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A Raman spectrometer using a focused laser beam and an external resonator was designed and built to
study solid hydrogen samples using Raman scattering. A number of transitions were observed in the
spectrum of solid HD, including an Ry(0) (AJ=1) and a T,(0)+Sy(0) (AJ,=3,AJ,=2) transition.
The intensity of the latter was 4.4 X 107 relative to the allowed S4(0) line. These transitions occur in
HD as a result of the shifted components of the induced polarizability, which arise because of the sepa-
ration between the center of mass and center of interaction in a HD molecule. Theoretical intensity cal-
culations of both transitions are in very good agreement with measured intensities. A Uy(0) (AJ=4)
and Uy(0)+S,(0) transition were also observed, but calculations show that the induced polarizability
makes a negligible contribution to both transitions. A feature in the vibrational (0—1) band was observed
near the expected position of the R(0) transition, but disagreement between the measured and theoreti-
cal intensity and a frequency 7 cm™! higher than measured in absorption experiments led to its
identification as part of the Qz phonon band. The observed Qi phonon then appeared very similar to
the same feature observed in absorption: a multicomponent peak, followed by a dip in intensity, fol-
lowed by another peak. R, phonon bands associated with the Ry(0) and R(0) transitions were also ob-
served with intensities much greater than the zero-phonon lines. Two larger features in the low-
frequency wings of the S,(0) and S,(0) lines were observed and evidence was presented for the
identification of these features as extensions of the R; phonon bands, giving the Rz phonons a similar
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appearance to the Qp phonon.

I. INTRODUCTION

The Raman spectrum of a gas of diatomic molecules
such as H, is restricted by the symmetry of the molecular
polarizability to transitions obeying the rotational selec-
tion rule AJ=0,%2, where J is the rotational-angular-
momentum quantum number.! This selection rule applies
to all diatomic molecules in a state with zero electronic
angular momentum, as well as to collision-induced ab-
sorption (CIA), where a transient dipole is induced in one
molecule by the quadrupole moment of a collision
partner. When hydrogen is studied in the condensed
phases (and in the gas phase at high pressures), however,
much weaker features satisfying different selection rules
appear as the result of higher-order multipolar induction.
The increasing sensitivity of infrared-absorption experi-
ments has led to the observation of hexadecapole-induced
AJ =4 rotational transitions, first in gaseous H, (Refs.
2,3) and later in liquid and solid H, (Refs. 4,5), D, (Refs.
6,7), and HD.®! More recently, Okumura et al.® and
Chan et al.'® have observed the 64-pole-induced AJ =6
transition in solid H,.!! Similar interaction-induced
effects have also been seen in the Raman spectrum of
solid hydrogen. Using laser excitation, Prior and Allin
were able to observe for the first time a number of double
transitions in solid H, and D,.”> These transitions in-
cluded a broad Q,(0)+.S,(0) line along with several dou-
ble rotational lines of the type S,(0)+S,(J), and were
caused by the simultaneous excitation of two molecules in
a single-scattering event. In the notation used here, the
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letters Q,R,S, etc. correspond to rotational transitions
with AJ=J'—J"=0, 1, 2, etc., where J'' is the
rotational-angular momentum of the lower state and J' is
that of the upper state. The rotational quantum number
of the lower state J'' is given in parentheses, and the sub-
script indicates the vibrational quantum number v’ of the
upper state.

Transitions involving a change in total rotational-
angular momentum greater than two were also seen by
Berkhout and Silvera, who published the first spectra
showing the double-S Raman transitions in pressurized
solid H, and D,.!* A U,(0) transition corresponding to
AJ=4 and a Uy(0)+S,(0) double rotational transition
were also reportedly observed, although a single line due
to Uy(0) did not appear resolved from the broader, more
intense S(1)+S,(1) double transition. Two mechanisms
can contribute to these forbidden transitions in the Ra-
man spectrum: mixing of rotational states by the electric
quadrupole-quadrupole (EQQ) interaction, and the break-
down of the independent polarizability approximation
(BIPA). The dependence of the scattered light intensity
on the density of the solid was shown to be different for
the two mechanisms, and a comparison of the calculated
intensity with measurements made as a function of pres-
sure up to 2 kbar on the Sy(1)+S(1) transition showed
very good agreement.!* More recently, double transitions
of the type Q,(0)+S,(0) in the vibrational band have
been reexamined in both solid H, (Ref. 14) and D, (Ref.
6). Whereas the contributions to the Sy(J;)+Sy(J,) in-
tensities from the two mechanisms of state mixing and
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BIPA are comparable,'® Barocchi et al. have shown that
the BIPA is insignificant in accounting for the
Q,(0)+S,(0) intensity.'* The reason state mixing is such
a dominant effect is that the energy difference between
the S,(0) and the Q,(0)+S,(0) states (6 cm ™! in D, and
18 cm ™! in H,) is much less than the energy separation
between different rotational levels, and is of the same or-
der of magnitude as the EQQ interaction coupling these
different states. Using perturbation theory and consider-
ing only state mixing due to the EQQ interaction, the in-
tensity of the double transition Q,(0)+S,(0) was calcu-
lated to be about 0.2 times that of the allowed S,(0) line,
which agreed to within experimental uncertainty with the
measured double transition intensity.!*

Unlike H, or D,, the HD molecule possesses a small,
permanent dipole moment, allowing normal absorption
transitions with AJ=+1 to be observed in the low-
pressure gas'> as well as in the solid. The R(0) line, first
observed in solid H, by Trefler et al. ,16 has recently been
remeasured in two separate experiments'”!® and its in-
tensity has been found to agree well with a recent ab ini-
tio calculation by Tipping and Poll.!® Only about half of
the R,(0) intensity, however, is caused by the allowed di-
pole moment. The remaining intensity arises because of
the so-called “‘shifted components” of the induced dipole
moments as well as constructive interference between the
allowed and induced moments. The origin of these shift-
ed components has been discussed previously.?’ In HD
the center of mass does not coincide with the center of
charge, and when the coordinate transformation from the
center of charge to the center of mass is made, the vari-
ous interaction-induced dipoles give rise to additional
shifted components with different symmetry properties
from the unshifted dipoles. In contrast to the R,(0) line,
the allowed dipole moment does not contribute
significantly to the R(0) absorption line in the funda-
mental (0-1) vibrational band, leaving the induced di-
pole and interference between the allowed and induced
dipoles to account for the observed transition intensity.?!
Other transitions having odd values of AJ greater than
one can also occur in solid HD, although not in H, or D,.
These transitions are also the result of the separation of
the center of mass from the center of charge of the mole-
cule. For example, the quadrupole-induced dipole mo-
ment gives rise under a coordinate transformation to ad-
ditional shifted dipole components that contribute to the
T,(0) single transition as well as the S,(0)+R,(0) and
S,(0)+T,(0) double transitions. Similarly, the
hexadecapole-induced dipole, when shifted, gives contri-
butions to the V,.(0) single transition corresponding to
AJ=+5. Several such absorption transitions have al-
ready been observed in solid HD?? and the measured ab-
sorption coefficients have been compared with theoretical
values obtained using ab initio matrix elements.??

