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Experimental Evidence for a Two-Roton Bound State in Superfluid Helium
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We have used Haman scattering to study roton pairs in liquid helium at 1.2 K. We find
that the energy required to create two rotons is less than bvice the energy of a single
roton. This result can be explained by the existence of a bvo-roton bound state. Com-
parison of our spectra with theoretical calculations gives a binding energy of (0.37
+0.10)'K and shows that the pair is in a D state (I.= 2) of angula, r momentum.

%e have been using Raman scattering as a
probe of the elementary excitations in super-
Quid helium. " In the scattering process two
elementary excitations of equal and opposite
wave vector are created in the helium. " The
energy difference between the incident and scat-
tered photons is equal to the energy required to
create the pair. Therefore, the spectrum of the
scattered light is determined by the density of
pair states of the excitations as a function of en-
ergy, and by the coupling between the pairs and
the light. The most prominent feature in our
initial spectra was a peak due to the creation of
two rotons. Equally noticeable was the absence
of a peak corresponding to the creation of two
excitations near the maximum of the dispersion
curve. Ruvalds and Zawadowski' and Iwamoto'
have shown that this absence is due to a deple-
tion of the density of pair states in this region
caused by an interaction between the elementary
excitations. They predict that the same inter-
action, if it is present between rotons, would
be attractive and could result in a two-roton
bound state. We report here the results of high-
er-resolution studies of the roton portion of the
spectrum. We find that at 1.2'K the two-roton
peak occurs at an energy shift which is less than
twice the energy of a single roton at the same
temperature. This result, which cannot be ex-
plained on the basis of noninteracting rotons,
provides direct evidence for the existence of a
two-roton bound state. Our measurement of the
depolarization ratio of the scattered light, when
compared with the theory of the coupling be-
tween the light and the excitations, indicates that
the bound state which we observe is a D state
(angular momentum L = 2). The exact position
and shape of the peak in the Raman spectrum de-
pends on the entire density of D states, unbound
as well as bound, for the interacting roton pair.
We here analyze our data in terms of a density
of states based upon the simplest possible form

for the roton-roton interaction which gives rise
to a bound D state, and we arrive at a binding
energy of (0.37+0.10) K for the roton pair.

The experimental arrangement is the same as
that employed in our initial work except in place
of the grating monochromator we now use a
Fabry-Perot spectrometer whose free spectral
range, 48.6 K, is about three times the shift of
the two-roton Raman-scattered light. Figure 1
shows a typical experimental trace taken at a
scattering angle of 90' with the electric field of
the incident 4880-A laser light pointing toward
the spectrometer. The sharp spikes on the trace
are interferometrically generated marker pulses
used to obtain a precise measure of the energy
shift. The peak on the right is the convolution of
the instrumental profile with the two l.ines cor-
responding to Brillouin scattering from the pho-
nons. The polarization of the laser light was
purposely oriented to suppress this strong peak,
and that fraction which still occurs in the trace
is due to the finite acceptance angle, f/2, of the
collection optics. The separation and width of
the Brillouin lines are small and do not coniribute
appreciably to the width of this component of the
spectrum. Therefore, this peak serves to deter-
mine both the zero of energy shift and the instru-
mental profile of the system. The instrumental
width measured from this peak is 0.68 K and
corresponds to an effective finesse of 71 for the
interferometer. The much weaker peak shown
on an expanded vertical scale at the left is caused
by the two-roton Raman scattering. The sweep
rate is increased in the interval between the
Brillouin and Raman peaks, and this is indicated
by the decreased spacing between the marker
pulses. In the Raman region the detected photons
are counted and displayed for 10-sec intervals,
giving rise to the steplike nature of the experi-
mental trace. The dot-dashed line is the back-
ground signal due in part to the incomplete ex-
tinction of the Brillouin components by the spec-
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FIG. 1. The Haman spectrum of liquid He at 1.2'K. The strong peak at zero energy shift is caused by BrQlouin
scattering and indicates the instrumental profQe. The dotted curve is a theoretical fit to our data based on a two-
roton bound state. The dashed curve would correspond to noninteracting rotons. The dot-dashed line is the back-
ground level.

trometer.
The energy shift corresponding to the maxi-

mum in the Raman spectrum, determined from
the nine traces similar to the one shown, is
(17.022 +0.027)'K. As a check of our determina-
tion of the energy shift we ran five traces with

0
the 5145-A argon laser line. We obtained the
same result with a somewhat larger statistical
uncertainty. The minimum energy e, that a sin-
gle roton can possess has been measured by neu-
tron scattering to be (8.67+ 0.04)'K. ~ In Fig. 1,
a vertical line on our experiment trace indicates
an energy shift of 2e, = (17.34 + 0.08) K. The dif-
ference, 0.32'K, between 2e, and the energy
shift at the maximum of our trace cannot be
interpreted directly as the binding energy of a
roton pair because the position of the maximum
is also influenced by the lifetime of the excita-
tions and the instrumental profile of the spec-
trometer. We can, however, compare our exper-
imental spectrum with that which would arise in
two simple cases. We first show that our result
is qualitatively inconsistent with that expected
for noninteracting but lifetime-broadened rotons.
We then consider rotons interacting through a
simple potential known to produce a bound D
state and show that the energy difference men-
tioned above is, indeed, quite close to the bind-
ing energy of the pair.

