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Rotons and Roton Wave Packets in SuperfluidHe
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We give new information on the excitations in superfldide. By a variational computation
we obtain a very accurate description of the excitations; the energy spectrum has deviation from
experiment at the level d§%. The first microscopic study of roton wave packets is presented.
and R~ rotons cannot be described as single particle excitations due to interference effects between
neighboring atoms. The roton minimum corresponds to the special wave vector where this interference
disappears and the local density and momentum essentially coincide with those of a single particle
excitation. [S0031-9007(96)02056-X]

PACS numbers: 67.40.Db

Many of the properties of superfluttHe are determined the first detailed study of backflow at short distance,
by the elementary excitations of the system. If thereand the role of particle indistinguishability can be clearly
is some general agreement on the nature of the longdentified.
wavelength small energy excitations, i.e., phonons, this is The introduction of SWF has given a great impulse
not the case for the roton excitations. A number of model¢o the variational study both of the ground state and
have been considered, from the picture of a roton as aaf the excited states of superfluitde. With this type
atomically small vortex ring put forward by Feynman andof wave function interparticle correlations of all order
Cohen [1] and recently revived by Williams [2], to the beyond the pair (Jastrow) level are implicitly introduced
view of a roton as a renormalized single particle excitatiorthrough a set of subsidiary variables, the shadows, which
which goes back to Miller, Pines, and Nozieres [3] andare integrated over. For this reason the SWF technique
to Chester [4]. The different temperature behavior ofhas been found to be very important for the helium
the neutron scattering in the phonon and in the rotorsystem in which correlations between atoms are very
region has motivated Glyde and Griffin [5] to propose thatstrong and not limited to the pair level. In addition, by
the phonon-maxon-roton excitation curve arises from twaowriting the phase factors of an excited state in terms
quite distinct processes, a zero sound mode at jreafid  of these subsidiary variables, backflow effects between
a single particle mode beyond the maxon wave vegtor the He atoms are implicitly introduced and terms of all

The microscopic variational theory started by Feynmarorder in the density fluctuations; = >'; explig - ;) are
and Cohen [1] and developed by many workers hagenerated [9]. Without any variational parameter a roton
been able to account for the shape of the excitatiorenergy of aboutl0 K was obtained. We improve the
spectrumE(g). In spite of this the exact nature of a previous computations in two ways. First, we introduce
roton is still generally considered as not being understooth the wave function¥; an explicit backflow contribution
[6]. This has two motivations. These computations[10], i.e., we write

are quite complex and basically the only outcome is
the energy, an integrated quantity which hardly gives a V;(R) = j dS F(R,8)G;(S)/ N2 1)
physical picture of the excitation. Second, even the most
elaborate theories [7,8] give a roton energy of order of = {F1,..., 7y} is the set of positions oV *He atoms

10 K at standard vapor pressure, more thai% above and S = {5,...,5y} is the set of subsidiary variables.
experiment. This can be contrasted with the typal N, is the normalization constant. Interparticle correla-
or even smaller deviation for the ground state endfgy tions are introduced by"(R,S) which is a product of
coming from a good variational computation. This leavegerms, F(R,S) = ¢,(R)(S)[1; fps(I7i — 5il). ¢ ,(R)
the doubt that some important physics is missing in thés a Jastrow factorg,(R) = [];<; f,(r;;), and similarly
description of rotons. for ¢4(S). The momentum carrying term in (1) is

In this Letter we present new results on rotons and s N
more generally on the fulE(g). First, by improving  &3(S) = D> e%, 5, =5 + > (; — 5)Asp).
upon previous computations [9] based on shadow wave J 1))
function (SWF) we show that the excitation spectrum can 2)
be described at a level of accuracy similar to that of thdf A =0, &; is simply a density fluctuation in the
ground state. Second, we present the first computatioshadow variables and the structure #; coincides
of roton wave packets built with these accurate excitedvith the one previously studied [9].A(s) introduces
states. With these localized excitations we can study locan explicit backflow, and we have assumed the short
properties like the density and the momentum, we presemainge formA(s) = A[(s/ro) — 2P exg{—[(s — ro)/w]*}
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for s < 2rg, A(s) = 0 for s > 2ry. A, ro, andw are the factor, is compared with experiment in Fig. 2. There is a

variational parameters for the excited states. very good agreement with recent results [15], and this is
In the previous computations [9] the ground stateimportant because this quantity is rather sensitive to the

factor F(R,S) was based on simple parametrizationsstructure of the wave functionf(g) in the roton region

of the correlating factors or pseudopotentials. Recentlys almost density independent, but in the maxon region