Like the induced dipole moment, the interaction-
induced polarizability in solid HD also contains shifted
components due to the separation between the center of
charge and the center of mass, leading to rotational Ra-
man transitions with odd values of AJ. The occurrence
of these normally forbidden transitions in the Raman
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spectrum was first predicted by Attia et al.?* who also
calculated several transition intensities. The calculated
intensities were not large; the strongest, R,(0), was pre-
dicted to be only 1.8X10™* times as intense as the al-
lowed S,(0) transition, although the accompanying pho-
non branch was predicted to be 15 times stronger than
Ry(0). In order to test these predictions, the Raman
spectrum of solid HD has been reexamined under high
sensitivity, and we are able to report the observation of
such transitions having odd values of AJ, including R,(0)
and an accompanying phonon branch, as well as the dou-
ble transition Ty(0)+S,(0). While neither of these zero-
phonon lines has been observed before, it was suggested
by Attia et al.?* that a broad peak in the rotational Ra-
man spectrum of solid HD, previously observed by Sil-
vera et al. and identified as two-phonon scattering,? may
have actually been the phonon branch accompanying the
R,(0) transition. Silvera et al. recognized the possibili-
ty, in principle, of a AJ=+1 transition occurring in the
HD spectrum, but having not observed the single transi-
tion it was considered more likely that the broad peak at
~160 cm ™! was caused by two-phonon scattering.?> The
issue of the identity of this feature will be readdressed in
this article. In addition to the odd AJ lines, a sharp
Uy(0) line corresponding to AJ =4 transitions in single
molecules and a Uy(0)+S((0) double transition have also
been observed. The occurrence of these new transitions
in the Raman spectrum of solid HD affords a unique op-
portunity to investigate the effects of intermolecular in-
teractions using a well-established experimental tech-
nique.

II. THEORY

The theory of Raman transitions in solid HD with odd
values of AJ has been presented previously by Attia
et al.** along with intensity calculations of the R,(0),
R,(0)+S,.(0), and T,(0)+S,.(0) transitions and their as-
sociated phonon branches in the rotational band
(v=v"'=0). Their calculations were for the case of a sin-
gle oriented crystal with its ¢ axis in the laboratory-frame
Z direction, the laser beam also along the Z direction
with X polarization, and the scattered light along the X
direction with Y and Z polarization. A shorthand
method of referring to this combination of polarizations
is XY +XZ, where the first letter of a pair gives the laser
beam polarization referred to a laboratory-fixed coordi-
nate system and the second letter gives the scattered light
polarization. In the experiments reported here, the laser
beam was polarized along the Y direction, so the polar-
ization geometry was YY + YZ. The geometry of the ex-
periment is illustrated in Fig. 1.

In the independent polarizability approximation, the
polarizability of an assembly of molecules is just equal to
the sum of the individual molecular polarizabilities.
When interactions between molecules are considered, the
total polarizability will include additional induced com-
ponents. For a pair of interacting hydrogen molecules, a
component of the polarizability tensor can be written?*
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FIG. 1. Scattering geometry used in the Raman experiments
on solid HD. The incident laser light is along the laboratory-
fixed Z axis with polarization along Y, and the scattered light is
in the X direction with polarization along both Y and Z. The
sample is assumed to be a single oriented crystal with ¢ axis
along the Z direction.

aAH(r1r2R)=aML(r1)+akﬂ(r2)+ai;{‘£(r1r2R) , (1

where a,,,(r;) is the polarizability of an isolated molecule
and a‘;{‘:(rerR) is the interaction-induced pair polariz-
ability. The vectors r=(r;,;) are the internuclear sepa-
rations of the molecules referred to a laboratory-fixed
coordinate system, with o, =(8;,¢;) giving the orienta-
tion. Similarly, R=(R,Q) is the vector between the
centers of mass of the two molecules. The pair polariza-
bility af¢(r;r,R) contributes to the double rotational Ra-
man transitions S,(J)+Sy(J’) in H,, D,, and HD.

Like a pair of H, molecules, the interaction-induced
polarizability for a pair of HD molecules is a function of
the internuclear separations r; and the vector between the
centers of interaction of the two molecules. The
difference is that this vector does not coincide with the
vector separation between the centers of mass, as it does
for a pair of H, molecules. If the vector from the inter-
nuclear midpoint of a molecule labeled i to the center of
mass is called x;, then x;=r,;/6 for an HD molecule. If
the vector between the centers of interaction of the two
molecules is now called S, then

S=R+(x;—x,), (2)

where R is still the vector between the centers of mass.
In order to calculate matrix elements of ai;{f(rlrzS) for a
pair of HD molecules, the induced polarizability must
first be expressed in terms of the appropriate dynamical
variables (r;r,R),%® since the rotational wave functions
are referred to the molecular centers of mass. This trans-
formation can be made with the help of Eq. (2) to give the
following Taylor series:2*

aid(rir,8) = (r;r,R) + (X — X,)- Vg o (ryr,R) + - - -

(3)

The first term in Eq. (3) is just the interaction-induced po-
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larizability given by Eq. (1) for a pair of H, molecules. It
is the second term proportional to x; and X, in the expan-
sion (3) that contains the shifted polarizability com-
ponents; these have different symmetries from the un-
shifted components and give rise to single R,(0) transi-
tions and double transitions such as R,(0)+S,(0) and
T,(0)+S,(0).

The intensities of these transitions in the rotational Ra-
man spectrum calculated within the dipole-induced di-
pole model by Attia et al.?* range from 1.8 X 10 * for
R(0) to 4.2X 107 for T,(0)+S,(0). All intensities are
given relative to the allowed (HD) S(0) line. The calcu-
lations have been repeated for the single and double mol-
ecule transitions for the different laser beam polarizations
used in these experiments, and the intensities were found
to be only slightly different, ranging from 1.5X 10™* for
R,(0) to 4.8X107° for T((0)+S,(0).?" Intensities for
the accompanying phonon bands have not been recalcu-
lated for the present case, but they should not differ ap-
preciably from the results of Ref. 24. The phonon
branches associated with the double transitions were cal-
culated to be approximately half as intense, but for the
R((0) line, the accompanying phonon branch, commonly
denoted by the notation Ry, was predicted to be 15 times
as intense as the single molecule transition.?*

III. EXPERIMENTAL DETAILS

The usual 90° scattering geometry depicted in Fig. 1
was used, along with the standard photon counting mode
of detection. A beam from an argon-ion laser with a
maximum power of approximately 2+ W was passed verti-
cally through the sample. A 101 mm focal length best-
form lens placed below the cell focused the beam to a
spot size of 17 um at the sample center. After passing
through the cell, a 230 mm spherical mirror mounted on
a micrometer-adjustable translation stage reflected the
beam back on itself. Careful positioning of this mirror
produced an external resonating cavity that increased the
laser beam power inside the sample by a factor of be-
tween 4 and 10, depending on sample transparency and
reflection losses from windows and other optical com-
ponents. The scattered light was collected and focused
onto the entrance slit of a Spex 1400-II double mono-
chromator, and detected by an EMI 9865 photomultiplier
tube mounted at the exit slit. The entire light collection
system, including the monochromator and detector, was
calibrated for frequency response by recording the spec-
trum of a quartz halogen lamp that had itself been cali-
brated against an Optronic Laboratory model 200C stan-
dard lamp. The spectral irradiance of this lamp was
known between 375 and 800 nm with an uncertainty of
+1.4% from comparison with a National Institute of
Standards and Technology standard lamp.

