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Because mixtures containing arbitrary ratios of ortho (/' = 1) and para (/' = 0) concentrations
can be prepared, the condensed phases of hydrogen afford a unique opportunity to study interactions
between isotropic and anisotropic molecules which are chemically identical. Detailed measurements are
reported here of the rotational Raman spectra in the liquid and solid phases of ortho-para hydrogen
mixtures, with para concentrations between 25% and 96% at temperatures between 10 and 23 °K.
Changes in the configuration and dynamics of the molecular environment with temperature and ortho
concentration are clearly reflected in the rotational Raman line shapes. Logarithmically recorded spectra,
covering an intensity dynamic range of typically 10% reveal two relatively independent types of interac-
tion which respectively govern the near (<30 cm™') and far (>30 cm™') wings. Quantum calculations
of the low-frequency mechanism, electric quadrupole-quadrupole molecular pair interactions, are presen-
ted. They are found to produce values for the second frequency moments for all three (J = 1-1,
J=1->3, and J= -0->2) rotational transitions which agree well both in absolute magnitude and in con-
centration dependence with experimental observations. The far wings in the solid spectra consist of
phonon sidebands whose structure is in good agreement with the phonon density of states previously
observed by neutron scattering. In the liquid mixtures the far-wing line shapes are insensitive to tem-
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perature or concentration variation and are very similar to the solid wings.

I. INTRODUCTION

The line shapes of rotational Raman transitions—
which would be 6 functions for stationary nonin-
teracting molecules—contain information on the
configuration and dynamics of the molecular en-
vironment in a condensed phase.! Because it can
be prepared in an arbitrary mixture of ortho / =1)
and para (J =0) concentrations, molecular hydrogen
provides a unique opportunity to study such effects
as the interactions between isotropic and anisot-
ropic molecules which are chemically identical.

In this paper we present the results of such a study
based on the rotational Raman effect in both liquid
and solid H,. Although previous spectra of both
normal and pure parahydrogen have been reported?
only the semiquantitative values of the linewidth
were obtained. Detailed studies of line shapes
either as a function of ortho concentration or over
a sufficient dynamic range have so far not been
reported.

We have made measurements of the AJ =2 pure
rotational transitions S,(0) (/=0-2) and S,(1)

(/ =1-3) in both liquid and solid phases of ortho-
parahydrogen mixtures, whose para concentration
ranged between 25% and 96%. Using logarithmic
display these spectra are examined far out into
the wings (to ~107* of the line-center intensity)
where asymmetries and concentration, tempera-
ture, and liquid-solid effects are quite evident.

12

We argue that the line shapes are dominated by two
relatively independent types of interactions, which
govern, respectively, the low- and high-frequency
regimes. We present quantum calculations of the
low-frequency mechanism—essentially an electric
quadrupole-quadrupole molecular pair interac-
tion—through its contribution to the second fre-
quency moment of the rotational line shape. These
results are found to compare favorably in both ab-
solute magnitude and concentration dependence
with experimental observations. The high-fre-
quency tails are interpreted in the solid as due to
phonon sidebands, and in the liquid to a general-
ization of this, in a manner similar to the pre-
viously established® relation between two-phonon
Raman scattering in the solid and intermolecular
scattering in the liquid. As expected from this
viewpoint the high-frequency tails of the liquid
lines are relatively insensitive to changes in the
mixture concentration or temperature.

II. EXPERIMENTAL DETAILS AND OBSERVATIONS

The experimental apparatus has been described
elsewhere.? All Raman spectra were obtained
using 40-200 mW of 4880-A argon-laser excita-
tion; the lower powers being necessary to preserve
isothermal conditions in the solid samples. Tem-
perature was monitored by a calibrated carbon
resistor imbedded in the cell wall. In the liquid
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experiments the vapor pressure was monitored
and served as a more accurate measure of tem-
perature. Temperature accuracy of <0.1°K was
easily achieved. Parahydrogen was prepared by
liquifying normal hydrogen in the presence of a
ferrous oxide catalyst. Concentrations of the sam-
ples were determined in situ spectroscopically
from the ratio ® of the integrated intensities of

the S,(0) to the S,(1) lines. If C is the fractional
parahydrogen concentration, then®

C=3R(1 +3R)™.

A. Concentration effects

Figure 1 presents an over-all view of the spec-
tral and concentration ranges explored here. In
the range 0-650 cm™ three features are evident
in both the 25% [1(a)] and 96% [1(b)] pH, liquid
spectra: the S,(1) ¢/ =1 3) line at 586 cm™, the
S5,(0) /=0~2) line at 353 cm™', and the low-fre-
quency (0-250 cm™!) spectrum, consisting of the
J=1-1 tail out to ~40 ecm™! in 1(a) and the inter-
molecular scattering which is present in both
spectra, but more clearly evident as a broad criti-
cally damped peak around 100 cm™! in 1(b). Figure
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FIG. 1. Overview spectra of intermolecular and pure
rotational scattering in condensed hydrogen. (a) Normal
liquid hydrogen, Cp.,=25%, T =20.5 °K; (b) liquid,

Cpara=95.6%, T =22.5°K; (c) solid, Cpara =95.3%, T =11°K.

