs rcpulslvc ut rc, nnd displnys LLs~ft-core

rcpulsicm for r < r ~ll~chcould be parametrized by an expression
c

of lIIC form. Eq. [3]. At SVp. chcy chose a nnd rc so as to ylcld

tli~ cxperimcritallydeLcrmlricd binding energy of the C = 2 bound

(wo-ro~on •tu~c (11) ilf,.1 [I,croton Iiqulu puramctcr f. (unalogou~

LLJ IIIC I (-ln,l llcIuIcI Iur:lmclcl-.}:). winch provldcs LJ

]IIicIi(Jn,,IiI,I..El(aldrsct-lp[lurlof I1,Cshllt of tlicroton chcrgy. A.

\11],[[ Ilil JIIil[Idl(s At prrs%ulc+ ~ !J txll, Lt,ry rtI(I%c ttlc%c

lxll~nl(-lcr~ l~j SIICII d way q% [(J ylcld liiccxlx~rlm(.llt:llvn]uc of IIlc
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variation unclcrpressure rcscmhlcs that

pscudopotcntials.

found for the 3Hc

LW used their pscudopotcntial to calculntc the roton-roton

scattering amplitude whiclIdctcrmincs the existence of bound

states cm.1the trunsport properties of 411cut T > lK. BccaLic of
.

the substantial structure in the Fourier transform of their

pscudopotcntial (cf Fig. 8), they found that while substnntinl

binding could exist in purtiul wave channels with 4 ~ 4, for P z 5

bur, no 1!= 2 bound Stntc WOUld exist. This prctlictionof their

theory has been verified in tho experiments of Ohbaynshi and his

culluburutors, which have been reported on at this mr~ting. (12)

Furlhcr cunfirtmtion of I.liccorrectness of their pscudopotcntial

cumc from t.hcgood u~rxx!mtmtthey found bctwccn theory uncl

cxpcrimcrltfor t.hcrotor]Iifctimc ns n function of tcmpcrnturc,

[ml for (lierutt,rl~llc~uidpurnmctcr, f~, (nrwlogtmhIto the Innduu

1’;, whjch tlclcrmlncsthe rottm liquid corrections to the nnrmnl

fluid Ch!ll%ity).
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well-defined zero sml,d mode for q > 1.4 A–i. AP concluded that

[tie value of [}i” repulslve core radius

‘3.1 A. this lcd rhem to the spectrum.

damped by single quasipair cxcitntions

for 311eat svp, r=. was

shown in Fig. 10. wh~ch was

forq > 1.4A-1. The

~ub>cqucnL clegLLrJtIicutroIl scattering cxpcrirncnts.cnrried out by

SkolLI:,nd},iscullabulntors ar Argonne (14). gnvc a phonon-nu.xon

spectrum IIIclnsc agrccmcrltwitlItlic A!’ prediction. in t}iat not

-1m,ly did 5kold c1 al fIIIdLIQL ror q < 0.6 A . the zuro sound

porllon 01 the spccLrum cxhibltcd Lhc substantial rtnomnlous

dispersion calculaccLIby AP. but that for 0.8 A-l < q < 1,4 A-l
-.

LtIU %pccLrum WIIS qultc flnt. WiLh a IImXoncnr!rgy‘13K, CIL)W to

ttlcValllc ‘1X prudlc~cd by Al’.

1[ %1.ouldk cmphusl~cd LII.1[ Lhe cntlrc cxcitutlon spectrum

CIIWIIVI-IC(I by Skuld V( U1 15 111 u non-bildnu rcElmf2. in thnt the

W.lVL!\’C( !(JI-% UlldC1- blUd~ Ur(! > p
1

UIld ltJC CllCrgiC5 Ufidcl
-s

llwx**iic.JIllu II nrc lur~r compurtxl LO E}. As I filsL ShO~Cd 111l:~JS

(1>). W*ll-CICI-II1(XI dcl,%lfv flue-tuntlon oxcl Lulion9 111 n rlrlll--lundllll

regime ill-r .!lI*L W]IJL 1111~ w(JU1d L?Ypcct from 11 h!r(Jn141)/ cnuplrd

IJC91111-111(111..illlmlliqlJid m,lcll Ilw
3

IIP. for Itlr s:lmi* rc:iwll IIuI( tho

“1
/t.l-(J %lIII~,d Jll{,(!{’% lIJ IIquld tk’ t-Xl%l lllMJVi’ [tI(’ A-IY(III II ; 111 IXJIIJ

.1 -1
III- 111111 1!1. IIi(. KIlu-l,p.lh [Ii !I1l- +1.11 {llllKi+l(.111 riOld IMIJ[lll%l])lf.

