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Direct Observation of Isolated J=1 Pairs in Solid Deuterium
and Hydrogen by Raman Scattering
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Spectra due to the orientational states of isolated J =1 impurity pairs in solid hydrogen and
deuterium have been observed by Raman scattering in the wave-number range 2.3-7 em™l,
The results give a direct measure of the pair energy levels and can be used to determine the
anisotropic pair interactions. To within experimental accuracy, no deviation from the domi-
nant electric quadrupole-quadrupole interaction was observed. Expressions are developed
for the scattering efficiency which agree well with experiment. Zero-point-motion averages
of the interactions are calculated using several quantum crystal wave functions and a compari-
son is made with the measured frequencies. The collective wave functions give better agree-
ment with experiment than the Hartree single-particle wave functions.

I. INTRODUCTION

The solid hydrogens (hydrogen, hydrogen deuter-
ide, and deuterium) are the simplest molecular
solids and present unique opportunities for the
_study of intermolecular interactions in the crystal-
line state. Their interactions with electromagnetic
radiation provide rich spectra that can be inter-
preted in terms of intermolecular forces; the varia-
tion of mass by a factor of 2 with little change in
the electronic structure enables studies of mass ef-
fects; and the anisotropic interactions can be iso-
lated by studying appropriate mixtures of the ortho-
para species. In the condensed phase the hydrogens,
as distinct from most solids, exhibit well-resolved

rotational spectra. This is a consequence of the
fact that the free-molecule rotational energy spac-
ings are much larger than the anisotropic potentials
in the solid, and thus the rotational quantum number
J remains a good quantum number.

At the low temperatures of the solid (<20 K) es-
sentially all hydrogen (deuterium) molecules are in
the lowest accessible rotational level, namely, J=0
for para-hydrogen (p-Hy) and ortho-deuterium
(0-D,), and J=1 for ortho-hydrogen (0-H,) and
para-deuterium (p-D,). For low concentrations
of J=1 molecules the lattice structure is hexagonal
close packed (hcp). Molecules in the J =0 state
interact only isotropically, while isolated J=1 mol-
ecules experience very weak anisotropic interac-



4 DIRECT OBSERVATION OF ISOLATED J=1 PAIRS...

tions (=0.01 cm™) due to crystalline fields.! At
the other extreme, namely, a lattice of J=1 mol-
ecules, there is an order-disorder phase transi-
tion driven by the anisotropic intermolecular inter-
actions in which the structure changes from hcp to
fcc and the molecular axes assume preferential ori-
entations with respect to the crystalline axes.? Al-
though the part of the energy spectrum due to the
collective librational states in the ordered phase®*
is determined by the anisotropic potential, the form
of the anisotropic interaction is best studied via the
spectrum of isolated pairs of J=1 molecules in a

J =0 lattice.

The dominant part of the anisotropic pair potential
is the molecular electric-quadrupole-quadrupole
(EQQ) interaction, and this partially lifts the nine-
fold degeneracy of the pair levels. Splittings of the
pair energy levels have been obtained previously
by a number of indirect techniques; however, these
measurements are mainly sensitive to the lowest-
excited-pair levels and there has been a scatter of
reported values for I', the EQQ coupling parameter.
Infrared spectroscopic techniques have been used
to observe sidebands of molecular vibrational tran-
sitions in solid Hy and these were subsequently iden-
tified as a combination mode involving the lowest-
pair orientational levels.® Inelastic-neutron-scat-
tering linewidths® of the J=0~ 1 transitions in H,
have been related to the EQQ interaction. Thermo-
dynamic measurements such as specific heat” and
(8P/57T),® as well as the temperature dependence
of the NMR lines for J=1 pairs® have also been used
to determine I'. The only reported value of I for
p-D, pairs has been obtained from measurements
of (8P/8T), and is substantially different from that
given here.® None of the techniques used previously
are sensitive to deviations of the anisotropic inter-
actions from EQQ.