Note logarithmic intensity scale. R indicates instrumen-
tal full width at half-maximum.

1(c) covers the same spectral region in solid near-
ly pure parahydrogen. Both AJ =2 rotational tran-
sitions are clearly evident; however, the high-fre-
quency tail is easily identifiable as a phonon side-
band in contrast to the structureless wing for the
liquid in 1(b). The first-order Raman-active zone-
center TO mode at 38 cm™ is of course present in
the solid but absent in the liquid.

Our previous work® concentrated on the low-fre-
quency (<300 cm™) spectral range and showed the
relation between the second-order Raman spectrum
of the solid and the intermolecular scattering in
the liquid. It was concluded that: (i) the inter-
molecular scattering provides evidence for rela-
tively well-defined short-wavelength collective
excitations in liquid H,, which are essentially in-
dependent of ortho/para concentration and which
are the remnants of zone-boundary phonon modes
in the solid, and (ii) these collective translational
excitations are at most weakly coupled to the rota-
tional excitation (/=1~1). It was noted in that
work, however, that all three rotational transitions
exhibited marked line-shape dependence upon in-
creasing ortho concentration and that the AJ =2
transitions in the solids were accompanied by
weak—but clearly identifiable—phonon sidebands.
As we will see below the far wings of these solid
phonon sidebands are nearly identical in shape and
intensity to the corresponding far wings in the
liquid state.

Let us first present the low-frequency behavior
since it exhibits the most marked concentration
dependence. Figures 2 and 3 show higher resolu-
tion spectra of the S,(0) (/=0-~2) and S,(0) (/ =1~ 3)
lines, respectively, at various parahydrogen con-
centrations between 25% and 95%, mostly at 14—
15°K. Note that the spectra are plotted on a loga-
rithmic intensity scale, with typically more than
three decades of dynamic range exhibited within
£10 em™ of the line center. Two general features
are obvious upon increasing ortho concentration:
the lines broaden and they develop evident asym-
metries. The Stokes/anti-Stokes asymmetry
about the line center is observed to be e~ "A“’/",
where Aw=w — ws,¢;), ¢=0,1, This is not as ex-
pected for homogeneously broadened spectral lines
and suggests that the observed line broadening
results from emission (anti-Stokes) and absorp-
tion (Stokes) of thermally generated excitations
accompanying the rotational transition.

Since the S,(0) and S,(1) transitions take place,
respectively, on para (J =0) and ortho (/ =1) mole-
cules in a relatively localized fashion, the line-
shape variation with ortho concentration is a mea-
sure of the effect of the increasingly anisotropic
ortho environment on the energy levels of both
para and ortho molecules. Note that when Corno — 0
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FIG. 2. High-resolution liquid spectra of S;(0) line
shapes for various para concentrations. Spectra are
vertically displaced on logarithmic intensity scale for
display purposes. Straight lines illustrate determination
of v as discussed in text.

the linewidths of both transitions tend toward zero;
but that as Cormo increases Av,_,, increases more
raridly than does Av,_,,.

I'hese results are summarized in Fig. 4, which
shows the approximate second frequency moments
M, (obtained as described in detail in Sec. IV)
plotted against Cormo. Note the consistency with a
linear dependence on Cortho.

Although not explicitly displayed here, we ob-
served that for all concentrations studied here the
shape of the quasielastic AJ =0,1~1 transition
was very close to that of the AJ =2,1 - 3 transition,
once the concentration-independent intermolecular
scattering was subtracted.> The theory presented
in Sec. III correctly predicts this similarity.

Although Bhatnagar et al.? exhibit no spectra for
the liquid S,(0) and S (1) transitions, they quote
Raman “half-widths” of 3.5 and 4.5 cm™, respec-
tively, for these transitions in normal hydrogen
at approximately 18°K. Our data show full widths
at half-maximum (FWHM) of 3.5 and 4.5 cm™? for
these transitions at 20.2°K, obtained by divect
subtraction of the instrumental width (1.5 ecm™!)
from the total FWHM. Figures 2 and 3 show that
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FIG. 3. High-resolution liquid spectra of S;(1) line
shapes for ortho-para hydrogen mixtures. Notations
are as in Fig. 2.
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FIG. 4. Calculated and observed second moments of
S,(0) and S;(1) spectra as function of ortho concentra-
tion. Shaded areas are determined as discussed in text.
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the line shapes are definitely not Lorentzian and
that they can be reasonably approximated by an
exponential over the first decade and a half of the
intensity drop off from the line center. Beyond this
region the spectra fall off much more slowly and
show negligible concentration dependence. We
associate the latter behavior with the “quasipho-
non” sideband region.

