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vation laws) this is exactly equivalent to the rules of Ref. 1. It is clear that the same rules enable one to
calculate any of the higher-order Green’s functions in terms of the mean occupation number.
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The phonon dispersion relation of the quantum crystal hep He* has been studied for wave
vectors along the [1010] and [0001] symmetry directions. Of the 10 branches of the spectrum
along these directions, we have observed phonon groups from all but two, the TOL [1010] and
LO [0001]. The LOand LA [1010] branches are only partially complete. The experimental
results have been compared with a calculation for the spectrum by Gillis, Koehler, and
Werthamer; the agreement is found to be reasonable. The excitations are found to be well
defined, except for the LO [1010] branch, where we observe a wave-vector-dependent relax-
ation. The single crystals of helium used for the experiment were held at 1. 03+ 0.09°K and

had a molar volume of 21.1+ 0.1 cm?.
I. INTRODUCTION

A fundamental understanding of the dynamical
properties of highly anharmonic crystals continues
to be one of the most challenging problems in the
physics of solids.'"® In recent years, the proper-
ties of these solids have been the subjects of a
great deal of renewed theoretical interest.®—1% In
particular, the crystalline forms of the isotopes
of helium have been singled out to receive special
attention because of their weak interatomic inter-
action and the small atomic mass of the helium
atom.

The feature that makes these solids unique is
the dominant role played by the zero-point motion,
especially for large molar volumes. For example,
in the solid forms of He* the motion is so_large
that the ratio of the root-mean-square amplitude
of vibration to the nearest-neighbor distance is
typically of the order of %, and as a result, the
contribution made by the zero-point energy repre-

sents approximately 98% of the total energy of the
crystal.!® This large zero-point motion has a num-
ber of interesting consequences: one, for example,
is that liquid helium does.not solidify under its

own vapor pressure, even for temperatures down
to absolute zero. To produce solid helium, an
external pressure must be applied to the liquid.
Another very important consequence with far-
reaching implications is that, after the solid is
formed, the crystal is much larger than could be
expected from the interatomic potential determined
by the physical properties of the gas. Because of
the role played by the zero-point motion, these
crystals have often been called “quantum crystals,”
and their properties have been described within the
framework of the quantum theory of the many-body
problem. Of course not all of the solids formed
by helium are “quantum crystals”; solid helium at
small molar volume (i.e., high pressure) is, to a
large extent, a normal classical solid. In this
paper, we present experimental results that have
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been taken in the quantum region of the phase dia-
gram of He?.

Insofar as the experimental results in this paper
deal with dynamical properties (i.e., the phonon
spectrum) of solid He?, we present a brief survey,
though not an historical one, of the relevant theo-
retical progress that has been made to date con-
cerning this particular problem.

De Wette and Nijboer!” have performed a clas-
sical calculation for the phonon spectrum of hcp
He*, where the interatomic interaction potential
was taken to be of the Lennard-Jones type. They
found that the classical approach proved to be
strikingly unsuccessful. For the range of motor
volume that hcp He? is known to have, the calcu-
lation produced imaginary phonon energies through-
out the Brillouin zone. Theoretically the crystal
is just too large to support phonons using a bare
Lennard-Jones potential with the parameters of the
potential being fixed by the properties of the gas.
In effect, as pointed out by de Wette and Nijboer,
the harmonic approximation, namely the expan-
sion of the interaction potential to second order
in small displacements from equilibrium, is
itself inadequate. Intuitively, of course, we
expect the solid to support phonons, at least for
small wave vectors. Brenig,® and Fredkin and
Werthamer” have shown this to be the case. In
Brenig’s work, the one phonon state was explicitly
constructed as a linear superposition of particle-
hole excitations, and the time-dependent Hartree-
Fock approximation was used to show that the
state propagates through the crystal. Fredkin and
Werthamer, applying the time-dependent Hartree
approximation along with linear response theory,
identified the one-phonon state with an isolated
singularity in the single-particle response function.
It is important to note that in both approaches a
power expansion of the interaction potential is not
necessary, and the single-particle aspect of the
problem has been emphasized. On the other hand,
the problem of whether or not the excitation is
well defined (i.e., are relaxation effects impor-
tant?) has not yet been well resolved theoretically,
and has been, so far, largely left to experi-
ment‘ 11, 18, 19