The sample cell was constructed of copper with an in-
terior volume of approximately 1 cm® and was similar in
design to cells used in previous experiments.’®?® The
bottom of the cell was mounted to a copper bracket con-
nected to the cold finger of a Janis Research ST transfer
line cryostat, and the entire cell-cold finger assembly was
sealed inside an evacuated aluminum shroud. Liquid
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helium was used to cool the cell down to around 15 K,
the lowest temperature used when recording solid spec-
tra. A Lakeshore Cryotronics DRC-80 temperature con-
troller monitored the temperature of the cell to within
0.1° and allowed the temperature to be controlled by a
wire heater wrapped around the cold finger. A second
0.5 W wire heater on the top of the cell provided local-
ized heating at the point where the stainless-steel gas line
entered the cell. This auxiliary heater fulfilled two func-
tions. First, it prevented the gas inlet line from freezing
shut before the contents of the cell had completely
frozen. Second, by heating the cell on top and cooling it
from the bottom, the thermal gradient inside the cell was
predominantly vertical; this was essential to establish a
preferred orientation for the ¢ axes of the crystals during
the freeze.

The HD gas used was purchased from MSD Isotopes.
Before it could be used, the gas first had to be distilled to
remove considerable air impurities. Even then, the gas
typically was a mixture of 5% H,:90% HD:5% D,.
Crystals were grown by first pressurizing the cell filled
with liquid HD to between 300 and 400 psi, then very
gradually decreasing the temperature (about 0.1° every
twenty min) until the sample was completely frozen.
Once frozen, the solid samples contained no obvious visu-
al flaws, although observation between two polarizers re-
vealed many grain boundaries, confirming that the sam-
ple was polycrystalline. The actual orientations of the
crystallites is uncertain but must lie somewhere between
a uniform vertical alignment and a completely random
distribution. Theoretical intensities were calculated for
both of these limiting possibilities, and the results will be
discussed in Sec. V.

IV. RESULTS
A. The rotational band

The rotational Raman spectrum of solid HD is shown
in Fig. 2. The horizontal axis gives the frequency shift
from the laser line in wave numbers, and the spectral
resolution is 2 cm~!. On the intensity scale used for the
spectrum in Fig. 2(a), only the normally Raman allowed
features satisfying AJ =2 can be seen. The largest line is
the allowed S,(0) transition in HD, but there are also
four additional S,(J) transitions with J=0 and 1 due to
the presence of H, and D, in the sample. From the mea-
sured relative intensities of these lines, the concentration
of both H, and D, in the sample is estimated to be 5%
each. While the linewidths (full width at half maximum)
of the H, and D, S,(J) lines were found to vary from 2.2
to 4.9 cm™ !, the width of the HD So(0) line was mea-
sured to be 9 cm ™!, or two to four times larger than any
of the other lines. This large difference in linewidth was
first noticed by McTague et al.’® who showed that the
HD S,(0) line, like the S4(0) lines in H, and D,, also
consisted of three components, but that each of these
components in HD had full widths at half maximum
(FWHM) of 5.5 to 6 cm™! and appeared to be lifetime
broadened. By measuring the polarization characteristics
of the S,(0) line in single crystals of solid HD, McTague
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FIG. 2. The rotational Raman spectrum of solid HD at 15 K.
The horizontal axis gives the frequency shift in wave numbers
from the laser light frequency. Both spectra are identical, but
the intensity scale in (b) is expanded by a factor of 10.

et al. unambiguously identified the three components as
transitions to the m ==1 (lowest energy), m ==*2, and
m =0 (highest energy) levels in the J=2 roton band.>°
The degeneracy of the m; sublevels is removed by the
mainly anisotropic EQQ interactions. The use of three
Lorentzian line shapes to model the HD S(0) line also
proved to be successful for the spectra shown here, as will
be discussed shortly.

Another fairly prominent feature that can still be seen
with the intensity scale used in Fig. 2(a) is the pure pho-
non line at 352 cm~!. This line represents the
transverse-optic (TO) phonon and is also a Raman al-
lowed transition. Silvera et al. first observed this line
and accurately measured its frequency in H,, D,, and
HD.?® Their measured value of 36.16 cm™! in solid HD
at 4.2 K is 1 cm ™! higher than the value reported here
for a sample at 15 K, but it was also noted that raising
the temperature of a para-D, sample from 4.2 to 14.2 K
lowered the phonon frequency by 1.8 cm ™! (Ref. 25). In
light of this result, the measured frequency of 35.2 cm™!
is consistent with both the Silvera et al. value and the re-
sult of Baliga et al. of 37.0 cm™! obtained with a solid
temperature of 2 K.°
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The spectrum of Fig. 2(a) is shown in Fig. 2(b) with an
intensity scale ten times more sensitive, and a number of
weaker features appear. The relatively narrow line at 448
cm ! is the HD Sy(1) transition. Even at 15.5 K, the
temperature of the sample, about 7.5 HD molecules out
of 10* are in the J=1 rotational level, according to the
Boltzmann population distribution. The line at 538 cm ™!
with an intensity comparable to the S(1) line is the dou-
ble transition S,(0)+.S,(0). One notable characteristic
of this line is its large width; the FWHM was measured
to be around 24 cm.”! Such a large width is not unex-
pected, but rather seems to be characteristic of double
transitions. The Sy(J)+Sy(J') double transitions ob-
served by Berkhout and Silvera in solid H, and D, also
appeared significantly broader than the single transitions,
although values of the linewidths were not quoted.!* In
HD the apparent broadening of the Am; components dis-
cussed previously would also increase the linewidth of the
double transition. Furthermore, it has been suggested
that the forbidden transitions such as Sy(J)+Sy(J') may
be expected to contain relatively strong phonon side-
bands.!®* The existence of an unresolved phonon branch
adjacent to the HD S;(0)+.S,(0) line might therefore
also be a contributing factor to the shape and width of
this line.