We have made direct observations of the pure
orientational transitions of pairs of J=1 deuterium
and hydrogen molecules imbedded in a J=0 host
lattice. These measurements provide detailed in-
formation concerning the form of the anisotropic
pair potential; to within experimental error nodevia-
tion from the dominant EQQinteraction was observed.
Large, previously noted, !° reductions of the exper -
imentally determined value of I" from that expected
for a rigid lattice of molecules are confirmed. We
have calculated the renormalization of I'" due to zero-
point motion of the lattice using several forms of
quantum crystal wave functions. The collective
self-consistent wave functions of Klein and Koehler!!
give better agreement with experiment than previous
results using single-particle-type wave functions.

II. ANISOTROPIC INTERMOLECULAR INTERACTIONS

A quantitative treatment of the anisotropic inter-
molecular interactions in solid hydrogen was given
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by Nakamura'? in 1955. He estimated the magnitude
of the anisotropic potential terms in the rigid lat-
tice approximation (no zero-point motion) for a pair
of J=1 molecules and showed that the EQQ term

is the dominant anisotropic pair interaction. Harris!®

‘has refined the calculation of the pair spectrum

taking into account effects of zero-point motion,
non-EQQ anisotropic pair interactions, crystal-
field effects arising from the lowering of the site
symmetry of the molecules whose neighbors are
other than J=0, and dielectric effects due to the
interactions of the pairs with dipole and quadrupole
moments which they induce in the surrounding mole-
cules.

A schematic representation of the energy-level
diagram for the J=1 pairs is shown in Fig. 1 for
a general anisotropic pair interaction. The eigen-
states are numbered from 1 to 9 for ease of refer-
ence and then expressed in terms of total pair rota-
tional angular momentum F and its projection on
the intermolecular axis My and also in terms of the
individual angular momentum projections m;. The
general intermolecular potential'® expanded in terms
of the spherical harmonics is given within the J=0
and J=1 manifold of states by

V=A(R)+ (167/5)Y2 BR)[Y? @,) + Y2 )]

+41 2 ¢ (B0 02255 b, - W) VE@Y @),
1)

where €, and @, specify the angles of the molecular
axes with respect to the vector R connecting the
molecular centers, and C(L,L,Lg; M, M,) is a
Clebsch-Gordan coefficient.!®* The term A(R) rep-
resents the isotropic pair interaction and B(R) the
potential involving the orientation of a single mol-
ecule. The coefficients €;a; vanish for odd j with
ay=45, @y=y%, and a,=y70. A pure EQQ poten-
tial corresponds to €,=-2,/(70)I* with the coupling
parameter I'= & ¢2Q?/R®. Here eQ is the molec-
ular electric quadrupole moment and R the inter-
molecular separation. The dominant EQQ inter-
action lifts the ninefold pair degeneracy, yielding
four distinct levels of maximum splitting 10I'. The
rigid lattice value I'=T';, evaluated with R at R,
the equilibrium nearest-neighbor separation in the
solid, is 0.839 cm™ for D, and 0.698 cm™! for

H,, 1% resulting in transition frequencies in the
range 1-8 cm™. (“Frequency” here is measured
in wave-number units cm™.)

The major perturbation of the spectrum is due
to the large zero-point motion of the lattice (see
Sec. V). The dominant effect of the zero-point
motion is to renormalize the EQQ interaction, and
can be represented by scaling down I' by 10 to 30%
(see Sec. V). A smaller effect arises from the
rotational-phonon coupling, and increases the ef-
fective pair interaction by 5 to 10%.
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F and its projection on the intermolecular axis My, and also in terms of the individual molecular angular momentum

projections m;.
to the upper signs).
shown only schematically.