It had been recognized for some time that short
range or “dynamic” correlations would play a
major role in determining the properties of solid
helium by reducing the effect of the hard core of
the Lennard-Jones potential, Nosanow?® introduced,
a priovi, the Jastrow factor

- Kv(7)

Fflr)=e (1)

to take account of these short-range correlations.
While the choice of Eq. (1) to represent the corre-
lations is arbitrary and probably constitutes the
poorest approximation made in this calculation, it
does have the distinct advantage of having both a
reasonable behavior and a simple analytic form
which could easily be introduced into a computer
calculation for the properties of the crystal. In
Eq. (1), v(») is the Lennard-Jones potential

v(r)=4e[(o/7)*? - (o/7)e]. (2)
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With Eq. (1), Nosanow improved upon previous
Hartree calculations by using
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as the trial wave function in a variational calcula-
tion, where the ground-state energy had been
calculated with a truncated cluster expansion,
The approximation introduced by truncating the
expansion has been considered by Hetherington

et al.,?® and more recently by Hansen and
Levesque, 2* who compare their “exact results”
of a Monte Carlo calculation for the ground-state
energy with the results obtained by Nosanow?® us-
ing the cluster expansion. They conclude that the
expansion, using the trial wave function given by
Eq. (3), converges nicely for solid helium. In
Eq. (3),

II w(?i—fii)
i=1,N

is just the Hartree trial wave function, where
o(F; - ﬁi) are the single-particle wave functions
localized on lattice sites R;. The parameter K
in Eq. (1) was used to minimize the total energy.
It should be mentioned that the wave functions

@; (r) were found to be very well approximated by
a Heitler-London wave function

@A @)

where A is a parameter that depends on molar
volume. Using this formalism, Nosanow and
Nosanow et al., 2% in a series of papers, have
been able to obtain reasonable agreement with ex-
periment for the sound velocity, the lattice con-
stant, and the ground-state pressure and com-
pressibility. The final form of the theory sug-
gests another interpretation. In effect, what had
been done was a Hartree calculation with an ef-
fective interaction potential V(»), where

V(r) =[ v(r) + B2K/M) v2o(r)]e” 2Kv(r) s )

where M is the atomic mass.

The next step is to calculate the phonon spec-
trum of the crystal. To accomplish this, the
results of the time-dependent Hartree calcula-
tion were used to obtain the eigenvalue equation
governing the phonon energies and polarizations,
which for T =0°K is given by 25

Ez(a)'g’x(a)z%zz)i(l iRy
1
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In Eq. (6), E(q) is the phonon energy with wave
vector { for the A’th branch and 'g; (@) is the phonon

polarization vector. The appropriate generaliza-
tion of Eq. (6) for T+ 0 has been considered by
Gillis and Werthamer, ! One very important
feature of Eq. (6) is that it is exactly the classical
eigenvalue equation with the exception that

J@x@ PP VIZ -F+R,1) (7)

has replaced the bare Lennard-Jones potential,
The net result, as far as the phonon energies are
concerned, is that one introduces an interatomic
interaction potential in the classical dynamical
matrix that is suitably softened to reduce the ef-
fect of the hard core (via correlations), and then
averages over the mean probability distribution of
the two interacting atoms.

In the discussion given above, we have so far
considered those theories that stress the single-
particle aspect of the problem. From a different
point of view, a number of authors®; 2 have inde-
pendently formulated theories that immediately
stress not the single-particle behavior, but
rather the collective aspects of the motion; as a
result, these theories are known as self-consis-
tent phonon theories. Most recently, Koehler®
has developed a variational approach to the lattice
dynamics of these crystals that yields an improved
value for the ground-state energy. Briefly, the
gist of the method is to find a fictitious harmonic
Hamiltonian that best approximates the true Ham-
iltonian of the crystal. The ground-state wave
function is assumed to be

lg]f(rl - rj)zpo ’

where Y, is a correlated Gaussian.

o« -1 F -R)-G..-(F.-R,
and f(r) is a weight function taken to be of the form
given by Eq. (1). The weight function f(7) is intro-
duced to account for short-range correlation, while
the elements of the matrix G;;, which are related
to the elements of the dynamical matrix, are de-
termined variationally. Once again, the equation
that determines the phonon energies is analogous
to Eq. (6), but with the important difference that
instead of averaging with the single particle dis-
tributions, an average is taken with respect to the
harmonic phonon ground state. In this way, the
calculation for the phonon energy becomes a self-
consistent one. We should also mention that sev-
eral authors, in particular Horner,'° using dia-
grammatic techniques, have produced results that
in lowest order are equivalent to the self-consistent
theories.

