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Bound roton pairs in Hell under pressure: Analysis of Raman spectra
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We have investigated the properties of bound roton pairs in superfluid “*He as a function of pressure using
Raman scattering. Raman spectra at small energy shifts of 10—30 K were measured at several pressures up to
the melting curve. The spectra reveal an asymmetric peak at about 2 times the energy of a roton, consistent
with previous works. Our data, as well as previous measurements by Ohbayashi et al., were analyzed according
to a model for the two roton density of states. The value of the /=2 component of the interaction energy of a
roton pair as a function of pressure was extracted from the analysis and compared with theoretical predictions.
We find that this interaction changes sign from attractive to repulsive at pressure around 10 bar. The lifetime
of a single roton as a function of temperature was also determined.
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Following Halley’s suggestion,! the Raman spectrum of
Hell was first measured by Greytak and Yan in 1969 (Ref. 2)
and subsequently by others.>> Soon after Greytak’s experi-
ment a theory to explain the spectrum was developed by
several authors.®° The observed asymmetric peak was inter-
preted as a result of a second order Raman scattering process
in which the scattered photon loses energy to create two
rotons. The spectrum therefore reflects the joint density of
states of two rotons, and is influenced by roton-roton inter-
action. A model for the joint density of states at saturated
vapor pressure (SVP) was constructed, in which interaction
between rotons is attractive, so that roton pairs can form a
bound state, and this bound state dominates the joint density
of states.3~!! According to the model, the Raman spectrum
from superfluid helium contains information about the en-
ergy of the bound state E,, the lifetime of a single roton y~,
and about A, the minimum energy of a roton. Raman spectra
from superfluid helium up to the melting pressure were mea-
sured by Ohbayashi et al.'>'3 and also in the present work.
Ohbayashi also analyzed the polarization of the Raman scat-
tered light and found that scattering is due to pairs of rotons
with /=2 total angular momentum. In this work we analyze
new high pressure spectra and those from Ref. 13 according
to the above model in order to extract the dependence of E,
and 7y on pressure and temperature. We compare our results
to a theoretical prediction by Bedell, Pines, and
Zawadowski'* (BPZ) that the two-roton bound state with an-
gular momentum /=2 should exist only below 5 bar.

In Raman scattering from superfluid helium the Stokes
spectrum 1is the result of a second order transition in which
the incoming photon loses energy to create two elementary
excitations with total momentum equal zero. In such a pro-
cess, the line shape of the scattered light reflects the density
of states of two elementary excitations with zero total
momentum.'’ This can be seen if we compare the roton den-
sity of states to the Raman transition probability calculated
using Fermi’s golden rule. The joint density of states, p,, is
defined as

po(E) = J d’kS[E - 2E(k)]. (1)

2m)?

The Raman transition probability density is given by Fermi’s
golden rule,
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where E=fiw,—fhiw; and fiw;, hw, are the energies of the
incident and scattered photon, k;, k, are the wave vectors of
elementary excitations, E(k) is the dispersion relation, and
M is the transition matrix. An integration over the set of
final states yields the total transition probability. Fixing the
direction of the scattered photon and its energy to a definite
value hw,, the set of final states can be counted by integrat-
ing over k. k, is fixed by the condition of zero total momen-
tum. Neglecting the momentum of the photons we get
ki=—k,, E(k;)=E(k,). Assuming the matrix element to be
independent of k, the scattering probability can be written as

4
P = 2Ty? [ a2tk S ).

3)

It is seen from Eq. (3) that the Raman scattering probability
is proportional to the joint density of states times the square
of the matrix element. The scattered photon can either
change its polarization or not change its polarization. This
restricts the angular momentum transfer to /=0 or /=2, while
for all other cases the matrix element is zero. Polarization
analysis of the Raman spectra of superfluid helium'!!> shows
that the scattering state is of angular momentum /=2 at all
pressures. Therefore, the Raman scattering from superfluid
helium is sensitive to the joint density of states of excitations
with total momentum K=0 and angular momentum /=2. The
density of states around the roton minimum in the dispersion
relation is illustrated in Fig. 1. Figure 1(a) shows the density
of states for the simplest model, that of noninteracting ro-
tons. In this model a parabolic approximation is used for the
dispersion relation around the roton minimum: E(k)=A
+ Zh—;(k—ko)2, where A is the roton minimum energy, k is the
wave vector at the minimum and w is the roton effective
mass. Substituting this expression into Eq. (1), the joint den-
sity of states around the roton minimum at 7=0 becomes® !¢
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FIG. 1. (Color online) Upper panel, two-roton joint density of
states with K=0 from Eq. (6) plotted for three situations: (a) Non-
interacting rotons (g=0), (b) with a bound state (g <0), (c) with a
repulsive roton-roton interaction (g>0). Lower panel (e)—(g), cor-
responding line shapes of the detected light intensity taking into
consideration the instrumental resolution. The vertical line (red on-
line) marks the position of 2A.