[11], with the basis set method it has been possibléhere is a significant decrease fg) at the higher den-

to achieve the full optimization of all three correlating sity. This is exactly what is found experimentally [15].

factors, f,, fs, and f,s, and these are what we use The energy of the single excited state (1) is in signifi-

here. This fully optimized SWF gives the best variationalcant disagreement with experiment in two cases: at large

result of the ground stateenergy E, of “He at all ¢ above~2.5 A~! and in the maxon region for the higher

densities. For instance, ab., Eo = —6.94 K/atom, p. In both cases the experimentalg) is about twice the
0.2 K above experiment, and at freezing = 1.2p.q,  roton energy so that we might expect that these excitations
Ey = —6.38 K/atom,0.18 K above experiment. The use are a mixture of single and double excitations. To prove

of optimized pseudopotentials is important in order to bethat this is relevant we have extended our computation
sure that the excitation energy is not affected by a pooto a double roton excited stat®; ._;. This is obtained
choice of the ground state. by replacing in (1)o7 by &;5; . k and|g — k| being
The excitation energy is computed by a Monte Carloge roton wave vector. The results for a few values of
method as in previous computations [9] and the Aziz'79; are also shown in Fig. 1. We indeed find that in these
interatomic potential is used. We have performed [12}o regions the energy of a double excitation is below
the computation at two densities, at equilibriysg; = the one of the single excitation and close to experiment.
0.0218 A= and atp = 1.2p¢q. The energy spectrum This proves that under these conditions (1) is not a good
E(q) is shown in Fig. 1 together with the experimental yapresentation of the excited state and a mixture of states
result [13]. The roton energy i9.05 = 0.29 K at peq  should be considered.
and7.73 £ 0.25 K at 1.2p.q to be compared with the ex-  oyr wave function has the same structure agalWhat
perimental values [148.61 = 0.01 K and7.3 = 0.2 K, g changing withg is only the strengti of the backflow
respectively. Atpeq the full spectrum is in very good which changes in a continuous way and it turns out to
agreement with experiment, the deviation being at thé,e maximum for the roton. For instance, @t A = 0.3
level of 5%. Similar agreement for the roton is found oy the roton andd = 0.15 for the maxon. The length
at higher density, and this is remarkable in view of theparameterSro andw are insensitive tg;. Therefore the
difficulties found by other theories to treat the high den-niform agreement of ouE(g) with experiment gives no
sity regime. The agreement with experiment is not lim-pints of the possible different nature [5] of the excitations
ited to the energy but extends to the strengthof the 4t small and at large, at least at small temperatures. The
single excitation peak in the dynamical structure faCtorquestion remainswhat is a roton? In order to throw
(g, w). The result for the relative strength of this peak,some light on this we have considered Gaussian-like wave
i.e., f(q) = Z(q)/S(q) whereS(q) is the static structure packets built with the states (1). For a packet centered at
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FIG. 1. Energy spectrum for single excitations and doubleFIG. 2. Theoretical and experimentdl(q) = Z(q)/S(q) at
roton excitations ap.q and1.2p., and experimental results. Peq and1.2p.,; for a Feynman wave functiofi(g) = 1.
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ro we take as wave functiol;, ;, A (R) the form (1) with
o; replaced by

Finod(S) = Zf(ﬁ,- — Fol) exdigo - 5; — 7)], (3)
J

with f(s) = AN 4 oML _ 9 ML/ for g <
L/2, f =0fors > L/2. go and A determine, respec-

from the axi<( p) becomes rather small and has a tendency
to point in the opposite direction t§: we clearly see a
dipolar flow. AnR* and anR~ roton have a different
pattern of( p): one still recognizes a backflow pattern but,
in addition, there is a strong modulation in the direction
of g. Again anR~ roton has a stronger modulation than
anR" roton. This modulation of the momentum density

tively, the characteristic wave vector and spread of thés not explained by the modulation ¢p(7)), but it is a
wave packet in momentum space. This modified Gaussiafuch larger effect. By performing some computations
shapef (s) has been introduced so that the packet compliefor the same wave packets, although with a larger number
with the periodic boundary condition. The system is noof particles, we have verified that the size dependence of
longer uniform, and we have computed the local densitghese results is small. The absence of a density modulation

(p(¥)) and the local momenturgp(7)). We center the
packet atry = 0, the center of the simulation box of side
L. If we choosey in thez direction, due to the symmetry
of the problem{p (7)) = p(z,r.) wherer, = go - 7/qo.
Similarly (p) is function ofz and ofr .