In this paper, the experimental results will be
compared with a self-consistent calculation for
the spectrum that has been performed by Gillis,
Koehler, and Werthamer.2¢ Part of the results
of this work have been reported previously, 27
Polycrystalline specimens have been studied
by Bitter et al. at 125 atm, 28

II. THE CRYOSTAT AND CRYSTAL GROWTH

The Cryostat

A special cryostat has been assembled for neu-
tron scattering experiments on solid helium which
allows for simultaneous measurement of the veloc-
ity of ultrasonic sound. The principal features
of this cryostat are (1) low-neutron background,

(2) long-term temperature and pressure stability,
(3) the ability to orient the cryostat, and (4) the
ability to grow large single crystals at low den-
sity,

The cryostat is schematically illustrated in Fig.
1. (The outside shell and the liquid-nitrogen shield
and reservoir have been deleted for clarity.) The
neutron background was minimized by using alumi-
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FIG. 1. A diagram of the recirculating He® cryostat
that was used for the experiment. The inside diameter
of the sample chamber is 1 in.
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num for all surfaces in the beam path and by de-
manding that the surfaces be as far away from the
sample area as possible. The one exception to
this rule is the sample chamber itself, which is
constructed of No. 304 stainless steel with a wall
thickness of 0. 020 in. Experiment has shown that
the background scattering from the chamber walls
was temperature-independent.

The very important problem of long-term tem-
perature stability was solved by using two sepa-
rately pumped helium reservoirs. The upper res-
ervoir, with a volume of 90 cm?, is connected to
the unpumped helium chamber via a special needle
valve which is controlled from the top of the cryo-
stat. This reservoir, the He* still in Fig. 1, could
be filled through the needle valve while being held
at 7< 1.3°K. The second reservoir, the He3 still
in Fig. 1, was filled through another needle valve
which, as is seen in the figure, is in good thermal
contact with the He* still, The He® still was part
of a closed recirculating system using a special
sealed Edwards ED-150 pump with 4 liters of He?3.
This system was charged with He® fortwo reasons:
(1) It has a higher vapor pressure than He?, and
(2) the thermal shorts which would exist in the
system if it were filled with superfluid He* are
eliminated.

Resistance thermometers, designated 7, through
T,, were used throughout the experiment. The
temperature of the sample chamber could be regu-
lated with heaters at the top and bottom of the
chamber with T, or T, in the servo loop. For a
given scan tt ough a phonon group, temperature
stability of +0. 010°K could be maintained by a
judicious choice of the pumping speed and the He?
needle valve position. In fact the uncertainty
quoted for the sample temperature reflects the
reproducibility of the valve setting over several
months of data collection. Pressure stability was
obtained by two servo systems in which the feed-
back signal is the error signal from a model-141
Texas Instruments Precision Bourdon Tube Pres-
sure Gauge. The Bourdon tube used was of stain-
less steel, gave a range of 70 atm., and allowed
the pressure to be maintained easily within 0. 01
atm. The first servo system regulated the pres-
sure by changing the temperature around the ambi-
ent temperature of 100°K of a fixed volume which
communicates with the sample volume. The sec-
ond servo system simply changed the volume of a -
room-temperature space which communicates with
the sample chamber. The firstsystemhas alarger
dynamic range but a slower response than the second.

The cryostat, with the booster pumps for the
He® and He* stills, was mounted on a heavy-duty
goniometer. The entire assembly could rotate
360° and could be tilted + 6° on two perpendicular
axes.

Crystal Growth

The sample chamber used was designed to op-
timize the neutron scattering part of this experi-
ment rather than the crystal-growing part of this
experiment, It was, however, anticipated that
large single crystals could be grown from the
superfluid phase of He? in spite of the awkward
size, shape, and material of the chamber. Be-

cause of the very large thermal transport in the
superfluid, any thermal gradients are suppressed,
thereby inhibiting the formation of supercooled
regions and new seed crystals.