pa(E) = (E-24)"2O(E - 24). (4)

It is interesting to note that Eq. (4) is similar to the density of
states for a free particle in one dimension. Of course, the
system is three dimensional and the 1D-like behavior can be
traced to the finite value of k. The presence of roton-roton
interaction changes p,(E) in a way which depends on the
sign of the interaction. The density of states for the case of
attractive interaction is shown in Fig. 1(b). An attractive in-
teraction leads to a formation of a bound state with a binding
energy E,, adding a & function at 2A—E), to Eq. (4). In ad-
dition, E, is added to the denominator of Eq. (4), removing
the divergence at 2A. If the interaction is repulsive, the den-
sity of states is shown in Fig. 1(c). In this case, there is no
bound state and the & function is not present. However, E,, in
the denominator of Eq. (5) remains, representing the energy
of the interaction. The coupling constant of the roton-roton
interaction, g is related to E, through g?>oE,. This model
was used by Greytak et al.'®!! to analyze their data at low
(SVP) pressure. The density of states for the case of attrac-
tive interaction is given in Eq. (5),

(E_2A)1/2

E)x2EV?S8E-2A+E) + —————
pa(E) < 2E, & + b)+(E_2A+Eb)

O(E-2A).

)

Note that this model coincides with the free roton model
when the binding energy is zero. At finite temperature, the
density of states becomes

2VEyy
(E-2A+E)+v

(qmw;_m)m] 6
" (E-2A+E,)?*+49 - ©

po(E) kﬁﬂ‘/z[

The temperature dependence of p, is through v, the energy
linewidth of the roton. Equation (6) coincides with that given
by Zawadowski et al.,’ based on the analysis of the two roton
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FIG. 2. (Color online) Raman spectra of Hell at different pres-
sures. Solid lines (blue online) are fits to Eq. (6) taking into account
instrumental broadening. The vertical dashed line marks the value
of 2A taken from Ref. 17, and the horizontal dashed line marks the
dark count level. The increasing background at low energy is the
tail of the elastic peak. The dashed lines (red online) in panels (a)
and (b) are fits to a model of noninteracting rotons. In panel (c) the
dashed line is a fit with a small positive coupling constant. It shows
that at 10 bar the interaction is still attractive.

Green’s function (this was checked by plotting both formulas
on the same graph). The comparison of Eq. (6) to the expres-
sion given by Zawadowski et al. [Eq. (3.24) from Ref. 9]
shows that y indeed represents the energy linewidth of a
single roton. Because of the parabolic approximation to the
dispersion relation in Eq. (6), the energy range where this
equation is valid is limited. This range is between zero to
about 2 times the energy of the maxon.

The measured intensity, 1, is a convolution of the instru-
mental resolution function and the scattered intensity I,

L(E)=C J R(E -¢)l(g)de = CJ R(E - &)p,(e)de,
(7)

where R(E) is the instrumental resolution function. For a
double grating monochromator this resolution function can
be measured by scanning the elastically scattered light, since
the energy linewidths of the Rayleigh and Brillouin scatter-
ing are much narrower than the resolution of the spectrom-
eter. The fine structure of Eq. (6) is below the resolution of
the double grating monochromator. The lower panel of Fig. 1
shows the effect of finite resolution on the line shape of the
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FIG. 3. (Color online) Raman spectra of Hell at different pres-

sures from Ref. 13. The solid lines (blue online) are fits of Eq. (6) to

the data. The dashed lines (red online) are a fit to a model of non-
interacting rotons.

measured spectrum. We remark that the plots in Fig. 1 rep-
resent a high resolution system. Although the fine details of
the density of states cannot be resolved due to finite resolu-
tion, there are clear differences in both the peak position and
in the line shape of the spectra. The position at which the
Raman peak is observed depends on resolution. This shift of
the Raman peak towards higher energy at a lower spectrom-
eter resolution is well known.> To be more specific, a Raman
peak at an energy higher than 2A does not mean that there is
no bound state. It is necessary to use the model convoluted
with the resolution function in order to compare with experi-
mental data.