The Raman spectrum of noninteracting rotons,
each having an intrinsic energy width 5e, has
been considered by Stephen. 4 He finds that the
spectrum at an energy shift E is proportional to
the density of two-roton states, p, (K=O, E),

available to a pair whose total momentum K is
zero. At zero temperature p, is given by

p, (K=0, E) =A(E 2e,) 'i'-e(E 2e,), -
where e(x) is a unit-step function which is 1 for
x)0 and 0 for x (0, and A depends on the mean
wave vector k, and effective mass p. of the rotons:
A = (k,/2w)'p'i'h '. p, at finite temperatures is
given by the convolution of the zero-temperature
result with a Lorentzian line of unit area and
width 25m. By width we shall always mean full
width at half-height. The maximum of the result-
ing curve occurs at an energy (2/v'3)6e above
2~,. The convolution of this spectrum with the
instrumental profile will also act to move the
maximum toward increased energy shifts by an
additional amount which is of the order of half
of the instrumental width. For example, the
dashed curve in Fig. I shows the spectrum which
we would measure in the absence of roton-roton
interactions for 5m=0. 15 K (a value found to ap-
ply in the interacting case). From these con-
siderations it is clear that a movement of the
maximum to smaller energy shifts, as observed
in our experiment, cannot be explained on the
basis of noninteracting but lifetime-broadened
rotons.

Ruvalds and Zawadowski' have developed a
theory of the effects of roton-roton interactions
on the single and pair excitation spectra of liquid
helium. Their calculations are based on a model
in which the interaction in k space between two
rotons is of the separable form U(k, k') =g„
where I(k—k') is the momentum transfer and g~
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is a coupling constant. This interaction gives
rise to a single bound 8 state. In Stephen'8 the-
ory~ of the Baman scattering fx om liquid helium
the light can couple only to the I)-wave portion
of the wave function for the roton pair, and the
scattered light should have the angular depen-
dence and depolarization characteristic of D par-
tial-wave scattering. The depolarization ratios
which we measured for 90'scattering in our ini-
tial work~ are indeed those given by this theory.
Therefore we conclude that the bound state which
we observe is a D state. Since the intexaetion
U given above does not have a bound D state,
Stephen hRS suggested the use of RQ Rltex'QRtlve
separable interaction, U(k, k') = 5gP, (cos8»),
where P, is a Legendre polynomial and 8», is the

angle between k and k'. This is one of the sim-
plest potentials which can give rise to a bound
D state, and it has the additional advantage that
the expressions for p, found by Ruvalds and
Zamadomski will still apply with g~ replaced by
g. Therefore, me mill use this interaction model
to analyze our data. While this may not be a
complete representation of the actual roton-ro-
ton interaction, 1t does give a simple exp168-
sion for the D-mave part of p, which we measure,
and allows us to relate the position of the maxi-
mum in our spectra to the energy of the bound
state.

Using the expressions of Ref. 5, me find that
at zero temperature and for g &0, which corre-
sponds to an attraction between the rotons, p,
reduces to

(2)

The 5 function in Eq. (2) represents a single
bound state mith a binding energy E~ =A'g' and
which, for our form of the interaction, has L, = 2

symmetry. The formation of a bound state in
this system is the analog of the Cooper problem
for interacting electrons. " The remaining states
are unbound and it can be seen from Eq. (2) that
for E-2cp o&Eg their density approaches that
found for noninteracting rotons. When g &0 the
bound state disappears, but the density of un-
bound states is the same as that given by Eq. (2).
The theory of Ruvalds and Zamadowski i.neludes
lifetime effects only through the individual roton
linewi. dths 5e and it can be shown that, as in the
cR86 of Qon1ntex'RctlQg 1 otoQS til61x' expres81on
for p, at finite temperatures can be obtained by
convolving Eq. (2) with a Lorentzian of unit area
and width 25m. It should be noted that at suffi-
ciently low temperatures the lifetime of the
bound state mould not be expected to be deter-
mined solely by the free lifetimes of its constitu-
ent excitations, and this method of dealing with
lifetime effects mould no longex be appli. cable.