The non-EQQ part of the anisotropic pair poten-
tial (including the crystal-field term arising from
the lowering of the site symmetry of a molecule
whose neighbors are other than J=0*) has been
shown by Harris to further lift the degeneracy of
the pair levels as shown schematically in Fig. 1.
These potential parameters are not well known,
but have been estimated to be <0.1 cm™. Finally,
the dielectric interactions not only shift the center
of gravity of the pair levels but can also remove the
remaining degeneracies. Theoretical estimates
of the frequencies of the observed transitions are
given in Table I.

III. EXPERIMENTAL

Direct observation of transition frequencies in
the 1-10-cm™ spectral region represents adifficult
task for either absorption or Raman spectroscopy.
In the former technique the difficulties are due
mainly to the lack of a conveniently tunable high-
power source. In the Raman technique the problem

For convenience, the states are also numbered 1-9 (the lower numbered degenerate states correspond
Raman active transitions are indicated by arrows.

The non-EQQ splittings are unknown and are

that arises for small frequency shifts is the separa-
tion of the weak Raman signal from the unshifted
scattered laser light which may be of order 10*-10°
times stronger, and whose apparent width corre-
sponds to the spectrometer slit function. The
problem is particularly severe for solids since
light can be scattered by cracks, imperfections,
etc.

Using a gaseous iodine filter we have been able
to observe several of the Raman active transitions
of nearest-neighbor pairs of J=1 0-H, and p-D, in
host lattices of /=0 p-H; and 0-D,, respectively.
Right angle scattering was observed in the temper-
ature range 1.16 <T <4. 2 K in samples which were
apparently single crystalof size ~1cm®. The growth
techniques have been described previously. 3%
Samples were prepared by mixing known amounts
of normal D,(H,) with high purity 0-D, (p-H,). Con-
centration levels of the J=1 molecules were con-
firmed by relative intensity measurements of the
J=0-2 and J=1~3 rotational Raman lines in the
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solid phase. In the D, sample an HD impurity con-
centration of 1% was present, as determined by the
intensity of its J=0—2 transition.

Raman transitions were excited by the 5145-A
line of a Coherent Radiation Laboratories Model 52
argon ion laser. The lower-frequency (<5 cm™)
Raman lines would normally be obscured at the
laser frequency by the intense scattering caused.
by crystal surfaces, imperfections, etc. This sig-
nal can be reduced by factors of 10°-~10* with an
ingenious scheme devised by Chase, Davis, Devlin,
and Geschwind. '® Iodine gas has two electronic-
vibrational-rotational absorption lines of significant
strength that fall within the gain profile of the 5145-A4
lasing line. By operating the laser on a single
mode at the same frequency as one of the I, rota-
tional lines, a cell of I, gas can be used as a very
high @ filter to absorb the unshifted laser light.
Such a cell was mounted between the scattering re-
gion and the monochromator, enabling useful spec-
tra to be recorded down to frequency shifts of
~2.3 cm™. The use of the filter reduced the signal
by approximately 10, of which a factor 2 was due
to laser power reduction when single moded and the
rest was due to cell losses. Severe difficulties
were encountered in the operation of the filter owing
to the tendency of the laser to mode hop, which de-
stroys the frequency overlap with the I, line. As
a consequence, the filter efficiency was continuously
monitored as the spectra were taken in order to
identify spurious peaks from laser mode hopping.
The monitor signal was obtained by passing a small
percent of the laser light through transverse win-
dows in the I, cell and displaying the photodiode
detected signal simultaneously with the Raman sig-
nal as shown in Fig. 2. Since instabilities generally
occurred every few minutes, scan rates and inte-
gration times were short, leaving something to be
desired in the recorded signal-to-noise ratio. Un-
der these conditions, several scans were always
made thvough important features of the spectra in
ovder to incvease our confidence levels in the iden-
tification. Frequencies could be measured to an
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accuracy better than 0.1 cm™ using a frequency
calibrator previously described. %17