In our experiment, a BeCu sample cell with three indium
sealed windows is mounted on a *He refrigerator with optical
access. The pressure in the cell is measured outside the cry-
ostat using a high accuracy pressure gauge connected to the
filling line. The cell temperature is measured using a cali-
brated germanium resistor. An argon ion laser beam is fo-
cused inside the sample cell. The intensity that enters the cell
is 65 mW at 5145 A. The beam exits the cryostat and is
reflected back by a mirror to double the incident intensity. A
chopper is used to reduce the heating of the cell caused by
the laser beam. Using a duty cycle of 1:5, a steady tempera-
ture of 0.6 K could be achieved. The 90° scattered light is
collected using a f#/8.5 lens system that images the scatter-
ing volume onto the entrance slit of a computer controlled
double grating spectrometer (Spex 1403) equipped with ho-
lographic gratings having 1800 grooves per mm. The image
is aligned to the entrance slit using a Dove prism. A cooled
photon counting photomultiplier with dark count of about
3 cps (Hamamatsu R6358P) converts the scattered light into
electrical pulses. Each spectrum was scanned 10 times in
intervals of 0.1 cm™! between points. At every point the ex-
posure time was 10 seconds so that the total exposure time at
each point is 100 seconds. To determine the resolution func-
tion, the elastic peak was measured before each inelastic
scan. In order to eliminate drifts, the wave number of each
point is measured relative to the position of the elastic peak
measured in the same scan.
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FIG. 4. (Color online) Pressure dependence of the binding en-
ergy from this experiment (black squares) and from the analysis of
the experimental data from Ref. 13 [open triangles (blue online)].
Error bars are the uncertainty of the fit.

Raman spectra from superfluid helium were obtained at
several pressures from SVP to 20 bar. These spectra are
shown in Fig. 2. We use Egs. (6) and (7) to fit our experi-
mental data with C, A, E,, and v as fitting parameters. The
measured line shape at SVP [Fig. 2(a)] is reminiscent of Fig.
1(f). A prominent, rather symmetrical peak is observed. The
width of the peak is limited by the resolution of the spec-
trometer. This line shape is characteristic of the existence of
a bound state. On the other hand, the high pressure spectra
[Figs. 2(d) and 2(e)], have line shapes that do not exhibit the
bound state characteristics and are reminiscent of Fig. 1(g).
The sensitivity of the line shape to the presence of the bound
state can be clearly seen in Fig. 2(c). Here, the solid line is a
fit with a bound state with a very small E;, while the dashed
line is a fit with the same Ej, but a repulsive interaction.
These observations immediately suggest that at elevated
pressures the interaction changes from an attractive to repul-
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FIG. 5. Pressure dependence of the /=2 coupling constant.
Black squares, extracted from Raman scattering data. The solid line
is the prediction of BPZ. The dashed line represents calculations
from Ref. 19, based on Raman scattering data.
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FIG. 6. (Color online) Pressure dependence of A from this ex-
periment (black squares), from the analysis of the experimental data
from Ref. 13 [open triangles (blue online)], and from neutron scat-
tering data (Ref. 17) [open circles (red online)].

sive. In addition to our results, we also fit the high resolution
data from Ref. 13. The fits are shown in Fig. 3. In this figure
the solid line is a fit to the interacting roton model and the
dashed line is the fit to the noninteracting model. It is evident
that the interacting model fits the data well while the nonin-
teracting model does not. The results of the fits of our data
and that from Ref. 13 are consistent. The values of E, as a
function of pressure are shown in Fig. 4. We find that E,
decreases with pressure. At SVP E,=0.25+0.1 K in agree-
ment with previous works.!%!" At a pressure of 10 bar E, is
at its lowest value of less than 0.1 K, and above 10 bar the
data can only be fitted without a bound state. At these pres-
sures E, still has a small positive value which represents the
interaction energy rather than the binding energy. Using the
relation between E, and the coupling constant g we plot in
Fig. 5 the pressure dependence of g, and compare it to the
theoretical prediction of BPZ. In addition, Nakajima and
Namaizawa'® proposed a different type of an interaction
pseudopotential. In their work, the pseudopotential can either
diverge or not, depending on the choice of the parameters.
The values of g calculated for the nondivergent case are
shown in Fig. 5 as the dashed line. Regarding the fitted val-
ues of A, these are in agreement with neutron scattering val-
ues (taken from Ref. 17) for all pressures, as shown in Fig. 6.
We remark that the fit value of E,, is sensitive to both the
peak position and the line shape of the Raman spectrum
while the fit value of A is only influenced by the position of
the Raman peak. Therefore, the analysis gives a tighter
bound on E, than on A.