On the low-frequency side of the HD S,(0) line are a
couple of other weaker features that can be seen in Fig.
2(b). The weak, relatively sharp line at about 90 cm ™ lis
the Ry(0) transition whose occurrence in the Raman
spectrum of solid HD was predicted by Attia et al.?* A
much stronger feature with a peak at about 160 cm !,
just to the left of the D, S,(0) line, can also be seen. This
feature has been identified as the phonon sideband ac-
companying the R,(0) transition and is labeled Ry in
keeping with the established convention of designating
phonon sidebands by the subscript R. The intensity of
this phonon band has been calculated to be 15 times as
intense as the R,(0) line.”* While the calculation was
done for the case of XY +XZ polarization, it will be as-
sumed that approximately the same ratio will occur for
YY + YZ polarization used in the present experiments.
From a qualitative standpoint, therefore, the assignment
of this feature as the Ry phonon sideband seems valid.
But as Silvera et al.,* who observed the same feature in
an earlier Raman spectrum of solid HD between 50 and
230 cm ™!, previously pointed out, two-phonon scattering
is also expected to occur in this spectral region. While no
predictions of the intensity of scattering by this mecha-
nism have been made, its contribution to this part of the
spectrum cannot be dismissed.

An asymmetry in the wings of the HD S;(0) line
caused by a broad feature just to the high-frequency side
of the D, S,(0) line can also be noticed in Fig. 2(b). This
additional intensity, which was also observed by Silvera
et al. but not commented upon,?®> may represent a contri-
bution from two-phonon scattering. To explore this pos-
sibility, the Raman spectrum of solid H, was looked at
between O and 300 cm~!. Because solid hydrogen is a
quantum crystal, there is only a very weak dependence of
the phonon frequencies on the molecular mass, and the
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single phonon frequency measured in H, was within 1
cm ™! of the corresponding frequency in HD. It can be
expected that the two-phonon continuum will also be
very similar in both isotopomers, however, in H, the only
Raman-active mode between the single phonon and the
So(0) line at 354 cm™! is this two-phonon excitation.
The H, spectrum showed a broad feature that peaked be-
tween 100 and 150 cm ™! and then decreased gradually to
zero between 250 and 300 cm ™~ !. Based on this observa-
tion, it does not seem likely that the feature seen in Fig.
2(b) with a peak around 200 cm™! can be attributed to
two-phonon scattering. Another possible contribution
may be a phonon sideband associated with D, S;(0), al-
though the absence of noticeable sidebands on most of
the other S,(J) transitions suggests that this contribution
would be weak at best.

The spectrum of Fig. 2 over the region from 10 to 200
cm ™! is shown on a more sensitive intensity scale in Fig.
3. The R,(0) line, displayed in the inset, was recorded
with a resolution of 1 cm™! and is seen to have a very
asymmetric line shape. It is also apparent that the
feature that has been identified as the Ry phonon band
contains at least two components. To determine the in-
tensities of the Ry(0) and Ry features to compare with
theoretical intensities required separating these features
from the underlying spectrum. Both features sit on top
of the wing of the intense HD S,(0) line, in addition to
the two-phonon spectrum whose shape and intensity are
unknown, and the currently unidentified component men-
tioned in the previous paragraph. To separate these vari-
ous features, the wing of the HD S,(0) line was modeled
first. Using three Lorentzians constrained to have equal

=
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Frequency (cm™!)

FIG. 3. The rotational Raman spectrum of solid HD on an
expanded intensity scale. The R;(0) line, shown in the inset,
was recorded with a spectral resolution of 1 cm ™!, and has a
very asymmetric line shape. The dashed line represents the ex-
trapolated wing of the large S,(0) line obtained from fitting it to
three Lorentzians.
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separations, it was indeed possible to fit the observed
So(0) line shape, using a nonlinear least-squares-fitting
routine, out to eight or ten half-widths from the line
center. By extrapolating the line shape to zero frequency
using the fit parameters, a very convincing curve
representing the far wing of this line was obtained, and is
shown as the dashed line in Fig. 3.

Treating the wing of the HD S,(0) line as a fixed back-
ground, the remaining features were fit simultaneously
using several Gaussian functions. (Gaussians were used
because this function seemed to most closely match the
instrumental profile, as determined from fitting gas Ra-
man lines.) Two Gaussians were required to fit the D,
S5(0) line, but this is not surprising given the underlying
triplet structure of this line. To model the Ry feature be-
tween about 110 and 170 cm™!, either two or three
Gaussians were used. A final Gaussian was required to
account for the shoulder to the right of the D, S,(0) line.
Thus, by using five or six Gaussian line shapes superim-
posed on the HD S,(0) wing, the spectral region between
100 and 250 cm ™! could be modeled quite satisfactorily.
The positions and integrated intensities of the com-
ponents of the R, phonon band and the unidentified
feature obtained from fitting several sets of data are sum-
marized in Table I. It will be noted that none of the com-
ponents used in the fit were assigned to two-phonon
scattering. Presumably, the contribution from this is
lumped together with the components of the Rz phonon
band. We will come back to this point a little later.

The Ry(0) line was well separated from the phonon
band structure and was fit independently, with the
Lorentzian wing of the S((0) line forming the back-
ground. The asymmetric line shape was modeled using
the well-known Fano-type line profile, which is a charac-
teristic feature of interference between a discrete and a
continuum state.’! In this case the discrete state is the
upper rotational level (J =1); the identity of the continu-
um is not so immediately obvious, but it is probably the
two-phonon continuum which extends underneath the
R(0) line. The functional form used to fit this feature

TABLE I. Properties of the R; phonon branch components
and the unidentified phonon feature in the rotational band of
solid HD as determined from least-squares fitting. The intensi-
ties are relative to the S,(0) transition.

Phonon branch Frequency FWHM Relative
components (cm™!) (cm™1) intensity
Two-component fit:
RZ 138 21 2.0X1073
RS 158 16 2.0X1073
Ry (total) 4.0x1073
Three-component fit:
Rg 131 10 49x107*
R} 148 26 3.0x1073
Rz 160 11 1.0x1073
R (total) 45x1073
Unknown feature 200 96 3.2X1072
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was the same as that used by McKellar and Clouter to fit
the same transition observed in absorption in solid HD:!8

(14+e/q)?
1+¢2

where e=2(0 —0)/T. In Eq. 4) I, is the peak intensi-
ty, o is the frequency in cm™! of the line, T is the full
width at half maximum (FWHM), and g is the Fano line-
shape parameter that describes the degree of asymmetry
of the line. The line shape becomes more asymmetric as
lg| approaches zero and when |g| approaches infinity,
the expression (4) reduces to a symmetric Lorentzian line
shape. Once the parameters in (4) were determined, the
ingggrated intensity of the line was calculated according
to

I(o)=1I, ) 4)

1=g10r(1—q—2> . (5)
Equation (5) is obtained from (4) by first subtracting the
baseline value I, /g2, which is the value I(o) approaches
as 0 —t o0, and then integrating the result from — «» to
+ . Table II lists the average values of the parameters
and the integrated intensity obtained after fitting four
different spectra. The intensity is relative to the HD
So(0) line and has been corrected for the spectrometer
response.