1911 11.1 {11111-[ lib-l. 11111[1[. 15 +1. [’1( Irlll lb- 1.11 }:[. 111.11 IJIIKI.111 Alm])lfw.

(1111‘11,-)111,1111,1,11111.11Ill It. [111111]1111}: (1[11
“1

Ill. ) IIlllv [1(-(tll Ill

1 [11, %1[1[ I .ll Jl\- I. If-\- III-II V.llll[. + [11 W. Jvt. v[.l 1 [11 % [11111 11-m]lt-l.11111 1-%
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Because these collective modes possess energies large compared to

tk,ccharacteristic single particle or pair energies, they resemble

closely the plasmons of charged pnrticlc systems, in that the

energy of the collective mode depends only weakly on temperature

(Skold and Pelizzari (14) found almost no change in thcdcnsity

fluctuation spcclrum of
3
Ilcon going from 40 MK, n “’good”

Lnndou-regime tcmpcrnturc, to 1200 mK, n thoroughly “non-hndtiu

regime”’tcmpcruturt!)nnd (JI1 wllt!thcrthe systcm is in a normil or

superfluid state,

L(!Lme now turn hricfly to the chunges onu would anticipate

in the dctlsityflucluutit)nexcitation spectrum with pressures: the

(!xl~crimf:iltolsit.untionwill IICsummrfzcd by Reinhard Schcrm (16)

in u l[tlcrtnlk ut this col~fcrcncc, Three nspcctn nrc immcdlutcly
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depend only on an interplay bctwccn the changes In the non-local

s
restoring force, f and the multipair spectrum, with pressure.

11’

If, for exnmplc, neither the effective range of the repulsive

part of fs(r) nor the multipair spectrum change with increasing

pressure, one would hnvc n situation directly analogous to that we

have considered earlier

dccreasc. On the other

pressure, as the fit to

for 4Hc: anomalous dispersion would

hnnd, if both r
11

and r ‘1
c

decrease with
c

transport properties obtained by Bedell et

al Suggests they will, while tt~cmultipair spectrum remains

unuffcctccl by pressure, then calculations with Hess curried out

subsequent to thfs mcctfng show that initially one will get an

il)crt!ascilltl~cmignitudc mKl extent of unomalous dispersion with

pl’[!ssurc,siIK:cthe reductions in rc, which enhnnco the

(:untril)utionn-de by LIK!attructtvc purt of the potcntiul to the

v~lriousmom(!lltsof f~(r), outwt!lgh,in the r4 moment, the

t?nl~:lllrrmclltin lhu rcpu]sivc contribution comitlgfrom the increusc

illItlucore IIt?igtlt,u, l:IIInlly,if, ns the prcliminury nnnlysls

(1(i)of II)rircxl]erirnc!ntsby Schvrm et nl snows, the dumping of
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zero soun(!mode into two lower energy modes). Under these

circllmstances,the kcy physical quantities (the density dependence

of anomnlous dispersion, the onset of the maxon regime, the

magnitude of the won energy, nnd moxon damping) will depend on

the details of the interplay bccween the changes in f; and the

mulli~l.r spectrum. That the strength of the low energy pnrt of

the multipair spectrum should increase with pressure is, in fact,

not too surprising, since one might expect that this portion of

the multipair spectrum would bc sensitive to chnngcs in the

quasiparticlc Fermi energy, with n dccreasc In the Fermi energy

implying u corresponding incrcnsc in the low energy multipnir

Ii. Dllutc Solutions of 311cin Supcrfluicl‘*IIc

TIKSdrIIsllyfluctuatiotlcxcitr.ttiontipcctrurnof 3HC - 4HC

mixturv~ provide% itlfl)rrml[ioll

oi’tlm “11[!ntornsmtjdifi[!kthe

lxlch~roulld“11(!liquid, [IIKI011

%(’1 ’01)(1,-%01111(1” (’N]JI*I’

AIIII’j(LtI,11%11,

(’1)111111(’\ w:lv(”\’(’(’ 1(11”

111(’11[ s .