We now turn to the analysis of the temperature depen-
dence of the high resolution Raman spectra obtained by Oh-
bayashi et al.'® The spectra which we analyze are at 4.9 bar
and at four different temperatures between 0.75 K to 2.45 K.
The original analysis'® shows that the high temperature spec-
tra are consistent with a convolution of the low temperature
spectrum and a Lorenzian, and that the temperature depen-
dence of the width of that Lorenzian is well described by the
BPZ model. We have fitted Eq. (6) to the same data. The
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FIG. 7. (Color online) Fits of Eq. (6) to the Raman spectra at
4.9 bar. From Ref. 13. At this pressure a bound state still exists. The
change of the spectrum induced by temperature is dominated by
v~1, the lifetime of a single roton.

result is shown in Fig. 7. As mentioned, at this pressure the
low temperature line shape is too narrow to be explained
without a bound state. At 0.75 K the values of the fitting
parameters are E,=0.2+0.05 K, y<<0.01 K. Most of the
temperature dependence of the spectra is due to the lifetime
of a single roton. There is also a weak temperature depen-
dence of k, and u. With the values for ky and p from Ref. 17,
The constant C in Eq. (6) is indeed found to be temperature
independent to within 5%. The use of the physical model
expressed in Eq. (6) for the analysis enables us to extract the
temperature dependence of 7, at the pressure of 4.9 bar. The
values of v, extracted from both the data of Ohbayashi ef al.
and from our data at 1.2 K, are in good agreement with the
values obtained by Ohbayashi’s analysis. In Fig. 8 we com-
pare the measured temperature dependence of 7y at 5 bar to
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FIG. 8. (Color online) Temperature dependence of 7y (black
squares) at 5 bar extracted from Raman scattering data. The solid
line is an approximation to the theoretical value given by BPZ at
5 bar. Values of y measured by neutron scattering (Ref. 18) are
shown as open circles (red online). The dashed line is the BPZ
theory at SVP.
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an approximation to the theoretical prediction of the BPZ
model that is Y(7)=42.3(1+0.05887"*)T"? exp(#). The
approximation that we use is A(7T)=A. This approximation
also worked well at SVP for neutron scattering data.'® The
neutron data and the BPZ prediction at SVP is also shown in
the figure. The general trend predicted by the BPZ model,
that the width increases with pressure is evident.

In conclusion, the Raman spectra of superfluid *He at
several pressures were measured. The results are in agree-
ment with previous experiments. The spectra are very well
described by a model of interacting rotons presented by Ru-
valds and Zawadowski’? and Iwamoto® and developed by
Bedell, Pines, and Zawadowski.!* At SVP an /=2 bound
state of two rotons exists with a binding energy of
0.3+0.05 K. This bound state also exists at a pressure of
5 bar. Above 10 bar, the /=2 bound state seems to disappear
yet the line shape is incompatible with the free rotons model.
This observation suggests that the coupling constant of the
/=2 component of the roton-roton interaction changes sign
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around 10 bar. Fitted values of the coupling constant are in a
broad agreement with the pseudopotential theory presented
by BPZ,'* in the sense that the interaction changes sign at
some pressure. The temperature dependence of the lifetime
of a single roton is also in good agreement with the theory of
BPZ. According to the models,®° if the roton-roton interac-
tion is repulsive a peak should appear in the spectrum at 2
times the maxon energy. However, existing experimental
data shows no trace of such peak. The absence of such a
peak when g is positive may suggest that the overall interac-
tion between rotons remains attractive at high pressures,
however it involves scattering via channels with /> 2, which
are not Raman active.
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