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Abstract Neutron scattering measurements at the Institut Laue-hémgef quasi-two-
dimensionafHe have shown, for the first time, a situation where the collechode crosses
the particle-hole continuum and reappears, at a momentamsfer ofq ~ 1.55A 1 as a
well-definedcollectiveexcitation.

The effect is well described by the Fermion generalizatiomafti-particle fluctuation
theory of Jackson, Feenberg, and Campbell that has beencessfud for bosonic quantum
fluids. We describe the theory briefly and state that it can &pped onto the form of time-
dependent Hartree-Fock theory (TDHF) containémgrgy dependent effective interactions;
these are obtained from microscopic ground state theory.

Our theoretical result has far-reaching consequences: dgrqgparadigm in discussing
the density—density response function of Fermi systemiseisrandom phase approxima-
tion” (RPA), most frequently applied with some static irtetion and, perhaps, some effec-
tive mass. Such a “phenomenologically modified” RPA can béfied only under severe
simplifying approximations and is unable to describe theeeixpental situation consistently.
As soon as one goes beyond the RPA, intermediate states waiciotbe described in
terms of the quantum numbers of a single (quasi-)partictoine essential for capturing
the correct physics. In oder to understand the above mettierperiment, their appropri-
ate inclusion, as presented in this work, is essential.
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1 Introduction

Liquid 3He has always been the prime example for a “strongly coadlaEermi fluid.
Compared with other (mostly electronic) so-called “stigngprrelated” systems its full
understanding poses one of the most demanding challengésefdheorist. Experiments
and theoretical discussions of the dynamics of Btk are abundant, but there is very little
information of the same system in two dimensions.

A popular languag? to discuss the the dynamic responséldé is the “random phase
approximation” (RPA) where the density-density respomsetion x (g, w) is written as

_ Xo(Q, )
1-Vo-n(9)Xo(qs )’

X (0, w) 1)

whereVy_n(q) is an effective (“particle-hole”) interaction, argh(q,w) is the density-
density response function of the non-interacting (Boseasmi) system. The effective in-
teraction can be determined from observable data by demguhlat the first two energy
weighted sum rules are satisfiee,
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Since the static structure factor is known experimenttilre is no reason for not satisfying
these sum rules. In the case of a Bose system, we have
g
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The procedure outlined above then leads to the famous Faydisgersion relatiohhw(q) =
R’ /2mgq).

The RPA has also been reasonably successful in electraris®uheory, where it even
legitimate to replace th¥,_n(q) by the Coulomb potential because it (a) is the only in-
teraction describing real particles that has a Fouriersfmm and (b) the bare Coulomb
interaction dominates for long wave lengths.

In a strongly interacting system like, the expression (1) also gives, when combined
with the sum rules (2) a qualitative description of the ditwa a collective mode and a
“particle-hole” continuum. Compared with the equally wsllidied Bose fluidHe, two
effects appear to be superimposed: The “phonon-rotontepadknown from*He, and the
“particle-hole continuum” typical for a Fermi fluid. For asdussion of the relevant physics
see, for example, the review article by David Pihes particular it is evident that there
should not be a well-defined roton excitatiorfide because the collective mode would be,
in the relevant energy/momentum regime, inside the partidle continuum.

Upon closer examination, the picture is less satisfactBignilar to the case ofHe,
all energies are typically about a factor of two too high. Bosons, the effect has been
explained intuitively by “backflow*, and by systematically expanding upon Feynman's
ideas we have reached now a very good understanding of tterdgistructure function of
interacting bosons in the fulk, w) plane.

Pineg points out that “Woods’s experiment let me conclude thatghenon-maxon-
roton excitation in He Il and the zero sound mode®de had a common physical origin
in strong (and quite similar) effective interatomic intetians. ..”. However, the theoretical



“He 2D Liquid Q=1.0..1.1 A"

4.3 atoms / nm” 4.9 atoms / nm*

5.5 atoms / nm*

[
o

S

it fa.u]
O = N n B N @
0 = N W b O N @
00 - N w B o e N

.0 0.5 1.0 15 2.0 .0 0.5 1.0 15 20 25

I
o

0 0.5 1.0 15 2.0 25
energy [meV] energy [meV] energy [meV]

Fig. 1 The figure shows experimental data of the dynamic structurgiumS(g, w) in two—dimensionatHe
for three densities as shown in the figure, for wave numbdrd 1 <q< 1.2A~1. These data were obtained
by Godfrin, Lauter, and Meschke at the IN14 instrument at tiséitute Laue-Langevin in Grenoble.
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Fig. 2 RPA dynamic structure functios(q, w) in 2D 3He for the momentum transfey= 1.05A!as a
function of an assumed effective mass ratig rh* /m< 2. (The collective mode was artificially broadened.)

description of the dynamics éHe went along different lines: The energy of the collective
mode can also be lowered by postulating an effective maswipdarticle-hole spectrum. It
should be noted that this implies that the position of théective mode is determined, for
bosons and fermions, by totally different mechanism.

2 3He in two dimensions

Measurements of the dynamic structure func®k w) of 3He films provide a crucial test
for the validity of the general “RPA-like” procedure for lening the collective mode com-
pared to the RPA prediction. Fig. 1 shows data from the Lauggewin Institute that have,
so far, only been circulated in conference proceediragsl await theoretical explanations.