(111(1 I’ill(’% ( 1’(’) Il:lvf’MIN) WI) IIlllt ttlr 1’11[11(!1’
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pllonon-won-roton spectrum found experimentally by Hilton,

Schcrm, and Stiriing (1S) Gt T < 0.75K, and shown in Fig. 11, find
w

a quantitative explanation as the superposition of two distinct

physical

i,

ii.

Cffccts:

The introduction of 3tlcatoms into liquid 4He rcduccs

lhc systcm density, and so chungcs the liqlJid411e

4
restoring forces responsible for the He ~ollectivc mode

spectrum. This effect is the lurgest numcricmlly.

A direct interaction (mode-mode coupling) between the

3phonon-maxon-roton brnnch and the Hc density

fluctuation cxcitntion branch of the overall spectrum.

I“he resulting shift is sensitive to the

col)cel~tl”llti ot)-dc])ct)(lct~t moclc-mode coupling constunt nnd

to the toml>clml~l.urc-dcl>cl~clcntresponse function for the

3
Ilcquusiplrliclc;

3
it thus depends on llcconcentration,

011tcmpcruturc,und WI tho cxnct form assumed for the

3
1[(!(Illllsil]:ll.ti(:lt!~pcctrum,

‘1’111! cl(’ll!) ity-cl]:lll~c
4

shift providr~ u test of the Altl:lich-PinesIlc

ttie

1011 IIlld

!ll N, [11)(1
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ald momentum dcpcnclcnccof both the Aldrich-Fines 41{C

3
l]st:tlt!ol~otcrltialsand tl]cllsu-Pines IIc-411cpscudopotentials, as

3
well ns for ihc liequasiparLiclc spectrum derived by Greywall

(1!3)frtjmspecific llcatand second soullclcxpcrimcnts, since only

with the luttcr dots onc obtuin good ngrccmcnt with the neutron

scuttcring cxpcrimcnts.

4
Aldrich ct U1 (17) nlso show thnt for tlcexcitations !n the

vicinity of tileroton mum(?l~turn,nnd t[!mpcraturcs>
-

Sc:lltcrillgof rotons tlguillstlllcrn~lllycxcitcd 31lc

pror.luccsu signifitxmt shift in energy; the effect

to ttlc311ccollccl)trntion,whllc its Vnriution with

lK, the

qunsfparticles

is proportional

tempcruturc is

!), ‘1’l”illl%lll)l”l 1’1’01)(’1’(

“1’11[’ (0111” nlt’:lhlll”lll)
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ampliudcs (QSA’S). Following the pioneering QSA calculcitionof Dy

ald Petllick(20), the s-p approximation. QSA’S hnve been

dctcrmincd duril]gthe past dccndc in n number of different ways:

i, using potcntinl-scnttcring models, involving two

phenomcnologicol local potentials, chosen to yield both

landau parumcters and the best fits to transport

propcrti,cs(21) (pa.wnagnon models (22) represnnt a

spcciul class of such modc]s).

ii. by using a llctlw-Salpc(crcquntion to relate CISA’Sco

the AP polariz:ltionpotentials, which represent

cffcctivc quusipurticlc-qunsiholo interactions.

iii, by separating the qu{~sipnrticleintcrtictioninto two

pitx!r!s,one direct, onc induced, nnd then using n

l}llt’t~[]mt!tlul(~gic:~lnpprouch combined with either sum rule

[lrgumrhts or upproxinmtc microscopic cnlculutions to

sprcify the dtrccl illlcruction,wllilcobtuining tl}c

ltdurrd ill!~ril(’t!{)ll!i by symmetry urgllmcnts(23) (24),

I:c’rCUCII(Ifllws~![lpproiwh~titl~tstullculnlcdtrullsportpropcrtlcs

tlr[!11]tlllllc’wwd (( I(M) ugrfwmc!tlt w~th cxl)erffrf~l~l, I)ccltllng on
.,,

III!!l I’ I’($!,I)(I(’IIVC* m[~ril~ isi I)}crvfl)ro, [It IOIIHI, ~11 pirt, u nlttnr

of ![1s[(’,

‘1’111’ V1l’lllt” 1)1’ [t)!’ 111 Ir\l Upl)r(lll(!tl, whlc$l I lH n grl)orlillznt ion

1)1’ Itl[’ ill(lll(’{’(l’’ lll[(’I’ll(’[lt Jll mt)d(’11)1’ Ikll)ll III)(I I!rowl) (2:, ) !s tllltt.