In Fig. 3 are shown the observed pair spectra
for samples of 2.7% p-D, in 0-D, and 2% o-H; in
p-H,, corresponding to pair concentrations of
0.27% and 0. 17%, respectively, for random J=1
distributions. ' These spectra, which exhibit
two features, are rvepresentative of severval scans.
The higher-frequency lines are of lower intensity
and were observed without the iodine cell in order
to take advantage of the increased system through-
put. Use of the iodine cell allowed the inner line
to be clearly observed in the D, sample, whereas
in H, this line was only partially resolved from the
unshifted laser component, preventing a peak fre-
quency assignment. The shoulder of this peak is
identified in Fig. 3. Frequencies are listed in
Table I. The higher-frequency features are iden-
tified as the |2, 1) —|2, 0) transitions of energy
v,=10T" (for EQQ interactions only). At T'=0, fea-
tures should occur at frequencies 4I' and 5T, cor-
responding to the transitions |2, +1) ~| 0, 0 yand
| 2, +1) ~| 2,+2). However, the signal-to-noise
ratio was inadequate to determine whether the ob-
served feature near 3 cm™ in D, was structured or
not. We have therefore assumed that the frequency
v, is the Raman intensity-weighted center of gravity
of the active transitions:

) L ViiSi
TSy

where v;; is the transition frequency from state
i to j, and S;; the scattering efficiency given in
Sec. IV,

Transitions from thermally populated interme-
diate levels (see Fig. 1) to the highest level could
not be identified due to inadequate signal-to-noise
ratio. However, further confirmation of the iden-
tification of the pair levels was provided by the
temperature and concentration dependence of their
intensities, Figure 4 shows the 12,x1)~ |2, 0)
transition for T'=4.2 and 1. 25 K, the relative inten-
sities agreeing within signal-to-noise limitations

@)

TABLE I. Experimental and theoretical pair frequencies. v, is the transition frequency from states 8 or 9 to 1, while vy
is the Raman intensity weighted transition frequency defined in Eq. (2).

Renormalized Dielectric Resultant Non-EQQ Rot.-phonon
EQQ Rigid lattice EQQ* shift * theor freq. ® Expt freq. estimate interaction
theor freq. T=Tylm™) T =g, (cm™Y Av(em™!) (cm!) (cm™?) Av (cm™)
Vp or 8.39 6.65 -0.25 6.40 6.85+0.1 Increasein
v, and v,
D, of order
vy 4.43T 3.72 2.95 -0.12 2.83 2.98+0.2 se v 5 to 10%
H, b or 6.98 4.77 —-0.12 4.65 5.51+0.1 -0.01
2y, 4.43T 3.09 2.11 ~0.06 2.05 =2.45 +0.09

¥Interaction averaged with collective wave function.

’Non-EQQ and rotation-phonon contributions notincluded.
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FIG. 2. Block diagram of the experimental scattering apparatus, showing the laser, sample, monochromator, iodine

cell, and the Fabry-Perot fringe calibrator.

with the theoretical value of 2. 2 for the ratios of
the low-temperature to the high-temperature in-
tensity. The intensities are about a factor of 20
lower than the weak optical-phonon line which is
again about a factor of 500 weaker than the J=0-2
transitions.?® Changing the concentration of J=1
species had the expected behavior. For concentra-
tions less than ~1. 5% the intensities were too low
for useful spectra. If the concentrations were
greater than ~4%, the lines were broadened to the
extent that most of the increased intensity appeared
in the wings of the lines which did not effectively
increase the signal-to-noise ratio, and the contribu-
tions from isolated n-fold clusters (z >2) are difficult
to separate, The optimum concentration was 2—-3%
J=1 species.

Relative intensities of the two features in D, were
not obtained directly since the lines were observed
with and without the I, filter. However, by com-
paring each line to the intensity of the J=0-2 tran-
sitions, the relative intensity of the low-frequency
feature to the high-frequency feature was determined
tobe 10+£5.

