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Raman spectra of hep solid “He have been measured at a temperature of 0.71 K with an instrumental
resolution of 1.1 cm~'. The spectra have been confirmed to be consistent with those reported by former
works: a sharp one-phonon peak is observed at 7.39+0.06 cm !, the two-phonon spectrum appears in

the energy region about 10—45 cm !

, and a broad continuous tail extends to energy shifts higher than

the two-phonon region. Four peaks have been resolved in two-phonon spectra at 17.1, 20.9, 25.2, and

about 30 cm ™.

The two-phonon spectral structure has good qualitative similarity to that calculated

theoretically by former workers. This verifies that the two-phonon spectral structure can be used for
quantitative determination of parameters of lattice dynamics in quantum solids, and necessary experi-

mental accuracy and resolution are discussed.

I. INTRODUCTION

Raman scattering from liquids and solids is a powerful
and often unique probe of their elementary excitations.
In fact, recently, fine structures have been confirmed for
superfluid *“He, which are useful to investigate interac-
tions between elementary excitations.!™® For hcp helium
solids, a strong and sharp one-phonon peak at the
Brillouin-zone center and two-phonon peaks, mainly due
to zone-boundary phonons, are expected. Observation of
those peaks gives us information on the dispersion rela-
tions of phonons and sometimes possibly interactions be-
tween them. Raman scattering is a less direct method to
investigate phonon-dispersion relations compared with
neutron scattering in that the momentum condition is re-
stricted. However, the latter method is extremely
difficult to apply to helium solids, which include *He iso-
topes due to absorption of neutrons by *He atoms.
Therefore Raman scattering is not only complementary
to neutron scattering but also expected to be unique in
the study of helium solids which include *He isotopes.

Historically, research on the phonon dispersion rela-
tions in solid helium was done mostly nearly 30 years
ago. The phonon-dispersion relations in hcp *“He solid
were first studied experimentally with neutron inelastic
scattering by Lipshultz ez al.* in the symmetry direction
of [1010] for wave vectors and Minkiewicz et al.’ in the
symmetry directions of [1010] and [0001]. Theoretical
works were developed at the same time by Koehler®’ and
Gillis and co-workers.»° The neutron experimental re-
sults were found consistent with the theoretical calcula-
tions.>® While those works on helium solids were carried
out, Greytak and Yan!® observed the two-roton Raman
spectrum from superfluid “He by laser light-scattering ex-
periment. Subsequently, Werthamer and co-workers cal-
culated theoretical Raman spectra of helium solids,
which postulated spectral structures by two-phonon pro-
cesses as well as a sharp peak due to the first-order Ra-
malrlllzscattering by a zone center optical-phonon mod-
el.’”

Raman-scattering experiments on helium solids were
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carried out by Slusher and Surko.!*”!> They found the
one-phonon Raman spectral peak at energy shifts con-
sistent with the neutron results.’ They also found a
broad peak in the energy shift region where two-phonon
Raman spectra were postulated. The work was an obser-
vation of those Raman processes. An anticipated obser-
vation was that they observed substantial continuous
spectrum extending to the energy shift region far larger
than that where two-phonon processes are expected.
They attributed it to excitations of a pair of nearly free
particles.

Recently we have carried out Raman scattering from
hep solid *He. The motivation to reinvestigate the spec-
trum observed almost 20 years ago was that we have re-
cently confirmed a few fine structures in the Raman spec-
trum of superfluid “He.! ™3 The success of the observa-
tion for the superfluid *He lead us to extend to helium
solids. Compared with those realized by the previous
workers, 71 we improved the experimental conditions
by decreasing the sample temperature and increasing the
resolution of the spectrometer. Our observation on hcp
solid “He clearly showed fine structure that may be as-
signed as two-phonon Raman-scattering processes, which
were observed only as an unresolved broad single peak in
the previous work.!> Once detailed assignments of the
two-phonon structures are established for solid “He, for
which extended experimental theoretical studies were
carried out, the resolved structures will be useful for
study of helium solids including *He isotopes. To under-
take those neutron studies will be very difficult.