The samples were grown from high-purity helium
gas which was first passed through a liquid-helium
cold trap and then admitted to the growing chamber
through a capillary. The pressure in the cell was
measured via a second capillary. The chamber
was filled with liquid at ~25 atm, with heat being
continually applied near thermometer T, to keep
the capillaries unblocked. The pressure was
then increased and the melting curve usually in-
tersected at 77=1.28°K. Pressure stability was
maintained either by the servo mechanisms or by
manually adjusting the mass flow to the chamber.
Heat was removed from the bottom of the chamber
by pumping on the He3. The temperature of the
bottom (7,) was observed to decrease while T, re-
mained constant at the melting curve, confirming
the fact that the thermal gradient was entirely in
the solid forming at the bottom. When the cham-
ber was filled with solid, the total growing time
normally being about1 h, T; and T, were observed
to cool precipitously. The capillary heater was
turned off and an excess pressure of 6 atm ap-
plied to eliminate the thermal short between the
4,2°K helium and the sample via superfluid He? in
the capillaries. Thus the periodic refilling of the
He* still was not at all critical.

No attempt was made to “seed” or grow crystals
on a substrate, since several orientations were
desired. In fact, in an attempt to obtain particular
orientations, a few samples were deliberately
“crushed” by slightly melting the top of the sample
to allow an excess mass to rush into the chamber.
A crystal oriented in a [010] zone?® was obtained
in this manner. We should mention that in a few
cases when careful growths were attempted, it
was often observed that a large crystal was found
only after about 36 h had passed, even when the
sample was held at 1. 0°K. On the other hand, the
Bragg intensity of a reflection from the crystal,
once it was located, did not vary significantly with
time,

Data have been collected on six crystals, their
mosaic spread being typically 9/ (full width at half-
maximum). The size of the crystals varied some-
what; a nominal size of ~1.0 cm?® was estimated by
beam-masking experiments. The samples were
held at T=1.03 +0. 09°K; the lattice parameters
were found to be ¢=3.671 + 0.008 Aand ¢ =6.012
+0. 008 A, which agree quite well with extrapolated
values of neutron and x-ray measurements. 3° The
molar volume of the crystals wastherefore21.1+0,1
cm®, The errors that have been quoted for the
temperature and molar volume were assigned by
assuming that they should span the range of the
parameters of the six different crystals that were
used during the experiment.

II. EXPERIMENTAL TECHNIQUE

A total of 10 branches of the phonon spectrum of
hep_de* can be studied for wave vectors along the
[ +010] and [ 0001] principal symmetry directions;
an incident neutron energy of 13.5 meV was used
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throughout the experiment. We have observed
phonon groups from all but two branches of the
spectrum, the LO [0001] and TO, [ 1010]. Here,
because of the large energy transfers involved, the
measurements were severely restricted by intensity
considerations. The LA and LO [1010] branches
are only partially complete for reasons that will

be given in the next section.

We obtained crystals oriented in three zones: the
[010], [01T], and the [001]. Figure 2 summarizes
the zones ot the crystals and the regions in recipro-
cal space that were used to measure the remain-
ing branches. The TO,| branch was measured with
the crystal in the [001] zone. It is, of course, not
necessary to use an oriented crystal to measure
the longitudinal branches. To measure them, we
have at times used crystals for which we knew
only the [1010] or [0001] direction.

The regions in reciprocal space that were used
to observe the phonon groups are somewhat un-
conventional, and so we present a short discussion
of the unique experimental restrictions imposed by
the Debye-Waller factor of crystalline He* at small
molar volume. The cross section for single
phonon creation in a constant-“ @” scan is given
by31