To motivate this association consider Fig. 5
showing the S,(0) transition in 95% parahydrogen
in both the solid and liquid states. Note in the
solid spectrum that the high-frequency side of the
main 353-cm™! line exhibits a nonmonotonic side-
band with a peak displaced by approximately 40
cm™!, This coincides almost exactly with the
dominant feature in the phonon density of states
for solid pH, inferred by incoherent-neutron-
scattering experiments® but differs appreciably
from the density of states calculated by Nielsen,”
which shows a second even more pronounced peak
at ~65 em™', The absence of this latter peak in
both light and neutron scattering spectra is not
completely understood, but appears related to the
quantum nature of solid hydrogen. Phonon side-
bands have not been observed previously in hydro-
gen Raman spectra probably due to their low in-
tensities (~1073%) relative to the main transitions.
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FIG. 5. Comparison of §;(0) line shapes for 95% para-
hydrogen in liquid (14 °K) and solid (11 °K) phases. Note
similarity in far wings and clear peak representing solid
phonon sideband at ~395 cm™1.

Similarly, although considerable calculation has
been done for the phonon sidebands of infrared
absorption spectra in hydrogen,® none has been
carried out for the Raman sidebands.

The similarity in far-wing line shapes between
the liquid and solid spectra is clear in Fig. 5 in~
dicating that in the liquid essentially the same
mechanism is involved, even though the short-
wavelength phonons, which dominate the sideband
structure in the solid, are less well defined in the
liquid state.

Since the phonon density of states depends mainly
on isotropic interactions which are nearly indepen-
dent of ortho-para composition, the above argu-
ment suggests that the far wings of the liquid spec-
tra should not depend appreciably on Cqy0, in con-
trast to the near-wing behavior shown in Figs. 2
and 3. This independence of concentration is in-
deed observed.

B. Temperature effects

The final aspect of experimental observations
to be considered is the effect of temperature
variation on the rotational Raman line shapes in
the liquid. The “temperature dependence” of the
spectra associated with the solid-liquid-phase
change has already been discussed above.

Again it is convenient to distinguish two fre-
quency regimes: the near (S 30 cm™) and far
(z 30 cm™!) wings. Figure 6 shows clearly that
the near wings of both the S,(0) and S,(1) lines at
the same (85% para) concentration are consider-
ably narrowed upon the ~57% increase in tempera-
ture from 14 to 22°K. In particular, the approxi-
mate widths—as determined from the exponent “y”
describing the near-wing intensity fall off {{w}
=1,/ —are 1.75 and 1.15 cm™* for S0} at
14 and 22°K, respectively, and 1.62 and 0.99 cm™!
for S,(1) at 14 and 22°K, respectively.

It is clear from Fig. 7, which shows the S,(0)
spectrum over a much wider frequency range, that
there is virtually no temperature or concentration
effect on the far wing (>30 ecm™), Similar tem-
perature and concentration independence is ob-
served in the far wings of S (1) spectra.

III. MOLECULAR PAIR ELECTRIC QUADRUPOLE-
QUADRUPOLE INTERACTIONS

First-principles calculations of Raman line
shapes in liquids would require a microscopic dy-
namical theory of the liquid state, which so far
does not exist. Liquid hydrogen, however, pro-
vides a unique opportunity for at least a partial
calculation because the hydrogen molecular wave
functions and molecular pair interaction potential
are well known. In this section we describe a cal-
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FIG. 6. High-resolution spectra of S;(0) and (1) lines
in 85% parahydrogen emphasizing effect of temperature
on near-wing lineshape. Superimposed straight lines
determine the exponent .

culation of the second frequency moments of the
rotational transitions under the following assump-
tions: (i) The intermolecular interaction is via
the electric quadrupole-quadrupole coupling;
(ii) molecular centers are fixed so that transla-
tion-rotation coupling is ignored; (iii) the polar-
izabilities of a pair of molecules are additive;
and (iv) high-temperature approximations may be
used in computing thermal averages.

In the absence of anisotropic interactions the
rotational transitions AJ =0,2 (J=1~1,J=0~2,
J =1-3) would all be sharp concentration~inde-
pendent lines of energies

E=hw, =Bl¢ +1) = +1)], 1)
where B is the rotational constant
B=1?%2[c=60 cm™ for H,

and I is the moment of inertia. The presence of
anisotropic terms in the intermolecular potential,
however, removes the degeneracy of the levels
originally characterized by the quantum numbers
J,m;. The strength of the anisotropic interac-
tions is small compared with the spacing between
J levels, so the predominant effect is to cause

a broadening of each J level, which is no longer

10*

Sp(0) LIQUID HYDROGEN

—-—— 86% 14°K
— 96% 22°K

3
10 ——— 85% 22°K

RELATIVE SCATTERED INTENSITY
S

cm-!