IV. RAMAN INTENSITIES

In this section we calculate the Raman intensities
for transitions between pair energy levels. In the
polarizability approximation, the right angle Raman
scattering efficiency for a transition from state &;
to &, is given by?

SPE—~4)= %ca(“’/c)'ipo”t
xTel(ila b i)|?8@s=wy), @)

where S} is the fraction of incident light scattered
per unit frequency per unit solid angle per unit
length of the crystal, and o, p denote the polariza-
tions of the incident and scattered light, respective-
ly. The product of the pair mole fraction ¢, and the
number of molecules/volume p, is the pair concen-
tration; »,;is the thermal population factor of the
state ®;, w, the frequency shift of the light, and w;;
the frequency of the pair transition. The sum is
over the twelve possible pairs as distinguished by
their orientations relative to the crystal axes. of,
is the pair molecular polarizability expressed in the
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laboratory frame (0, p=X, Y, or Z), where % indexes -8B ( 15 )1/2
: p=a gy () =—-( =2 Y (9) - Yy (R
the twelve possible pair orientations in the hep lattice. xz ()= 2 (Yar(@) - Y(@))],
The principal task is to develop an expression for Ve
@ J and then evaluate this within the pair states. ()= :4£ ( 7? ) [(2)Y 27,2,
The selection rules can be seen immediately since g
the polarizability tensor is even and transforms + Y 50(R) + Y5p(2))] (5)
- ’

as Y5, which requires the matrix element of Eq.
(2) to be nonzero only for AF=2, 0.

The twelve tensors @ are most easily found by
determining M2 =|(j| af|i)|? for an arbitrary
orientation of the pair P with respect to the labo-
ratory frame and then evaluating it at the pair an-
gles in the hep lattice. The pair polarizability
tensor is assumed to be the simple sum of the in-
dividual polarizabilities of the molecules 1 and 2:

a :;2 Ugp (Ql) + Qp (Qz), 4)

where ©; and @, are the same as in Eq. (1) and
are shown in Fig. 5. For a diatomic molecule,
the Cartesian components of the anisotropic part
of the polarizability tensor can be written as?

15

1/2
axy(Q¢)=§< o > i[Y5a(R4) - V()] ,

-B(15\/2,
ayz(Q;)= a4 ( E) i[Y 5 (Q) + Yo (R))]
where B=8r/15(a, — @;), @, and @, are the principal
values of the polarizability tensor for the hydro-
gen molecule, and ©; designates the orientation of
the z; axis in the pair fixed frame (see Fig. 5).
The matrix elements required for Eq. (2) are then
easily evaluated in terms of the | myms, ) represen-
tation given in Fig. 1.

The components of the polarizability tensor eval-
uated between the initial and final states, (j|af (7),
can be separated into three groups:

0 0 %1
-gA,l 00 i), ©)
1 i 0

-1 /3 - -9 — -
where Ag =Ag1 =5+ 3, Aga=Ag3=15, As4—A94——w/f"€,
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frequency axes are not calibrated
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for these purposes of comparison.

~—PHONON

/l/

Ags==Agg=-15 V2;

100
GV2pa 01 0 ) (M
0 0-2
with A,y =y %; and
1 ¥ O
PA ¥ -1 0 ) (8)
0 0 0

with A42=A43=\/%, and A312A21=%'\/%' For each
pair of A;; given, the first corresponds to the upper
sign in the matrix. All other A4;; are zero. The
tensors are complex because the degenerate pair
states used are complex. They can be put in the
usual real form by a suitable unitary transforma-

tion such that all of the states are real.