. +1
o]m(n]+ )

e Ve @, 7) 9)

per steradian per unit cell; g2 is the inelastic struc-
ture factor for the j’th branch and is given by
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FIG. 2. The reciprocal lattice for the [010] and [011]

zones. The arrows represent the regions in reciprocal
space, where the phonon spectrum has been studied.
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where the sum is across the positions pp of the
atoms in the unit cell, #; is the phonon occupation
number, b and Q are thé coherent scattering length
and scattering vector, respectively, and 277 is a
reciprocal lattice vector. The familiar Debye-
Waller factor is given by e=2W, where in the Debye

approximation
W =(3n2/2MFR 60)(Q/27)? (11)
for T<< 6, with 6 the Debye temperature. Equa-

tion (11) represents that part of the Debye-Waller
factor that is a result of the zero-point motion.
While it is true that an isotropic Debye-Waller
factor is not strictly correct for a solid such as
hep He, calculations have shown that the approxi-
mation should be reasonably accurate. 26 For He
with =25°K, B=3h%/2Mk6H~ 29 A%, This large
value for B has a serious effect on the intensities
of the phonon groups for He and should be compared
with typical values for other materials, for example,
Bya(6~160°K)=0.78 A2, Bay(6~93 °K)=0.77 A2,
and By (6’ 75°K) =1, 9A2

For the hep system, the structure factor usually
dictates the optimum reciprocal lattice vector to be
used for a particular branch., However, for the case
of solid He, the large value for Weffectwely
eliminates those with lengths greater than [1010],
[1011], and [0002] reciprocal lattice vectors. One
immediate consequence of being restricted to the
first three reciprocal lattice vectors is to limit
severely the 1nten51ty of the phonon groups via the
factor (- £)2e-2Win Eq. (8); this is illustrated in
Fig. 3, where we compare He, Ne, and Cu. In
addition for one branch of the spectrum, the
Debye- Waller factor introduced another complica-
tion. Normally, the T A [1010] branch is mea-
sured with a crystal oriented in a [001] zone, and
the data taken in the vicinity of the (2110) reﬂec-
tion. However, for the case of solid He, the Debye-
Waller factor would dominate, and the phonon in-
tensity would be severely reduced. In this case, a
[01T] zone should be used, with the data collected
around the (01T1) reflection, even though the ob-
served phonon groups are somewhat contaminated
by scattering from the TA, [1010] branch. The
[01T] zone has the highest multiplicity in the hex-
agonal lattice. Finally, we compare the intensity
of a “typical” phonon group that could be expected
for solid He with Cu and Ne by evaluating Eq. (9)
for “typical” experimental conditions; for He, Ne,
and Cu, the intensities are in the ratio of 1:3.5:10
per unit volume,

The data reported in this paper were collected
using a three-crystal neutron spectrometer operated
in the constant-“ @” mode.%? Germanium crystals
scattering from the (111) and (220) planes were used
as the monochromator and analyzer, respectively.
Since the visibility of a phonon group depends, to a
large extent, on the ambient neutron background,

a special effort was made to reduce the background
to an acceptable level (<1 count/min). Toward this
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(T=300°K, 6~320°K). The scattering vector has been
scaled to the [0002] reciprocal lattice vector for He and
the [111] reciprocal lattice vector for Ne and Cu.

end, a pyrolytic graphite filter was used to reduce
the high-energy component in the incident neutron
beam. The samples were oriented by observing the
Bragg scattering from the sample cell.

Before attempting to observe phonon groups from
a particular sample, the cross section of the inci-
dent beam was reduced so as to match the size of
the crystal of interest. This procedure does not
eliminate all of the remaining solid helium in the
beam path; however, the consistency of the data
taken on different samples assures us that the phon-
on groups do not originate from extraneous crys-
tals. As mentioned previously, we did not attempt
to seed the crystals, and as a consequence, whether
or not we obtained a suitably oriented crystal in a
given growth cycle was a matter of chance. Nor-
mally, if we did not find an oriented crystal, the
solid was immediately melted and a new growth
begun.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

Dispersion Relation

The phonon spectrum of the hexagonal phase of He*
has been studied for wave vectors along the [1010]
and [0001] principal symmetry directions exclusively.
While it is possible to perform measurements for a
general direction in the Brillouin zone, the added
feature of the ambiguity of the phonon polarization
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NATHANS, AND SHIRANE 174