%6 have compared the spectra computed from
this model with our experimental traces by vary-
ing the binding energy and the single roton line-
midth and we find that the best fit is obtained
when E,~ =0.37 K and 5c = 0.15'K. The resulting
theoretical spectrum is represented by the dotted
curve 1Q F1g. 1. Th18 vRlue of kg cox'x'esponds to
g=-1.2x10 ' em' ergs, which is in good agree-
ment with the value g4= -1.9X10 ' cm' ergs
estimated by Ruvalds and Zawadowski' fxom the
suppression of the scattexing at the maximum of

the di.spersion curve. By studying the temper-
ature dependence of the width of the tmo-roton
peak at higher temperatures we have measured'
roton linemidths above 1.3'K where they are de-
termined by roton-roton collisions. An extrap-
olation of these results to our temperature of
1.2 K gives a contribution to 5e from thi. s mech-
anism alone of 0.07'K, in fair agreement with
our estimate here of the actual width. The main
source of errox' in our determination of both E~
and 5e is the uncertainty in the neutron measure-
ments of 2Ep. In ax'1lvlQg Rt the above fit we used
2ep= 17.34'K. Homever, when we use a smaller
value of 2ep within the neutron uncertainty we
find that the fit to our spectra is improved in the
region above 17.5 K, and the corresponding
optimum values of E~ and 5e decreases in mag-
nitude. This leads us to believe that with higher
resolution expex iments me may be able to deter-
mine both E~ and ep self-consistently. At pres-
ent these factors are the major source of our
uncertainty of +0.10 K in both E~ and 5e.

We have shown that pairs of rotons from at
least one bound state, and that Raman scattering
measurements at low temperatures, can be used
to determine the symmetry, binding energy,
and lifetime of this state. In addition, roton-
roton collision times can be determined from
the temperature depeQdeQce of the RamRQ line
shape at higher temperatures. ' These experi-
ments can play a central role in establishing the
detailed nature of the roton-roton interaction.
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Temperature Dependence of Normal Modes in a Nematic Liquid Crystal
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We have measured the temperature dependence of the intensity and spectrum of light
scattered by fluctuations in the nematic phase of p-methoxy-benzylidene p-n-butylaniline.
Our measurements are interpreted using two phenomenological theories of nematic
liquid crystals.

In this Letter we report the results of an ex-
perimental study of the temperature dependence
of the intensity and spectrum of light scattered
by fluctuations in the ordered phase of the ne-
matic liquid crystal p-methoxybenzylidene p-n-
butylaniline (MBBA). From these measurements
we determine the mean squared amplitude and
time dependence of the normal modes of the or-
dered phase as a function of temperature. We
first analyze our result using the phenomenolog-
ical theory of the Orsay Liquid Crystal Group'
to determine the temperature dependence of the
elastic constants and viscosity coefficients of the
model. Recently an attractively simple macro-
scopic model of liquid crystals has been pro-
posed by Martin, Pershan, and Swift'; we ana-
lyze our data, to indicate how the normal-mode
displacements of this theory couple to the dielec-
tric constant of the liquid crystal.

The order in a nematic liquid crystal of uni-
axial symmetry is specified by the direction of
the alignment of the liquid-crystal molecules
(the optic axis) and their degree of alignment
along this direction. The Cartesian dielectric-
constant tensor for a uniaxial nematic may,
therefore, be written

5~ a=f5 8+Q(4~/3)(3n na —5 a),

where n and ne are the Cartesian components of

a unit vector (called the director) parallel to the
local optic axis. An order parameter specify-
ing the degree of alignment is' Q= —,'(cos'0-3),
where 0 is the angle between the long axis of a
molecule and the local optic axis. The other
quantities are e = ,(e~ +2—e,) and Ae = a~-e„where
e~ and ~, are the dielectric constants parallel
and transverse, respectively, to the optic axis
of a completely ordered sample (Q = 1). The val-
ue of Q is temperature dependent and is given
approximately by the mean-field model of Maier
and Saupe. ' A uniform vector field n describes
the lowest energy state of the ordered liquid.

The value of b.e in (1) is of order unity; the
order in a liquid crystal therefore has a pro-
nounced effect upon the index of refraction, and
opticaI methods are ideally suited to study these
materials. Fluctuations in Q will scatter light
and have been studied in the isotropic phase of
MBBA by Stinson and Litster. 4 In the ordered
liquid the strongest light scattering results from
fluctuations in n; these are normal modes an-
alogous to spin waves in a ferromagnet. From
the intensity and spectrum of light scattered by
these fluctuations one may determine the mean
squared amplitude and time dependence of the
normal modes in the liquid crystal. The inten-
sity of light scattered by these modes in p-az-
oxyanisole (PAA) has been studied by Chatelain'
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