The collective mode (the mode with maximum strength as atdit by an arrow) is
foundinsidea broad continuum. We demonstrate in Fig. 2 that it is notiptesto reconcile
this feature with an RPA based response function (1) withéngrocedure outlined above.
Fig. 2 shows theoretical results f&k, w) for q= 1.05A-1 at an areal density af =
0.043A-2: Trying to adjust the location of the collective mode by @mtucing an effective
massn* can move the main peak towards the experimental value, Feoytbe very different
shape of the calculated spectra and those found experiltyeatavident. In particular, the
one—particle—one—hole continuum always hetowthe collective mode.



3 Pair-Excitation Theory

We have taken the view that the physical mechanisms thatrdiete the energetics of the
phonon-roton spectrum are indeed the sanfélmand*He. For bosons, a systematic theory
for the dynamics that supersedes Feynman'’s intuitive “baaKftheory is based on a time-
dependent, correlated wave function

eEot/f g3du(t) [7)

W) = : (4)
[(up[e7eau]4p)]
where|4p) is the ground-state wavefunctidg is its energy, and
SUM) =S auM(ri;t)+ 5 du@(ri,rjit)+--- (5)
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is the complexexcitation operatorThe method has by now been developed up to the three-
body order; it provides a consistent description of the dyinarof *He in the whole(q, w)
plane. The generalization of this wave function to fermi@n$o replace the fluctuations
Su™(ry,...,rn;t) by particle-hole operatorse.
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The dynamic wave function is then written as

1 .
w(t) = e S Fet () |ay) 7)

whereF is a local correlation operator, an@) a model wave function, normally a Slater
determinant of plane waves. The derivation of the equatiémsotion proceeds then along
the same lines as for bosdis® but it is, of course, significantly more complicated due to
the multitude of exchange diagrams.

The simplest approximation leaves out the pair excitaflolrsthat case, the theory can
be mapped onto the form of a time-dependent Hartree-Fockyhia which the strong, bare
interaction is replaced by a weak, effective interacticat is tamed by the correlatioHs
When, in addition, exchange terms are omitted, an respumstion of the form (1) is
obtained and the procedure for obtaining the excitationesponds exactly to that outlined
in the introduction.

Owing to the argument that the same mechanism determinadhgetics of the phonon-
roton spectrum should be at workiHe and®He, we have used the form (6) for the dynamic
wave function. The important aspect here are the pair flticloswhich contribute much of
the shift of the roton energy from it's RPA value to the expental one. Including this type
of fluctuations is technically demanding, but the result igegplausible: The equations of
motion can be cast in the form of an “effective time-dependhartree-Fock” theori.

X(9,@) = (Ppno Po.pn) [Q +Vp_n(w)] (gg';‘;) : ®)

where
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Fig. 3 (color online) The figure shows a comparison of represertatperimental and corresponding theo-
retical data for two different momentum transfers. the red eisvthe RPA prediction as defined above, the
green curve the prediction of the pair fluctuation theory #ire crosses are experimental data.

where theg are the single particle energies of correlated basis fanst{CBF) theory and

Vp—h(w)
(A) (B)
Vp_h(w)=< o) Spgieol©) ) (10)
Vo.pphi (—@) Vo pn(—@)

The interactions are obtained from ground state calculatia terms of Fermi-Jastrow-
Feenberg diagram$10 We address in a separate papehe importance of exchange ef-
fects; the new aspect introduced by pair fluctuations isdhanteraction matrix elements
are energy dependent. For the purpose of this paper we thgtiphysical content of the
theory and keep only the direct, local terms,

Vi (@) = 8wV A8 (0, ) (12)
whereq = p — h is the momentum transfer. Th&”) (g, w) andV (®)(q, w) are normally
different. With the generalization of the interaction ndato energy-dependent quantities,
we have in a sense derived the simplest justifiable genetializaf the RPA. Note that the
density-density response function resulting from thigigtitforward generalization, and
being rather simple in the language of TDHF theory, can notdst into the form (1). It
satisfies, however, the sum rules (2) up to a small error taatth do with the fact that
the Jastrow-Feenberg wave function for a Fermi system doesave the correct nodal
structure,

Fig. 3 shows the comparison of some experimental data witrethdts of both the pair
fluctuation theory and the RPA for selected momentum trassTdie message is very clear:
There is an overall good agreement between experimentalatat the predictions of the
pair fluctuation theory presented here. In particular, gre@ment between experiment and
theory at the highest momentum transfer is impressive.€eliseon the other hand, no way
to understand the experimental data on the basis of an “Ri?&idlation (1).

4 Summary

It is clear that we are, at this point, to some extent, remgiticonventional” approaches of
many-body physics in condensed matte theory. The “RPA” wathink about the excita-



tions of a strongly interacting fluid has had enormous impadhe qualitative understand
ing long-wavelengttexcitations, but it should be laid to rest as soon as the waweber
of the excitation becomes comparable to the interpartisiadce. The TDHF theory, much
more popular in nuclear physics than in condensed mattenthkas provided the correct
framework. The reader is reminded of Richardson’s summedkyat the QFS conference
in Sanibel in 1983The history of the subject is interesting because it givesxample of
the cross pollination of ideas between research fields. é¢nltB60 condensed matter theo-
rists applied a great deal of effort to the problem of ligdide.... The formal problem was
abandoned by condensed matter theorists because it wasiffmult for the techniques
then available. The question was rediscovered by nuclearists after ten years. ... The
expertise in the calculations had shifted to a differentas€&physics, but liquid Helium was
available as the model for a nucleus with?23®ucleonsWe identify, once again, a situa-
tion where paradigms, that are the daily bread of a nuclesrist, provide insight into the
mechanisms of other condensed matter systems.
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