011(’(” 111[’ 1111)(11 [Ml![”lll 1:11% [11’(’ fix{’tl11[IIKiv(’11(It’llhll.y(Wly W/p),



al,cis able LO get correctly the derisitydepenc!criceof both the

[crrrilll[luldparameters and the transport properties. The recent

calcula~lrJl,stJascdon tF,isapproach by Ainsworth and Bcdeil (23).

WICIby P(ltzrlcrarid kolfle (2-1).differ ir,derail. but are

C5SC11tlJilyslmllar. and prove equally succcssiul in rel~ting to

c~lx-1lrr,~-rll. h,Lti SC[S u~ C-JlCUl:ILIOrIS yield q-d~pcfidcfit

I)bliil l/.,(lt)li ])lJICli[l:llS. iwhl~]i F,owcvcr. dlifcr c~risidcrablyfrom
.

L}Ir ~tJ IC~U1[S. CUII%CqM-II[ll- 11 111c3u il,(llIccd-lllrcra-tiorl

poLcr,lia]% are USA LO calcula~e l]IC dcfisity fluctudLiol,

rxcltallori spectrum. tlic agrccrncrit wirh experlrrrcnt is not good.

‘rhrSCCUrltl:lpprOacli.first dcvclopcd by Bcc!clland Plncs

(21.).LJsr~ltlrprcvlous]y dvLcImincLI Ap polarization potcntiuls ns

1111)111IIIn ~[-t,~.l-ali~rdlk-[l,r-~lpctcrequation ~ur the QSA”S. A

51mlJlr .llK(J1 Iltlrn W:l+ ll,rIl (I~(X] LrJ ~uar:mt~e Lllc Cxc}angr symnc[ry

(1 I 111[’ rl->ultltl~:%(.11[[’l111~;UI]J1 llutk%. ‘l}-cscscatccrlll~

.mqjl 1 [~I[lf.+ w[.1~ IIIJ~ l,[~urvcr. sell-conslstcn~. illLtiat WIIC1l

~UII~I tIIItrd irllu II lk-[lm-.%~lprlrr rqmtion for the

(IU:l%l]).11 I 1( ](--(Ill.l% llI(J~(s %(..11 [CrlllK .lmpll[UfjC’%. tlic AIJ polurlzntlon

])(J[Ch[ ~1]% W[-l-(’ !10[ r(’(flV[’l-C’d -Itlisl Clt!rlc-lf?llry Wl% wbw?qucll[]y

lrrllrdl[-11 Ili 1’1 11/1,[.1- ;111(1 W(llflr (2a-) Mtlfl%r Itlllv S1-lf-(-[lllm iL.IcIll

O.t-% II-( I 1~1 :1 rrl{ltlt.xl KI,.IIIKII 111 tlIc- tr[ul+ll(lrl ~-[llrrlcicll l:,

]1, rll, ‘r [.l]r,,l.lll,,r,+. ]1]’ 1(,,,~ {,(= I
TT

I~. ,.TJ) ~[} t,{. ,, Ilr(.

1,.nl:.ma-1,-, ,1,11 +[. ]{[ 1 {-[1 1], ,1 \-.l Jllr. hl, [[], ~,lk[- ,1,[. ll[. +[ [I( [[, 1],[.

11 .11,..],,,, I {-.. ],r. r 111,[-1, [ . . kl,l II. t’. 1+ %11.111 (V- II YIIIU. 1111!11 () 11 [1[ \\ll
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to ‘“0.007 at P > 20 atm), it plays an important role in

determining f~, which in turn plays a significant role in

determining transport properties. Since neutron scattering

experiments are not at present capable of resolving 5 to this

degree of accuracy. it is only by combining transport calculations

with neutron scattering results that onc finally arrives at a

conplctc specification of both ft~(r) and f~l(r). For a further

discussion of

referred to n

prcpnration).

tl~escand rclntcd

forthcoming paper

matters, the interested reader is

(Bcdcll, ][CSS, Hsu, and Pines, in

Illcomlllding this discussion, let me emphasize that any

:3
(x)mtjlc({’ :IIKI ulIif’ic4 IIt(!ory uf Ilc should be nble to give Q

potcntiuls (i.e.