(i.e., the modes are neither purely transverse nor
purely longitudinal) complicates their interpretation.
On the other hand, the polarization vector of the
modes along the principal symmetry directions can
be strictly determined as being either one or the
other. Over-all, the measurements have shown that
the spectrum is quite normal. While at first this
result may seem surprising in view of the nature of
the solid, it is important to remember that the
eigenvalue equation that determines the phonon dis-
persion relation is exactly the classical one (see
Sec. I), which in turn is largely governed by purely
geometrical factors. As long as the “averaged”
interaction potential used in Eq. (6) is well behaved,
the spectrum will appear likewise. A more detailed
discussion of the phonon lifetime will be given in a
later paragraph, but at this point we note that the
surprising result of the experiment is that the exci-
tations are as well defined as they are. Figure 4,
for example, is a plot of some representative phon-
on profiles for various branches of the spectrum.
The final results of the measurements are listed
in Tables I and II. The values quoted for the phon-
on energy and the errors assigned to them were
obtained by the following procedure: The energy
was determined by demanding that the integrated
intensity on either side of the assigned peak posi-
tion be equal, while the errors were calculated by
a procedure given by Brockhouse ef al. 3 and then
multiplied by two. The quoted errors, then, are
twice the statistical error of the measurement;
possible systematic errors have not been considered.
In the case of a number of measurements being
taken for the same phonon group, the appropriate
statistical average has been taken. The data are
plotted in Figs. 5, 6, and 7 along with the results
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FIG. 4. Examples of some representative phonon

group profiles for hcp Hel.
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TABLE 1. Experimental results for the phonon
spectrum of hep He! at 21.1 cm®/mole.

[1010] LA [1010] LO

9/9 . E(meV) 9/ U ax E(meV)
0.101 0.31:£0.04 0.0 0.92:0.02
0.152 0.45+0.04 0.202 1.07+0.03
0.202 0.65+0.02 0.304 1.34+0.08
0.253 0.76+ 0,03 0.405 1.72+ 0,07
0.304 0.99+ 0,03 0.455 1.94+0.16
0.405 1.21%0.03 0.506 2.15+0.12
0.455 1.42+0.03 0.607 2.03+0.14
0.506 1.54+0.03

0.556 1.62+0.03

[1010] TA” [1010] TO,,

9/qmax E(meV) 9/ U ax E(meV)
0.152 0.19%0.05 0.101 1.0320.02
0.253 0.35+0.03 0.202 0.94+0.04
0.354 0.50+0.03 0.304 1.12%0.01
0.455 0.61+0.04 0.405 1.24%0.02
0.556 0.72+0.04 0.506 1.35+0.07
0.708 0.87+0.01 0.658 1.51%0.04
0.809 0.92+0.03 0.809 1.56+0.03
0.911 0.98+0.02 0.911 1.69+0.05
0.988 1.01£0.03 1.000 1.63+0.04

of the self-consistent calculation for the spectrum
performed by Gillis, Koehler, and Werthamer,2¢
In the calculation, the molar volume was fixed at
21.1 cm?,

The theoretical curves are generally higher than
the experimental results. In connection with this
point, Koehler34 has compared the dispersion rela-
tion that he derives for bcc He® with the spectrum
obtained by Nosanow and Werthamer.?® The result

TABLE II. Experimental results foxj the phonon
spectrum of hep He! at 21.1 em®/mole.

[0001] TA [0001] TO
q/qmax E(meV) q/qmax E(meV)
0.193 0.17+0.03 0.285 0.92+ 0.09
0.382 0.30+0.04 0.669 0.78+0.05
0.574 0.44+0.14 0.859 0.69+ 0.03
0.761 0.61+0.06 0.989 0.74+0.12

[0001] LA [1010] TAL
a/q . E(meV) 9/9 0 E(meV)
0.380 0.75%0.04 0.202 0.35+0.04
0.571 1.12+0.05 0.304 0.49+ 0,07
0.761 1.50+0.17 0.405 0.67+0.02
0.951 1.91+0.15 0.607 0.91+0.05

0.809 1.10+ 0.05
1.000 1.08+ 0.06

I T [ | [
hep He?
- T=103°K
4.0~ [ooo] T [1oi0] 21.1 ¢cm3/ mole 7

T0,

o
o)
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PHONON ENERGY (meV)

1 | |
1.0 0.5 0.0 0.2 0.4 0.6 0.8 1.0

REDUCED WAVE VECTOR (q/qu)

FIG. 5. The dispersion curves for the [1010] TA
and the [0001] LA branches of the phonon spectrum for
hep He!. The solid lines are the theoretical results of
Gillis, Koehler, and Werthamer.