To find the total intensity for all pair orienta-
tions, we take the pair z axis to be at an arbitrary
orientation designated by angles 6, ® with respect
to the laboratory scattering frame (whose Z axis
also coincides with the crystal ¢ axis to correspond
with experiment) as in Fig. 5. The squared matrix
elements in the scattering frame are then of the
form?®

[Glaxe|i)]?
=|De $(mymy | al [ mymy)ef |2, ete., (9)

where ey and ey are direction cosines relating the
axes of the pair frame to the laboratory scattering
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FIG. 5. Coordinate sys-
tems and angles used in
calculating the scattering
efficiencies.

frame and the |m;m,) representation is given in
Fig. 1. The resulting expressions are complicated
angular functions and will not be given here. The
absolute scattering efficiencies averaged over the
12 pair angles, Eq. (2), for various polarizations
are given in Table II. Intensities for XY+ XZ po-
larization, the one used in the experiments to min-
imize the unshifted scattered light intensity, are
given both for a single crystal oriented with the
¢ axis parallel to Z, and for a powder average,
A comparison shows very little difference between
the two.

In the experiment, two spectral features were
observed. The theoretical relative intensity of
the lower-frequency-to—higher-frequency feature

TABLE II.

Raman intensities for pair transitions at various polarizations in the laboratory frame.

for XY+ YZ polarization is

8(8, 9"4)+ S(8, 9“2, 3) =14
5(8,9-1) ’

10)

which compares well with the experimental value
of 10+ 5.

V. FREQUENCIES

The frequencies of the observed transitions yield
information both on the nature of the anisotropic
intermolecular interactions and on the influence
of the zero-point motion. In these quantum crys-
tals, the large zero-point motion (of order 10% of
the lattice spacing) has significant effects on the
intermolecular interactions. Harris!® first cal-

The absolute

scattering efficiencies are obtained by multiplying entries above by the factor (80/72m) (w/c)? copgny oy —a )%, The in-
tensities given are for single transitions and do not include an average over initial states or sum over final states. k;,

is the propagation vector of the incident laser light. .

Polarization Transition Intensities
frequency, Single crystal, Em e axis Powder
Transition EQQonly XY Xz YY YZ XY+XZ XY+YZ
8—~4, 9—4 4T 56 64 72 64 120 120 x24/25
8§—~2, 9—+3 5T 42 48 54 48 90 90x 24/25
8—1, 9—1 or 7 8 9 8 15 15x24/25
7—5,7—6 0 21 24 27 24 45 45x24/25
4—1 6T 60 48 84 48 108 108x48/45
4—+2, 4—3 ir 58 56 78 56 114 114x 288/285
2—-1, 3—1 5T 29 28 39 28 57 57 x 288/285
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culated these effects using Nosanow’s wave func-
tion to represent the molecular coordinates. The
variational wave function is composed of a Hartree
single-particle Gaussian-type wave function ¢ mod-
ified by a short-range Jastrow correlation factor

S

Yriy.en, Vn)=H¢(l?i‘§i l)}}fu ), (11)
i R

where T; is the position of molecule 4, ﬁ,- its equil-

librium position, and ¥;,,=T,-F,. The isotropic

intermolecular interaction is taken to be the Len-

nard-Jones (LJ) potential V; and the correlation

and Gaussian factors are

Jie= exp[ - KVys (Vj;z)]
and

12)

¢p=exp[~-| r;-R;|%/207%] . (13)

The variational parameters K and o are chosen to
minimize the lattice energy. The result of aver-
aging the EQQ interaction over this ground state

is simply to renormalize the rigid lattice coupling
parameter I'y by a constant, i.e., I'=§;, I';. Using
the available quantum crystal results for H; and a
mass scaling procedure for D, Harris found &g,

to be 0.93 for both molecules. However, the D,
wave function subsequently calculated by Nosanow?
does not scale from that of H,. We have recalcu-
lated &;, using this wave function and find a value

of 0.96 for D,. Because these results looked prom-
ising for explaining our observations, it seemed
important to determine the sensitivity of £, to the
choice of wave function.