A number of rotational transitions were observed
beyond the H, S((1) line, and these are all shown in Fig.
4. This spectrum was recorded with a spectral resolution
of 4cm™!. The HD S(0)+S,(0) and the H, Sy(1) tran-
sitions are also included to allow for a visual comparison.
Table III summarizes the measured frequencies,
linewidths and integrated intensities for all of the zero-
phonon transitions observed in this spectral region. No
attempt has been made to correct the observed linewidths
by accounting for the instrumental line shape, since most
of the lines are much broader than the spectral resolu-
tion. The intensities have been corrected for the relative
spectrometer response, and are given relative to the HD
S5(0) line. These intensities were determined by first
measuring the intensity relative to the H, S,(1) line, and
then multiplying this ratio by the average value of the
H, Sy(1) intensity relative to HD S,(0). In this way,
only lines recorded in the same spectrum under identical
conditions were being compared, so that variables like
the laser power, quality of the sample, etc. did not affect
the comparison.

Two of the largest features shown in Fig. 4 on the X40
expanded sensitivity scale are double rotational transi-

TABLE II. Properties of the Ry(0) line determined from
least-squares fitting. The parameters are defined by Eq. (4) in
the text. oy is the line position, I is the linewidth (FWHM) and
g is the Fano line shape parameter describing the degree of
asymmetry of the line. The intensity is given relative to the
Sy (0) transition.

oo (cm™1) ' cm™!) q Relative intensity

88.9+0.4 3.34+0.8 3.9 8.5X 1073
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TABLE III. Raman frequencies, linewidths, and integrated intensities of zero-phonon transitions in
the double rotational band of solid HD. All of the transitions are illustrated in the spectrum of Fig. 4.
The integrated intensities are given relative to the S,(0) transition intensity.

FWHM Previous Integrated
Transition Frequency (cm™!) (cm™1) measurements intensity
So(0)+S0(0) 538+4 24 3.4+0.3X107*
To(0)+.8,(0) 807+8 16 799.7% 4.4+1.0X107¢
(HD)S((0)+(H,)S(1) 858+4 21 1.6+0.3X10°°
U,(0) 886.5+1.5 7 885.2° 6.21+0.8X107¢
(HD)U,(0)+(D,)S((0) 1060+2 11 1.4+1.0Xx10°¢
Uy(0)+S,(0) 1157+4 19 1.7+0.3X 1073

#Reference 31; measured in absorption.
"Reference 8; measured in absorption.

tions. The one at 858 cm™! involves a AJ=2 rotation
occurring simultaneously in a HD and an adjacent
ortho-H, molecule. The largest line at 1157 cm™! in-
volves HD molecules only, one making a AJ=2 transi-
tion and an adjacent molecule making a AJ =4 or U tran-
sition. A single Uy(0) transition also occurs with
significant intensity. The narrowness of this line is in
sharp contrast to the double transitions, and once again
illustrates this characteristic difference between the two
types of lines. It should be noted that when the U,(0)
line was recorded after reducing the slit width, the ob-
served linewidth did not change significantly, so that the
value quoted in Table III is probably close to the actual
FWHM for this line. Berkhout and Silvera also reported
observing single U transitions in solid H, and D,; howev-
er, in their published spectra it is not possible to resolve a
sharp line like the one observed here from the broader

= x40
H, S,(1)
HD S,(0) + H, S,(1)
u,(0
oo ooy VeS|
3 T0+5,0) |
o(0) HD U,(0)
l +
Up D, S,(0)

Intensity

1

1 IR . 1 - 1

600 800 1000

1200

Frequency (cm™')

FIG. 4. The rotational Raman spectrum of solid HD show-
ing the Uy(0) transition as well as several double rotational
transitions. Note that several transitions involve H, and D,
molecules. The weakest features observed here are of the order
of 1076 times the intensity of the strong HD S,(0) transition.

Sp(1)+S,(1) transitions that occur at almost the same
frequency.!® As a result, the spectrum of Fig. 4 probably
represents an unambiguous observation of a AJ=4 Ra-
man transition in solid hydrogen. It should also be possi-
ble to observe this transition without interference by
reexamining the Raman spectrum of pure para-H, and
ortho-D,.

The signal-to-noise ratio in Fig. 4 is sufficiently good to
allow several other weak spectral features to be dis-
tinguished. Two of these are quite broad and have been
identified as phonon sidebands. The most intense one at
around 1200 cm ™! is labelled as (U +S )z, meaning it is
the phonon sideband associated with the Uy(0)+S,(0)
line. An accurate measurement of the intensity of the
phonons is difficult because of the width and weakness of
these features, but it is estimated that the (U +S); pho-
non is 0.5%0.25 times the intensity of the Uy(0)+S,(0)
line. The second phonon, occurring around 930 cm ™!,
may be identified with either the HD S,(0)+H, S,(1) or
the Uy(0) line; it is separated from these two lines by 70
and 41 cm™!. In comparison, the separation between the
Uy(0)+S,(0) line and its phonon is 50 cm™!. There is
also what appears to be a distinct phonon band associated
with the H, Sy(1) line at about 630 cm ™!, which is 43
cm ™! from the zero-phonon line. [The separation be-
tween this phonon peak and the HD S;(0)+.5,(0) transi-
tion is about 90 cm !, which is too large to make it likely
that the phonon is associated with this double transition.]
Based on this, it seems most likely that the phonon at 930
cm ™! should be identified as Ug. Its intensity is also ap-
proximately one-half that of the Uy(0) line, and so it
indeed appears to be the case that many of the so-called
forbidden transitions have relatively large phonon side-
bands. This observation also agrees generally with the
theoretical results of Attia et al., who calculated relative
intensities of 0.54 for the phonons expected to accom-
pany the R(0)+S4(0) and T(0)+S,(0) transitions.?*

Finally, and most significantly, a weak feature can be
distinguished in Fig. 4 occurring at 807 cm ™!, and this
has been identified as the T((0)+.S,(0) double transition
first predicted to occur in the Raman spectrum of solid
HD by Attia et al.?* This transition has been previously
observed using infrared absorption, where its frequency
was measured to be 799.7 cm™ .32 This value is in sub-
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stantial disagreement with the one measured here, but it
still falls just within the present experimental uncertainty
of 8 ecm™!. Accurate measurements of the frequency
and integrated intensity of this line are hampered by its
large width and weak intensity, as well as the sharply
sloping background caused by the tail of the H, S,(1)
line and its phonon band. By fitting this background to
an exponential function and the 7j(0)+S,(0) line to a
single Gaussian, the integrated intensity of this line rela-
tive to the HD S,(0) was determined to be 4.4 X 107¢
after correcting for the spectrometer response. This
turns out to be in excellent agreement with the theoreti-
cal value, as will be discussed further in Sec. V.