So fur it would

dots this best,
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10. Fully Spin-Polarized 3Hc

I{css,Pines, and Quader (in preparation) have studied

effective interactions, elementary excilatlons, and transport in

3-
Hc, spin-polarized

3
Hc in the fully polarized limit, and I should

like to comment briefly on their results. In constructing the

polarization potentlul, ~~l(r), in this limit, they nuke use of a

;tl
simple ansar.zfor its spatial average, namely that at a given

o’

density the upper limit to the physical effect of spin

polarization on f~t is given by the mingnitudeof Pauli principle

changes ollgoing from f~J to f~t for the unpolarized system. Thus

-“*f,l
- ftt ( ftt - ftl = 2fa

o 0 .-.,0 0 0
[23]
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*
spin polarization on m is assumed to be wavevector independent;

q

onc in which this effect is assumed to operate predominantly at

long wavelengths, so that by the Time one reaches, say,

q -1.8A-1,
‘M *

there would be little difference between m andm.
q q

In the first case the reductio,lof ~~ leads to a substantial ‘

qualitative change in the spectrum: the ansct of Landau damping

is much u:lllter, ancl no tmxon regime is found. In the second, the.

spectrum is qualitatively the same: the wavevector which

characterizes the onset of landau damping is only slightly

reduced,

HPQ construct the 3He Q8A’s from ~~ and ~~ following m
.

3
approuch similar to that which BP used for He, and use these to

calculate the thermal conductivity and viscosity. Their results

are qualitatively similar but quo,ntltrltlvelydlffercnt from these

calculur.edby Bcdcll and Quadcr (29) using the s-p approximation;

both transport coefficients urc some two orders of magnltudc

lurgor than the corresponding quantity for unpolarized 3He,

Transport in spin-polurizccl
3
Hc my thus be oxpccted t~ vary

rnpidly wilh spin pularizutinn; ilidced,Ilcssand Qundcr (30) find

for the p:lrtiullypolurizcd liquid that the viscosity initinlly

d~’~1’t!:l!i(!~W!lll !i])lli llOIUl”iZ~ltiOll,u dccrc~~scwhich ugrccs WC1l

witl)II)(*rc!(*rIlt,mc:lsurcmc~l~[sof Arc:hfo (31) heforc stnrting, ut

““;N)Xlx)l:il.iy,:llion. itdrilllklt 1 (: i 11{! 1”(![1s(! .
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11. Concluding Remarks

I hope that this review of the physical origin of

polarization potentials in the helium liquids has served to bring

Out their common physical oripin, and that the brief overview of

the application of the theory to experiment proviclcsevidence of

its succcss in making possible a unificcland quantitative theory

of excitation and transport in these systems. There was not time

in either the talk, or in this written account. to review all the

applications of the theory or consider in more detail its relation

to variational nd microscopic theories. Thus I have not described

the way in which it nukes possible a derivation of the momentum

3
dcpcndcncc of tllcover-all interaction between He quasiparticlcs

itidilute mixtures of 311ein 411e,nor compared theory with

cxpcrimcl~[for tlIctransport properties of these mixtures (4), or

CIISCUSSCCI quasipat-ticlcintcruclions in partially spin-polarized

31k!. To cite two furtlwr cxumples: the close relationship

between the results of polarization potent{nl theory and

vuriulioual calculations of the phonon-muxtm-roton spectrum of 41k!

i~ highly sllgJg!stIve,und Aservcs further cxplorutit-m,while the

..
‘“(;ulzwfl1(’1’”CMlclllut1[)11of [!l’f(!(!tivcilll(’l”ll(:(follsill““’Ill!Ly

,,
AIKIUI.S(JII, Volllulrcl[, :IIKI WtJlflt! (])rcprlIII ) 1ikcwi~c dcs[!rvc

fllrtll(!r SIudy,
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Table 1. Comparison of the spatinl average, core radius, and core

height of the pseudopotcntictlswhich describe effective

interactions between qunsiparticles in helium liquids at a density

of 0.0218 A-3 (svp for 4He) (from Hsu and Pines),

SYw2m Ilitermctfo~ spatial
Avci-n~e(K1

41[c 4HC-4HC f: = 27.3

4He
3
HC-4HC u = 35,1

41[c 311CT-3HC4
“;1

= 42,H

41h? 3Hc1-3Hct
“:t

= 45.0

31”IC 3He’-3Hc* f;i
= 46,5

31IL’ f;l311ct-31{ct “ = 45*2

Core Radius
{Al .