II. EXPERIMENTAL APPARATUS

The optical arrangement of the experimental system is
shown in Fig. 1. The incident light source was an argon-
ion laser (Nippon Electric Company model No.
GLG3200) operated at 514.5 nm with output power of
400 mW. Polarization of the beam from the source was
vertical. To determine the direction of polarization of
the beam incident on the sample arbitrarily, the polariza-
tion rotator and the polarizer 1 were used. The beam was
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FIG. 1. Block diagram of the experimental system for light
scattering from solid helium. For details, see text.

focused into cell with the lens 1, the focal length of which
was 100 mm. The light scattered at right angles was
gathered with the lens 2 of f/3.7. To analyze the polar-
ization property of the scattered light, the polarizer 2 and
the scramble filter were used. The dove prism adjusted
the direction of the laser beam image to be parallel to the
direction of the inlet slit of the spectrometer. The double
grating spectrometer was a JASCO CT1000D. The imag-
ing photon detector (a Surface Sciences Instruments mod-
el 2601A) was used for simultaneous detection of whole
the spectrum imaged on the two-dimensional surface of
outlet slit position of the spectrometer. In order to cali-
brate weak nonlinearity in the energy shift versus posi-
tion relation, the rotational Raman spectral peaks of N,
and O, molecules in air were observed. The absolute pre-
cision of energy shifts was +0.06 cm™!. The observed
signals were transferred to the computer for analysis.

The Cu-Be sample cell was cooled with a
recirculation-type He cryostat. The cell was mounted
on the bottom of a pumped liquid *He bath. The top of
the cell could be heated to grow, anneal, or melt helium
crystals. Temperature was monitored with a calibrated
Ge resister within an accuracy of £15 mK. Helium en-
tered the cell through a small capillary tube after being
filtered by traps at liquid N, temperature and at liquid
“He temperature to eliminate dust or ice particles. We
crystallized from superfluid phase to hcp solid phase by
increasing the pressure slowly at a constant temperature.
In the superfluid phase, residual dust and ice particles
were quickly eliminated to negligible level, which could
be monitored by a decrease of Tyndall scattering.

III. RESULTS AND DISCUSSION

The lowest temperature we could realize with our 3He
cryostat was 0.711+0.05 K under illumination of the in-
cident laser power of 400 mW. The error indicates stabil-
ity during a measurement run and reproducibility for
different runs. In the cooling process of a run, the
superfluid sample at a pressure of about 20 kg/cm? was
cooled down to this temperature. We waited for a while
until everything became stable. Tyndall scattering, if
any, was also checked and we waited until it became
negligible. We then increased the pressure to the value
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just exceeding the coexistence pressure 24.99 atm (Ref.
16) at 0.71 K. The excess pressure was slightly adjusted
manually so that crystallization proceeded slowly enough
to obtain a single crystal. The molar volume of hcp solid
“He on the coexisting curve at 0.71 K is 20.98 cm?®/mol.'®
After the crystallization was completed, we increased the
pressure up to 30 kg/cm? to avoid accidental melting
during a run. However, we regard that the molar volume
of the sampie was kept at the value at the melting curve
because the solid phase in the filling capillary prevented
further pressurization of the sample.

The experimental spectrum, obtained by adding all our
data, is shown in Fig. 2(a). The vertical axis is scaled by
counts/sec. Actual total count at the strongest peak P,
was 118494 counts. Spectral shape is consistent with
those observed in the former work by Slusher and Sur-
ko.3"15 They observed the strong sharp one-phonon
peak, which is observed as P, here. The energy shift of
the peak was 7.39+0.06 cm ™! in this experiment. They
measured the energy shift v of the peak as a function of
molar volume ¥, between 16.5-20.5 cm?/mol to get a
Griineisen constant of'*

y=—dIn(v)/d In(V,;)=2.6+0.1 .

The Griineisen constant shows a weak molar volume
dependence and was obtained as ¥ =1.02 + 0.083V,,.1
Extrapolation to a molar volume of 20.98 cm3/mol yields
an energy shift 7.42 cm ™!, which is consistent with the
value 7.394+0.06 cm ™! we observed. A neutron inelastic
experiment observed the optical-phonon energy at zero
wave vector at 7.50+0.2 cm ™! for a molar volume of 21.1
cm?®/mol at 1.033:0.09 K.° The neutron result is con-
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FIG. 2. Raman spectrum of hcp solid “He obtained by add-
ing all the data measured at a temperature of 0.71 K with an in-
strumental resolution of 1.1 cm™! (the full width at half max-
imum). (b) is the same as (a) but expanded by a factor of 3. The
peak P; corresponds to one-phonon Raman scattering. The
peaks P,, P3, and Ps are due to two-phonon Raman scattering.
The solid curve is a theoretical two-phonon spectrum for a poly-
crystalline sample, where the convolution integral was per-
formed to take into account the instrumental resolution profile.