B. The vibrational band

A Raman spectrum of the vibrational band of solid
HD is shown in Fig. 5. The most intense line, the pure
vibrational Q,(0) transition, is very narrow; its measured
FWHM of 2 cm ! represents the inherent instrumental
linewidth. As Table IV shows, the measured frequency of
3621.7 cm ™! is within 0.15 cm ! of previously measured
values.'®33 The rotational vibrational transition S,(0) is
a little more interesting. In addition to a symmetric main
peak, it has a very noticeable component on the high-
frequency side. Recent observations of the S,(0) line in
solid normal D, (Ref. 6) and in para-H, (Ref. 14) have
shown a similar asymmetric structure for the S,(0) line
in these solids as well. The additional high-frequency
component has been shown to be the double transition
Q,(0)+S5,(0). According to gas phase measurements,
the difference in frequency between the two different
states for HD is 11.3 cm ™!, The asymmetric line shape
shown in Fig. 5 was best fit using two components: a
Lorentzian was used for the single S,(0) transition and a
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FIG. 5. The fundamental vibrational Raman spectrum of
solid HD at 15 K. The asymmetry in the high-frequency wing
of the S,(0) line is caused by the Q;(0)+S,(0) double transi-
tion. Note the much weaker asymmetry in the left wing of the
S§1(0) line and visible only on the X 30 scale.
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TABLE IV. Frequencies and linewidths of zero-phonon Ra-
man transitions in the fundamental vibrational band of solid
HD. The width quoted for the Q,(0) line is the instrumental
slit width; the actual linewidth is probably much narrower.

Frequency FWHM Previous
Line (cm™!) (cm™1) measurements
Q,(0) 3621.7+0.4 2 3621.85%,3624.86°
S,(0) 3880.4+1.0 7 3880.0°
Q,(0)+S,(0) 3896+4 17 3890°

“Bhatnagar et al., Reference 32.
®McKellar and Clouter, Reference 18; measured in absorption.
“Baliga et al., Reference 6.

Gaussian for the double transition. The average results
after fitting several sets of data are listed in Table IV.
The frequency determined for the §,(0) component
agrees to within 0.4 cm ™! with a previous measurement,®
but the Gaussian component is 15 cm ™! higher than the
S,(0) component and 5 or 6 cm ™! higher than the fre-
quency of the Q,(0)+S,(0) transition measured in ab-
sorption.!® This discrepancy simply reflects the uncer-
tainty involved in separating the two overlapping com-
ponents, and does not cast any doubt on the origin of the
asymmetry in the S;(0) line.

The intensity of the Q,;(0)+S,(0) transition relative to
the S;(0) was determined to be 0.21, however, this value
has an uncertainty of about 10% for reasons already dis-
cussed. Barocchi et al.'* have discussed the theory of
this double transition and have shown that it is caused
mainly by mixing of the unperturbed states by the electric
quadrupole-quadrupole  (EQQ) interaction. (The
interaction-induced polarizability also makes a contribu-
tion, but this is negligible compared to state mixing.) The
reason that the mixing of states leads to such an apprecia-
ble intensity for this forbidden double transition is that
the EQQ interaction is of the same order of magnitude as
the separation between the unperturbed states. This sep-
aration is 18, 11, and 6 cm ! in H,, HD, and D,, respec-
tively, so the double transition should be less intense in
H, than in D,, in agreement with recent experiments.® !4
In H,, an accurate measurement of the intensity ratio
I[Q,(0)+5S5,(0)]/I[S,(0)] is possible because the two
components are well separated, and Barocchi et al. mea-
sured this ratio for solid para-H, pressurized to 244 bars,
obtaining values ranging between 0.22 and 0.24. These
experimental values agreed well with theoretical calcula-
tions when a value of 0.856 was used for £5,, the renor-
malizing parameter that relates the effective EQQ in-
teraction to the interaction in the absence of zero-point
motion.** Using this value for &, and rescaling the pa-
rameter A used in Ref. 14 for a zero pressure solid, the in-
tensity ratio I[Q,(0)+S5,(0)]/I[S,(0)] becomes 0.17.
The measured value of 0.21 for HD is, therefore, in good
qualitative agreement with the H, results. A straightfor-
ward application of the perturbation treatment used for
H, in Ref. 14 is probably not really applicable to HD be-
cause of the smaller separation between the unperturbed
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states.

A number of new features are observable between the
Q,(0) and the S,(0) lines when the intensity scale is ex-
panded, as shown in Fig. 5. To obtain frequencies and in-
tensities of all of these features, the same procedure used
in the rotational band was followed. After fitting the
Q,(0) and S(0) lines and subtracting these components
plus a constant background, the remaining features were
simultaneously fit to several components. The same
Fano-type profile (4) used for the R;(0) line was used to
fit the line labelled “?”> because of its asymmetric shape
and also in anticipation that it might be identified as the
R (0) transition, and Gaussians were used for the rest of
the features. The results obtained for this line and the
phonon band components are summarized in Table V.
The feature labelled Qy is the phonon sideband associat-
ed with the Q,(0) transition, and the separation between
these two features is 59 cm™!. The identity of the next
peak adjacent to the Qp phonon and labelled with a ques-
tion mark is uncertain. It is tempting to identify this
feature as the R(0) transition, but this does not seem
likely for several reasons. The most obvious objection is
that this feature appears much broader than the R,(0)
line. Furthermore, the frequency of this line was deter-
mined to be 3717.2 cm ™!, which is 7.5 cm ™! higher than
the much more accurate value obtained for the R (0)
transition by McKellar and Clouter using a high-
resolution FTIR spectrometer.!® This discrepancy falls
well outside the estimated experimental uncertainty of
+2 cm ™! and rules out the assignment of this line as
R ,(0), although a remeasurement of this line using
higher resolution would be highly desirable. This feature
does, however, share the same asymmetric Fano-type
profile as the R,(0), and it is also accompanied by a more
intense phonon band that appears to peak around 3780
cm~!. To avoid confusion with the analogous phonon
band in the rotational spectrum, this phonon has been la-
belled Rj®. The analogy with the rotational spectrum

TABLE V. Properties of the Qr and R}® phonon branches
and the unidentified phonon features in the vibrational band
determined from least-squares fitting. Two Gaussians were used
to fit the Qp and RY® features. The intensity is given relative to
the S,(0) transition.