2.GS

2.751

2.821

2.993

2.773

2.780

Core Height
K]

49.3

49,3

49.3

39,8

55.7

54.2
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‘I’d>1c 2. A comparison. nt various densitlcs, of the Spatial

avcrugc, cure radius, and core height of the pseudo potentials

wl~ich~cscr~ba the effective interactions between qunsipnrticles

responsible for the rcstorin~ forces for zero sound and spin ‘

3
density fluctuation cxcltutions in He.

/1
c

14
n

JT

Svp 11.8

~ 22.4

10 31!0

1[J 3s.“[

21 4(;,[)

3’1,:3(; 5H,H

10.1

20.8

29, G

~,i ,~

15.2

57, G

3..0

2.936

2.878

2,826

2.773

2,705

3.03

2,953

2, fyJ(-J

2. S33

2,780

2,712

23.2

32,0

39.9

47.4

55.7

6S.8

20,9

30.1

38,2

45,9

54.2

67.2
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Table 3. Spin-dependent backflow potential parameters for

3
unpolarized He.

P (bar) q
F: ‘}’tT’m

Svp -0,5 5.3 1.2

27 -1.O 12.5 1.6

‘htJ’m
2.3

6.8
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Legends for Illustrations

Figure 1.

Figure 2.

Figure 3,

I“igurc’ “1,

f“l~urc ~),

IJiwur(! (i,

Schematic drawing of liquid helium pseuc.lopotentlals:

a) configuration spuce, , , . bare interaction,

pseudopotential; b) momentum space.

Momentum dependent pseudopotentials which dcscribc the

cffcctivc interaction bctwccn He atoms in very dilute

(x*) mfxtures of 3 Hc in %, compared with the

3
corresponding potentials for pure }Ic:~tt.hcS~C

tlcnsity[from Rcf, (4)],

Backflow polcntiuls in l~quld 411c as m function of

pt-cssurc [from Ref. (3)],

C[)m]xlrIsoi) of the calculutcd cxcitntion spectrum in

lhc vicinity of the roton minimum with expcrimcl~t

Complrisotlwith cxperlrncntof the polnrizution

pot(!l]tjululidVlll’iUliO~~~ [(~cf, ~), ShOWll by

ll”~UllglCM] IX!SU1lH fOr thC p~lOl)O1l-Won-rOt(Jll

(!xcltut ioII sl)t”clrum; in both theoretical cnlculut

dytlllmicmode-mode couplin~ corrections nra nc~lec

(ixnlxlriwmut five prcswres of tlw clllculntcd

[F)].

OIl!i ,

(xl .
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Figure ‘i’. TIIC pressure dcpcIKIcI)cc Of tlw p}]onon-maxon-ro ton

4
s])cct rum of 11(-!.

Figure s. The cot~figuration space pscudopotenticil which

dcscribcs roton-roton :ntcractions, calculated at two

pressures. UK] compared will)thut which dcscribcs the

4
intcruction between background tlc quasiplrticlcs,

Figure 9. Tl)c momentum-dcpcndcnt roton-roton pscudopotcntial nt

Lwo pressures.

Figure 10. Comparison bctwcclltheory :llldcxpcrimcnL for the

cullcctivc tn(xlcs und mcun sing]c ~~ir energies in the

dcIIsILy fluctuation spcct.rurn of liquid 3110. The

dot-dashed lIIICreprc~cnts tho phonon-mn.xonspectrum

prcclictcdby Aldrich nid Pines in ndvmncc of its

obscrvution I)ySkold ct nl [14], while tho solid line

-1
I’or tl > 1,!) A t

,,,

1)~ 11111[~11[’1ill ~Rt’i’, ( 1(})1 /1% II rtlll(’1 tklll or

(’11111’111)11’:11 11111, N,
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Figure 12. Comparison of theory nnd cxpcrimcnt for the

(cmpcrat~ll’c-dcpc]](lcl]t energy shift of the phonon-nmxon

3
rotw spectrum in a G% solution of Ilc in 4}10 [from

Rcf, (17)].
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