11 812

sistent with the Raman results obtained here and by
Slusher and Surko.!*

In the energy region larger than the one-phonon peak,
they also observed the two-phonon Raman spectrum as a
broad feature peaked at about 45cm~!. What is new in
this experiment is that we may claim three peaks P,, P,
and Ps in our observation shown in Fig. 2(a). Those
peaks are more clearly seen in Fig. 2(b), where vertical
scale is expanded by three times compared with (a) in the
energy region from 10 to 45 cm ™~ !. The reason that those
were resolved may be due to that sample temperature and
instrumental resolution in our work were improved com-
pared with the former work.!>!* Our values were respec-
tively 0.71 K and 1.1 cm ™!, while theirs were 1.4 K and
about 4 cm~!. The energy shifts of each peaks P,, P,,
and Ps are 17.1 cm"l, 20.9 cm™ !, and about 30 cm ™1, re-
spectively. More detailed discussion of the structure is
given below.

In the large energy shift region where no two-phonon
Raman scattering is expected, they observed a substantial
continuous spectrum which has a monotonously decreas-
ing dependence on energy shift.!3>~ !> This feature of the
spectra, which is absent in classical solids, was found to
correspond to a Raman process of producing a pair of en-
ergetic nearly free particles with equal and opposite wave
vector. We also observed essentially the same signals,
which are not discussed here.

Six normal modes of lattice vibrations are expected
from the group theory for a hexagonal close-packed crys-
tal at the zone center. Those are shown in Fig. 3. E, and

FIG. 3. The normal modes of lattice vibrations in the hcp
“He at the zone center in the wave-vector space.
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E, include two modes, where atomic displacements are
along two different directions in the plane perpendicular
to the hexagonal ¢ axis. E, and A4,, are acoustic modes.
They could be observed as first-order Brillouin scattering
peaks, shifted from the incident laser energy by amounts
proportional to their sound velocities multiplied by the
magnitude of scattering vector. Due to insufficient in-
strumental resolution, they are observed as a single cen-
tral peak S, of zero energy shift in this experiment. The

polarization property of the central component is
S.=S)€,€). (1

Here, €, and €; are the polarization unit vectors of scat-
tered light and incident light, respectively. Experimen-
tally, €, is selected by the polarizer 2 in Fig. 1 and €; by
the polarizer 1. The central peak was used as the refer-
ence of the energy shift and check of polarizer function.

The one-phonon Raman-active optical mode at the
zone center is the E, mode in Fig. 3, which is observed as
P, in Fig. 2. According to the theory of Werthamer,
Gray, and Koehler (WGK),'? the polarization property
of the one-phonon scattering is

Si(0)=S(w)er, €, . )

Hereafter (1,|]) denote (perpendicular, parallel) to the
hexagonal c axis.

Various two-phonon processes are possible. The exper-
imental peaks P,, P;, and P are detecting a part of these
processes. Theoretical numerical calculations were car-
ried out by WGK. Polarization dependence of the two-
phonon Raman scattering derived by them is
)2

Sz(a))=S33(a))(€f”'E,~H—%eﬂ-eil

+Siulw)er € +Ses(0)€s X e, —€, Xe,|* .
A3)

Here, the subscripts are the Voight notation. There are
three independent components S3;, Sy, and S¢ for the
two-phonon Raman scatterings. The results of theoreti-
cal calculation for Ss33, Sy, and S by WGK are also
plotted in Fig. 4, by dotted, broken, and dotted-broken
curves, respectively. To draw these figures, we reduced
the horizontal scale so that the theoretical one-phonon
peak position agrees with the experiment. The one-
phonon peak is not shown in Fig. 4 for theoretical curves.
Because detailed spectral forms of these components are
given by WGK and exhibit many fine structures, observa-
tion of each spectrum will be fruitful for studies of lattice
dynamics. For this purpose, polarization analyses are
crucial.

WGK gave procedures to estimate the three com-
ponents separately. The expression of the one-phonon
scattering Eq. (2) implies that a determination of the
one-phonon scattering intensity as a function of polariza-
tion suffices to fix uniquely the ¢ axis relative to the
scattering axes, which in turn allows an unambiguous
computation of the three scalar combinations appearing
in Eq. (3) once €, and ¢; are given. Thus the one-phonon
scattering is itself sufficient in determining the crystal
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FIG. 4. Raman spectra of hcp solid “He at 0.71 K obtained
by adding artificially selected data. (a) is the addition of a set of
data, where the one-phonon peak P, is more than seven times
stronger than the two-phonon scattering P,—Ps. (b) is the addi-
tion of a set of data, where the one-phonon peak is comparable
or weaker than the two-phonon peaks. We can observe clear
differences in the relative intensities of the two-phonon peaks.
Si3, S44, and S¢¢ are theoretical spectra expected for different
conditions of polarization. The solid line is the theoretical spec-
trum expected for a polycrystalline sample.

orientation to obtain all the three tensor components of
the two-phonon scattering.