A more general wave function of this type has
been considered by Krumhansl and Wu®® for solid
hydrogen. They generalized the form of the cor-
relation factor and performed numerical computa~
tions for Lennard-Jones, Buckingham exp-6, and
the nonspherical Wang-Chang molecular potentials.
We have used these wave functions to calculate the
EQQ reduction factor £;, and find that although at
low pressure the total lattice energy changes little
with the choice of these wave functions, the varia-
tion of &, is significant. Results, along with those
calculated for other wave functions, are listed in
Table III. We note that the observed ratio v,/10T,
is 0.81 for D; and 0.79 for H,. However, these
cannot be directly compared with £;, because of
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other perturbations (see Table I).

Wave functions of the form given in Eq. (11) ig-
nore long-range correlations, and, as Noolandi and
Van Kranendonk®” have recently pointed out, these
may have as large an effect on the EQQ interaction
as the short-range correlations. The EQQ inter-
action can be renormalized for both types of cor-
relations by using a collective wave function?® of
the form

ch(.fi’ ..

. ?n)
- e S
=exp[-3 2 'é‘uij * Dyt u'u]H S ), (14)
i#5 k<1

where B:, is the displacement-displacement cor-
relation function and #;,;=%;;, - R;;. Noolandi and
Van Kranendonk estimated the reduction of I'y due
to long-range correlations in Hj, to be ~10% by using
empirical values for the components of B,, and
setting f;;=1. They assumed additivity of the long-
and short-range contributions to &, to find a total
value of 0.80 to 0.85. We have used the self-con-
sistent collective wave function calculated by Klein
and Koehler!! (based on an LJ potential and a one-
parameter Jastrow function) to average the EQQ
potential, finding £, to be 0.68 for H, and 0. 79 for
D,. Since this wave function not only gives the
best lattice energy, but also takes into account both
long- and short-range correlations, it has been
used to calculate zero-point averages of all of the
important interactions considered in Table I.

In addition to the perturbations of the energy
levels already discussed, consideration of the linear
phonon-rotation interaction has been estimated to
increase the effective coupling I' by ~5%.1° As
pointed out by Harris, this calculation still requires
some refinement and for this reason it has not been
included in the column “Resultant theor freq. ” of
Table I. The effect of the non-EQQ interactions was
also omitted from this column because the potential
parameters are not reliably known and must be re-
garded as a-subject for further experimental work.
To determine these parameters, more of the tran-
sitions must be observed or resolved. Neverthe-
less, if our assignments are indeed correct, to
within experimental accuracy no deviations from the
EQQ anisotropic potential can be identified, and we
must regard such effects as either small or per-
turbing the observed transitions in an unlikely man-

TABLE III. Theoretical values of the EQQ scaling parameter &5, for several forms of the lattice wave function.

Wave-function Single particle Hartree Collective
source Krumhansl-Wu Nosanow Klein-Koehler Klein-Koehler
potential LJ exp-6 Wang-Chang LJ LJ LJ
Dy 0.96 0.92 0.79
H, 0.88 0.91 0.86 0.93 0.84 0.68
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ner such that they scale as I'" and cannot be dis-
tinguished from the renormalization.

VI. CONCLUSION

Direct observation of the pair spectra has pro-
vided the most complete and reliable information
to date concerning the anisotropic intermolecular
interactions in the solid. A point EQQ pair inter-
action appears to be sufficient to explain the data.
Large reductions of the transition frequencies
from those expected for a rigid lattice are mostly
accounted for by averaging the interactions over
the zero-point motion with a collective wave func-
tion. On the basis of the zero-point average alone,
using what is believed to be the best available wave
function, theory predicts a lower value than is ob-
served. This can probably be accounted for by
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the phonon-rotation interaction which should be
larger for H, than D,. The sensitivity of the aver-
‘aged interactions to the form of the isotropic po-
tential and Jastrow function has been pointed out
and it is hoped that the present data will motivate
more refined calculations of the ground-state wave
function.
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