Phonon branch Frequency FWHM Relative
components (cm™1) (ecm™1) intensity

Qr phonon:

QR 3666.8 13 0.8x107*
(o} 3685.0 27 3.8X107*
O (total) 3681.2 4.7x107*
? 3716.9 12 1.2X 1074
R}® phonon:

R 3765.9 27 2.0x1074
R} 3783.4 19 1.9x107?
Ry (total) 3774.6 3.9%1073
Unknown feature 3824 52 7.0X1074
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can be carried further: a small but distinct peak just to
the right of the R} peak can be identified as the HD
Q,(0)+D, Sy(0) double transition, which occurs in the
same relative position as the much stronger D, S,(0) line,
as can be seen from Fig. 2. Finally, like the HD S,(0)
line, the S,(0) line appears to contain an additional com-
ponent in its low-frequency wing, just to the high-
frequency side of the double transition involving D,, giv-
ing the S,(0) line a slightly asymmetric appearance at its
base.

The last feature included in Table V also currently
remains unidentified. It is clearly analogous to the
unidentified feature at 200 cm ™! in the rotational band.
Both features were adequately modeled using a single
Gaussian with a FWHM of 98 and 58 cm ™! in the rota-
tional and vibrational bands. Given their extensive
widths, both features certainly represent some type of lat-
tice vibrational mode. It should also be pointed out that
these features appear to be unique to HD; no asymmetry
in the wing of the S,(0) line in H, was observed in Ra-
man spectra recorded during these experiments, nor has
anything similar occurring in H, or D, been reported in
the literature. A tentative identification of this feature
will be discussed in the following section.

V. DISCUSSION

Table VI presents a comparison of the measured in-
tegrated intensities of the new transitions that have been
observed with the intensities calculated according to the
theory outlined in Ref. 24. The theoretical values are
those determined for a crystal oriented with its ¢ axis
aligned along the laboratory-fixed Z direction, although,
as already pointed out, the samples were not single crys-
tals but polycrystalline, and the possibility exists that the
distribution of crystallite orientations was closer to being
completely random. Therefore, the scattering intensities
were also calculated for the case of a collection of ran-
domly oriented crystals.”’ As it turns out, the scattering
efficiencies for all but one of the Raman transitions con-
sidered are very nearly equal for the two extreme cases.
Only the U,(0) transition is predicted to have a 10%
larger scattering efficiency for the randomly oriented

TABLE VI. A comparison between the measured and
theoretical intensities for the new Raman transitions observed
in solid HD. All intensities are expressed relative to the S,(0)
transition.

Measured
Transition intensity Theoretical intensity

R,(0) 1.1+0.5Xx107* 1.6X 1074

Ry 42+2Xx1073 2.6X10732
T,(0)+.S,(0) 4.4+1x107¢ 44%x10°°
U,(0) 6.2+0.6 1076 1.6Xx1078
Uy(0)+S,(0) 1.74£0.2X1073 6.7X1078
R,(0) 1.2+1x107* 4.8%X107°

Ry® 3.9+2X1073

2Attia et al., Reference 24. This value strictly applies only for
the case of XY + XZ polarization.
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case. The scattering intensity for the R, (0) transition
shows the most sensitive dependence on the crystal orien-
tation, with the scattered intensities varying in the ratios
2:0:1 for alignment of the ¢ axis along the laboratory-
fixed X, Y, and Z directions. For a completely random
distribution of crystals, however, the intensity would be
identical to that calculated for a single crystal oriented
along the Z direction, as was assumed for these experi-
ments.

The agreement between the measured and the theoreti-
cal intensities is very good for the R,(0) and the
Ty(0)+S,(0) transitions. The disagreement for the
R((0) line is just outside the quoted experimental uncer-
tainty, but this may well be an underestimate considering
the difficulty inherent in separating a very weak, asym-
metric line shape from an unknown background. Fur-
thermore, according to calculations, the intensity of this
line may vary between zero and twice the theoretical
value given in Table VI, depending on the dominant
orientation of the crystals. The agreement between mea-
surement and theory for the T4(0)+S,(0) line speaks for
itself, and taken together with the R,(0) result, demon-
strates that the theory of the interaction-induced polar-
izability described by Attia et al.?* satisfactorily ac-
counts for the intensities of these transitions, given the
present experimental uncertainties.

The same thing cannot be said about the other zero-
phonon transitions included in Table VI. In particular,
the measured intensities of the Uy(0) and the
U,(0)+S,(0) lines appear to be 300 to 400 times greater
than the theoretical values. Clearly, the contribution
from the interaction-induced polarizability to the intensi-
ty of these two transitions is negligible, and some other
mechanism must be invoked to explain the appearance of
these lines. It may be recalled that both transitions have
been previously reported in solid H, and D, by Berkhout
and Silvera.!> In contrast to HD, the interaction-induced
polarizability makes no contribution to transitions in-
volving AJ=4 in the homonuclear isotopomers. The
only mechanism that contributes to these transitions in
H, and D,, and probably the dominant mechanism in
HD, is the mixing of rotational states differing by AJ =2
by the EQQ interaction. Further discussion of the mech-
anism responsible for the U,(0) and the Uy(0)+.S,(0)
transitions in solid HD will appear in another paper.

The measured intensity of the “?” feature in the vibra-
tional band has been compared in Table VI to the
theoretical value of the R,(0) transition. The measured
value is 25 times greater than theory predicts; such a
large discrepancy would not be expected given the fairly
good agreement for the R,(0) transition in the rotational
band. This large disagreement in intensities, taken to-
gether with the discrepancy of 7.2 cm ™! between the ob-
served frequency and the previously measured position in
absorption,'® definitely rules out the identification of this
feature as the R (0) transition. But what are the alterna-
tives?

Another look at the most recent absorption spectrum
of solid HD in the vibrational band!® shows the R,(0)
line occurring in absorption, but it is very sharp (the
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width of 2 cm ™! is much less than the measured value of
12 cm ™! quoted in Table V) and it occurs at the position
of a sharp dip in the Qi phonon branch. This dip at
3706 cm ™! in absorption seems to correspond with a
similar minimum in the Raman spectrum of Fig. 5. As
discussed by Zaidi*> and by Bose and Poll,*® this dip re-
sults from a strong coupling between the phonon states
and the J =1 roton, and this coupling may be expected to
influence the Raman spectrum as well. It is interesting to
compare the observed structure in the O phonon band
with the richer structure seen in absorption,'® even
though a difference in selection rules means a strict com-
parison cannot be made. The two components of the Oy
feature at 3667 and 3685 cm™! correspond very closely
with the two dominant peaks in the absorption spectrum
at 3666.4 and 3689.7 cm~!. Furthermore, the peak on
the high-frequency side of the phonon dip in absorption
occurs at 3722 cm ™!, which is only 5 cm ™! higher than
the peak in the Raman spectrum that has been labelled
“?” up to now. A tentative identification of this latter
feature is that it represents the second peak in the Qg
phonon band, and that this phonon band has an interfer-
ence dip that is very similar to the dip observed in ab-
sorption. The absence of an R;(0) line may be attributed
to the weakness of the transition and insufficient resolu-
tion to resolve it from the phonon structure.