We carried out polarization analysis of the one-phonon
peak P;. In fact, rotation of either €; or €, results in a
clear change of the peak intensity. The above-mentioned
first step to determine the c-axis direction was possible.
However, a single run of our cryostat was limited within
about three days due to the liquid-helium supply policy of
our institute. A measuring time of about 60 h for a single
run was not sufficient enough to observe the two-phonon
Raman structure with a good statistical accuracy. Al-
though we could prepare a single crystal for each run,
crystal orientation in the cell could not be controlled. In
different runs, we could not reproduce the same polariza-
tion condition for the two-phonon processes. Therefore,
we could not proceed further in the procedure of WGK
for precise separate estimations of the three components
S33, S44, and SGG'

However, we could carry out imperfect but still infor-
mative polarization analysis by classifying our data. To
select one set of data out of all our results, we picked up
spectra in which the peak intensity of the one-phonon
peak P, is comparable or less compared with the intensi-
ty of two-phonon Raman scattering. The resultant sum-
mation of the spectra is shown in Fig. 4(b). For this, Eq.
(2) indicates both €/, and €;, to be small. Then contribu-
tions of S, and perhaps also Sg¢ to the spectrum are ex-
pected to be small from Eq. (3). Therefore the spectrum
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may reflect feature characteristics for .S;.

To get another set of data, we gathered spectra in
which the peak intensity of P, is more than seven times
stronger than the intensity of the two-phonon spectrum.
The resultant sum is shown in Fig. 4(a). In this case, the
contribution of S,, is expected to be larger from Egs. (2)
and (3) compared with the spectrum (b).

We can observe clear differences between (a) and (b).
The peak P, is observed for (b), which is not clear for (a).
Relative intensities of the peaks are different for the two
spectra. The clear sensitive dependence of the spectrum
on crystal orientation and polarization directions sup-
ports the proposal by WGK that the parameters of lattice
dynamics may be obtained from the structures of the
two-phonon Raman scattering. To make a quantitative
analysis, however, present results lack definitive informa-
tion of crystal orientation, instrumental resolution to
resolve sharp peaks, and vertical accuracy to confirm
weak peaks.

The polycrystalline two-phonon spectrum was related
to the three components of the two-phonon Raman
scattering by WGK as

S3(@)poty =3[ $533(@) +3S4(0) + 1S (w)]

3
><[1+§(ef-e,-)2] . (4)

The theoretical spectrum is shown in Fig. 4 by the solid
curve. To compare the theoretical spectrum with experi-
ment, it should be convoluted with the instrumental reso-
lution function. The result of the convolution of the
theoretical spectrum with a Gaussian function of 1.1
cm ™! full width at half maximum is plotted in Fig. 2 by
the solid curve.

The experimental spectrum shown in Fig. 2, obtained
by adding all the spectra, is expected to be similar to the
theoretical polycrystalline spectrum. The former is the
sum of spectra for crystals of various orientations with
respect to experimental optical axis. But it would not be
exactly the same because there might have been some
preferential orientation of crystal growth. Anyway, the
overall features of the experimental and theoretical spec-
tra show good qualitative similarity. The three main
peaks in the theoretical spectrum can be related to the
peaks P,, P;, and Ps. Those theoretical peaks are super-
positions of unresolved sharp peaks, as expected from the
separate plots of S33, S44, and S¢¢. Therefore further de-
tailed analyses of the peak positions cannot be carried out
clearly. However, the similarity verify that the theoreti-
cal spectra calculated by WGK successfully postulated
what are expected for the two-phonon Raman scattering
of the hcp solid “He. They also calculated the Raman
spectrum of bec solid *He. Once fully accurate experi-
mental spectra of quantum solids have been obtained for
various polarization conditions with sufficient resolution
in the future, adjusting the parameters in the WGK mod-
el to fit theoretical spectra to experiment will be able to
yield quantities relevant to lattice dynamics of quantum
solids.

Finally, conditions necessary for future experimental
works to make a full comparison with the WGK theory is
suggested. The theoretical spectra exhibit subtle weak
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and sharp features, which should be observed by an ex-
periment to make a quantitative analysis to determine the
parameters of lattice dynamics. To resolve them, we
need an experimental resolution of better than about 0.2
cm ™!, which is about five times better than that realized
in this experiment. Intensity will be decreased roughly
proportional to the instrumental width of resolution.
Statistical accuracy of data points must exceed about
+0.5% to observe a variation comparable with weak
features in the theory, while present accuracy is about
3% at best. To improve the statistical accuracy by a fac-
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tor of 10, a hundred times longer measuring time is
necessary.
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