is that the self-consistent phonon theory yields a
crystal that is stiffer (the phonon energies are
generally higher) than the one given by the “single-
particle” theory. Gillis and Werthamer!! have
speculated that the correct theory will most likely
be a judicious mixture of the self-consistent ap-
proach with those theories that emphasize the single-
particle aspect of the problem. The agreement be-
tween experiment and theory can certainly be im-
proved. However, considering that (a) the calculation
is a first-principles one (i.e., there are no ad-
justable parameters, the length and energy scales
of the Lennard-Jones potential having been fixed by
the properties of the gas), (b)an approximationis
made by introducing a priori the Jastrow factor to
deal with the important problem of correlations,
and (c) relaxation effects have been completely
neglected, we feel that the agreement is reasonable
at this stage.

T T T T T
hcp He*
T=1.03°K
4.0 T 210 cm3/mole
— (000] [1070]
>
[
13
< 3.0 14 4
(O]
&
-4 TOH
w
é 2.0
z T0
-
a
[ 4
1.0 + -+ % T
Ce— — - —F —_e—"®
N N P
TA = - TA,
| | ! 1 1 -
1.0 0.5 00 02 04 06 08 .0

REDUCED WAVE VECTOR (q/qMAx)

FIG. 6. The dispersion curves for the [1010] TA"
and TO, , and [0001] TA and TO branches of the phonon
spectrum of hep He?. The solid lines are the theoretical
results of Gillis, Koehler, and Werthamer.
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FIG. 7. The dispersion curves for the [1010] LA and
LO branches of the phonon spectrum for hep He!. The
solid lines are the theoretical results of Gillis, Koehler,
and Werthamer.

Intensity and Linewidth

The intensity of the phonon groups for the LA
[10T0] branch showed a strong wave-vector de-
pendence; some representative groups for this
branch are shown in Fig. 8. To determine whether
the decrease in the intensity was, in fact, anoma-
lous, we have used Eq. (9) to calculate its wave-
vector dependence. The inelastic structure factor
is, of course, model-dependent via ) (§). How-
ever, we can expect that it would not be dependent
in a sensitive way, and have therefore employed a
model based on central forces that includes inter-
actions to second nearest neighbors. This simple
model does not reproduce the phonon spectrum.
However, the calculation did show that while the
variation of the Debye-Waller factor was approxi-
mately compensated for by the structure factor,
the decrease in the intensity via 1/E(J) was found
to be in qualitative agreement with experiment.

The determination of the intrinsic linewidth of
a phonon mode using a three-crystal spectrometer
is complicated by the fact that the observed group
represents a convolution of the intrinsic (usually
narrow) line profile of the excitation with the
(usually wide) resolution function of the spectrome-
ter. Cooper and Nathans®® have recently developed
a theory of the resolution properties of the spec-
trometer, and we use these calculations to estimate
the intrinsic width. The results of computer cal-
culations have shown that the experimental width
of the phonon groups is largely due to the resolu-
tion of the spectrometer, with the exception of the
LO [1010] branch, where a definite wave-vector
dependent broadening was observed. An upper
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limit of ~0. 09-meV half-width at half-maximum
(HWHM) could be set for the intrinsic width of the
“normal” branches, while the linewidth of the LO
[10T0] branch for g/gmax ~0.5 is estimated to be
~0.3-meV (HWHM). Klemens!® has suggested that
the three-phonon process could be the source of
this rapid relaxation. Brun et al3® have observed
similar relaxation effects for helium crystals with
a molar volume of 16. 03 cm?.

To summarize, the quantum crystal hcp He* has
been shown to have, to a large extent, the normal
phonon spectrum, The excitations are very well
defined, except for the LO [1010] branch well into
the Brillouin zone, where we observe a wave-
vector dependent broadening. Upon comparing the
experimental spectrum with the results of the self-
consistent phonon theory, we find that, while the
agreement is reasonable, a great deal of improve-
ment could be made,

Our studies of the phonon spectra in solid helium
are being continued. Should efforts to grow larger
single crystals of both the hcp and the bec phase
be successful, it will be possible to finish measur-
ing the remaining branches in the hcp phase and to
compare these results with similar ‘data for lower
molar volumes. Although the scattering experi-
ment in the bce phase is more straightforward, the
cryogenic problems are considerably more serious.
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