We show the results for three wave packetpgt The
first is centered af = gz = 1.93 A~!, the roton wave
vector, the second isR™ roton withg = 1.99 A~!, and
the third is aR~ roton with g = 1.86 A~!. The half
width at half maximum i9.25 A~!. The density profiles
as a function of; for some values of, are shown in
Fig. 3. The vectorial representation ¢p) is displayed

and the simple dipolar flow pattern beautifully confirm
Feynman’s intuitive idea of a roton. We find that the curl
of the velocity field is nonzero in a ring-shaped region
around the center of the roton and its maximum is on a
circle of radiusr, = 3.4 A = 27 /gz. This behavior is
what could be expected for a vortex ring scaled down to
atomic size and with a core of radius of order2 A. This
analogy, however, is true only at= gg, and the behavior
is much more complex fog # gg.

(p(#)) and (p(¥)) at gz are similar to what could
be expected for a single particle excitation in a dense
medium. In order to verify this we have considered

in Fig. 4. It is clear from the figures that somethingone of the*He atoms, say atom 1, as a distinguishable

special happens at the roton minimum: gt the wave

particle. This is similar to an impurity ofHe in “He,

packet does not disturb the local density and within théout we keep the same mass. The trial excited state

noise(p(r)) = peq. This happens only when the optimal

backflow is used. When we move out of the minimum,

{p (7)) has a modulation in the direction §f This happens
foraR~ as well as for &k * roton, the modulation being
somewhat larger for &~ roton.

has the same form (1) but nod; contains just one
term, expig - 51]. The backflow parametet has been
determined by minimization of the excitation energy
Egisc(g). It turns out that ay = g the values ofd for

The roton excitation the distinguished particle and for the collective excitation

has a well defined signature also in terms of the locabre the same within the statistical uncertainty. This is

momentum. The wave packet with= g displays in a
nice way a backflow pattern: along thexis( p) points in
the direction ofg but as we move out of the ax{$) gets
a very significant transverse component.
pattern is strong up to abo6tA. At a larger distance
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the same wave packets of Fig. 3.
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only true atg = gg, for other values ofg the two of interatomic interaction as the only input. We have
excitations have different backflow amplitude&y;(9)  performed the first microscopic study of wave packets
of the distinguished particle excitation is almost quadraticuilt with such wave functions. Such computations have
in ¢, and it can be described by a slightjydependent thrown light on the nature of the roton excitations. A
effective massu(q): Eqisi(q) = h%q*/2msu(g). Atsmall  roton is in many respects similar to a single particle ex-
gwefindu = 1.8 and atg = gz, © = 2.1. Atg = gz  citation as one would build for a distinguishable particle,
the energies of the two excitations are simiy,(gr) = but as one moves away from the roton minimum the ex-
9.9 = 0.8 Kwhich is close to the roton energy. The samecitation is quite distinct from a single particle excitation
happens afp = 1.2p.q Where Egii(qr) = 82 = 0.6 K due to interference effects between atoms. Therefore the
[u(gr) = 3.1]. We have constructed wave packets alsopicture of the full roton minimum as quasiparticle exci-
starting from these excited states for a distinguishedations does not agree with our results. Our computation
particle and computedp (7))4is and {(p(#))aise. For all  vindicates many arguments of Feynman and gives them
values ofg, {p (¥))4is: is essentially a constant equal to the a quantitative basis. Exactly at= gz a simple dipolar
average density [in Fig. 3(d) the cage= ¢r is shown].  flow due to backflow is present like in a small vortex ring.
(p(F))aist for the wave packet with; = gx [Fig. 4(d)] An open problem is to reach a similar understanding at
is essentially the same of the roton excitation [Fig. 4(b)]a local level of the maxon excitations and of how high
and on the scale of Fig. 4 one cannot distinguish betweefiequency phonons join with the rest of the excitation
the two flow patterns. The pattern dfp)qs for the  spectrum. This seems feasible but it will require the study
distinguished particle does not change shape when of substantially larger systems. Another open problem is
is moved away fromggr. Therefore the equivalence of the evolution with temperature up @ of the excitations.
these local quantities for an excitation of a distinguished We thank S. Moroni for the optimized pseudopotentials
particle and of a collective excitation is true only in the and |. M. de Schepper for the experimental dataZqy).
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