If this explanation of the feature at 3717 cm™ " is ac-
cepted, then it may appear strange that a significant pho-
non branch in the vibrational region (the R }®) has been
measured and yet the zero-phonon transition was too
weak to be observed. Yet this apparent anomaly is sup-
ported at least qualitatively by the theoretical calculation
of Attia et al. predicting an Ry phonon branch in the ro-
tational band that is 15 times the intensity of the R,(0)
line.?* As pointed out by the previous authors, the inten-
sities of the single molecule transitions such as R,(0) are
reduced by the cancellation effect, which is a consequence
of the hexagonal-close-packed (hcp) crystal structure of
solid hydrogen. In fact, the Ry phonon branch was
determined to have 38 times the R,(0) intensity, al-
though no allowance was given for the two-phonon spec-
trum that is also expected to occur, so the discrepancy is
not really as bad as it appears.

The identification of the unknown feature in the rota-
tional band near 200 cm ™! as two-phonon scattering did
not seem likely, and the occurrence of a similar feature in
the vibrational band would seem to definitely rule this
out. An alternative possibility is that this feature is a
continuation of the Rz phonon band. Figure 6 offers
some support for this hypothesis. The two fitted com-
ponents of the Ry phonon band and the unknown feature
are plotted separately on a horizontal scale that gives the
frequency shift from the zero-phonon line. The top plot
represents the rotational band and the middle plot the vi-
brational band. A comparison of these two plots with the
bottom one, showing the three Qp phonon band com-
ponents and their separation from the Q,(0) line, reveals
a pretty close correspondence between the separations of
the three components from the zero-phonon transitions
in all three plots. One problem with identifying the two

1
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FIG. 6. A comparison between the three phonon branch
components of the Rz, R}®, and Qz phonons. The horizontal
scale gives the frequency shift from the zero-phonon frequency,
indicated at zero on the horizontal axis. The intensities between

the three different plots are not directly comparable.

unknown features as part of the R; phonon bands is that
it greatly increases the intensity of these phonons and
therefore further magnifies the discrepancy with the
theoretical values. For example, in the rotational band
the total Ry, intensity including the third component
works out to be more than 300 times the intensity of the
R (0) line, while theory predicts a mere factor of 15. It
appears that a more detailed theoretical study of the Ry
phonons will be required before a definitive identification
of the unknown features occurring in the rotational and
vibrational bands can be made.

VI. CONCLUSIONS

The Raman spectrum of solid HD has been reexam-
ined under high sensitivity using a conventional Raman
spectrometer with an external resonating cavity. In the
pure rotational band, an R,(0) line and a T,(0)+S,(0)
double transition were observed; the intensities relative to
the allowed S,(0) transition were measured to be
1.1X10™* and 4.4X 1079, respectively. The agreement
with the theoretical intensity for the double molecule
transition was excellent, and given the uncertainty in the
crystal orientation, the agreement for the R((0) line was
also very good. The R(0) line was observed to have a
Fano-type interference line shape, probably caused by
coupling between the J=1 roton and the underlying
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two-phonon continuum. It was impossible to observe the
R,(0)+S,(0) transition, whose relative intensity was cal-
culated to be 1.2X 1074 because of the strong H, Sy(1)
line that occurred in the spectrum at the same frequency.

A much more intense phonon band labelled R; was
also observed in the rotational band. This was a broad
feature that was fit well using two or three Gaussian line
shapes with center frequencies ranging from 42 to 71
cm ! higher than the R,(0) frequency. The combined
intensity of the Rz band was about 50% greater than the
theoretical intensity, but there was no way of distinguish-
ing this phonon band from the two-phonon scattering
contribution that is expected to occur in the same fre-
quency range.

A Uy(0) line and a Uy(0)+S,(0) double transition
were also observed in the rotational band. These transi-
tions have been reportedly observed in solid H, and D,
under high pressure,!* but in solid HD the U,(0) line
does not overlap with the strong S,(1)+.S,(1) transition,
as it does in H, and D,, so its identification in the solid
HD spectra is much less ambiguous. Unlike the case of
H, and D,, the interaction-induced polarizability,
through the so-called ‘‘twice-shifted” polarizability
coefficients, does contribute to the Uy(0) and
Uy(0)+S,(0) transitions in HD, but the calculated inten-
sity was at least two orders of magnitude smaller than the
observed intensity. Both transitions were accompanied
by distinct phonon bands with intensities comparable to
the zero-phonon lines.

The vibrational (0—1) band was also found to contain
several features that have not been observed before. The
Q,(0)+S8,(0) double transition was observed on the
high-frequency side of the §,(0) line with an intensity of
0.21 relative to the total S,(0)+[Q,(0)+S,(0)] intensi-
ty. A wealth of new features were also seen between the
Q,(0) and the S,(0) lines. A broad line with a Fano-type
line shape at 3717 cm ™! occurred near the expected posi-
tion of the R (0) transition, but identification as this sin-
gle molecule transition was not credible for two reasons.
First, the frequency of the feature was 7 cm ™! higher
than previous absorption measurements of the R ;(0) line.
Secondly, the measured intensity was 25 times greater
than the calculated value, even though there was very
good agreement between theory and experiment for the
pure rotational R(0) transition. An alternative explana-
tion was that the feature at 3717 cm ™~ ! was part of the
Qr phonon band accompanying the Q,(0) transition.
The entire Qg phonon band, consisting of a two-
component feature with central frequencies of 3667 and
3685 cm ™!, a sharp dip in intensity near 3710 cm ™!, and
a third feature at 3717 cm ™!, strongly resembled the Q
phonon band observed in absorption spectra.

According to the calculated intensity, the R;(0) line
should have been observable with the present sensitivity.
Its absence may have been the result of insufficient reso-
lution in the vibrational band. It would be of great in-
terest to reexamine this spectral region under higher reso-
lution to try and resolve this line from the broader Qj
phonon features.

Despite not being able to observe the zero-phonon
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transition, a significant R}® phonon band was observed
consisting of at least two components with frequencies of
3766 and 3783 cm™!. The appearance of this phonon
band was very similar to the appearance of the Ry
feature in the pure rotational band.

Finally, both the S,(0) and the S,(0) lines appeared
noticeably asymmetric because of an additional feature in
the low-frequency wings. After fitting both lines to a
Lorentzian function, it was found that the two additional
features could be well represented by a single Gaussian
with a FWHM of between 50 and 100 cm™~!. The only
tentative explanation for both features is that they are a
continuation of the Ry phonon branches. With this
identification, it was then shown that the structure of the
Ry and the R}® phonon bands were very similar to the
Qr phonon, with a two-component feature followed by a
dip in the intensity, followed by a third component. The
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only current difficulty with identifying the unknown
features with the Ry phonon branches is that the total in-
tensity of the phonons then becomes much greater, possi-
bly by a factor of 20, than the theoretically predicted in-
tensity.
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