FIG. 7. Comparison of far-wing spectra of §,(0) lines
in 85% parahydrogen at 14 and 22 °K, and in 96% para-
hydrogen at 22 °K. Note identity of high-frequency
shapes.

characterized by m,.

The dominant anisotropic interaction at typical
liquid and solid densities is known to be of the
molecular electric quadrupole-quadrupole (EQQ)
form?®

JCEQQ': 20”anmyzm(91)1@-m(92), )

a,=1

’ aiz -

w|n
o~

’ ailz ’

where the Y,,, are spherical harmonics and the Q;
are measured relative to the intermolecular axis.
Here the strength of the interaction is charac-
terized by the EQQ coupling constant I = —295—

X (e2Q?%/R,,%), where eQ is the molecular electric
quadrupole moment and R,, is the distance between
molecular centers. In Eq. (2) the quantization axis
has been chosen as the intermolecular vector.

A. M, for interacting pairs

Before discussing the rotational Raman spectra
in condensed phases, it is instructive to examine
the simplest case; namely, two H, molecules
whose molecular centers are held rigidly at a dis-
tance R apart. The scattered spectral intensity is
given by Fermi’s golden rule:
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1(w)=n-1;p,.;<f\a|i>|2a(E,_E,. - hw). 3)

The sum is over final states f and initial states
¢ weighted by their thermal population factors P;.
For pure rotational spectra, the polarizability
transition matrix elements of linear molecules are
proportional to the anisotropy of the molecular
polarizability B=a, - a@,, and are given in the
spherical basis by

a® (j) = G1)2BY,, (@,). ()

To a first approximation the polarizabilities of
a pair of molecules j, k are additive:

al® (pair) = (31)V28[Y,,(Q;) + Y5, (2,)]. (5)

The components of @ which contribute to a given
spectrum are controlled by the polarization of the
incident and scattered light. For example, if the
incident and scattered light are both z polarized
only the a@_,(lab) components are required:

a,,(1ab) = (ET)2 BY,(2,,,) = @& (1ab). ®)

This is related to the components @ (MFF) in
the molecular fixed frame (MFF) by a Wigner
rotation matrix,

a® (lab) = ), DX (afy)a® (MFF). o
M

Similar considerations hold for the o,,, a, , etc.
components. In fact since the rotational spectra
are completely depolarized, all spectra are re-
lated by simple geometric factors. It therefore
suffices to consider only @,, which is the simplest
to evaluate.

In order to calculate the rotational spectra it
remains to identify the initial and final pair rota-
tional states and their energies. In the absence of
anisotropic interactions, the individual molecular
states are characterized by the quantum numbers
J and m with wave functions given by the spherical
harmonics |j;m;)=Y,,(®;) and energies E =
Bj;(j;+1). The energy of a pair of molecules 1,2
would then be £, , =E, + £, with product states
|7ym ) dm,).

—

Guod Mgl ,3ym) =D, 3'm Vgl =D (1)

This matrix is block diagonal, since only at most
three j states with the same value of » can mix.
The coefficients D; ; can be evaluated directly for
the special cases j=Jj, +J,, m =J, +Jj,, which do not
mix with any others, giving

D,, =147'T,

These product states are most conveniently con-
sidered in the coupled representation |j,7,7m),
where 7 =_j’1 +_j;, and m =m, +m,. The coupled
states are related to the product states by the well-
known prescription for the coupling of angular mo-
menta'®

, o ) Jy Jy 7
|4y dpdm) = (=1)27 i Y~ (27 +1)H
mymy ml m2 -m
x | 3ymy) dym,). ®)

(42 7,) is a 3-j symbol. Here we have neglected
resonance; that is, we have assigned particular
values for the magnitudes of the angular momenta,
J, to one particular molecule, and j, to the other,
rather than allowing the rotational excitations to
be mobile. This resonance is negligible, for our
purposes, if the two molecules are of different
parity (e.g., 7, =2, j,=1), since excitational hop-
ping then requires a simultaneous nuclear-spin
flip; but if both molecules have the same parity
(e.g., 1,3 or 0,2) exchange may be significant, as
discussed below.

The presence of the quadrupole interaction mixes
the Jj states, but since there is isotropy about the
intermolecular vector, m is still a good quantum
number, and it is convenient to carry out calcula-
tions in the |j,j,jm) basis. The energies and
eigenfunctions can be characterized by the labels
A and m

SCEQQ!j1j2Am> =Ej112)\m|j1j2)\m>, 9)
where
|G,dghm) = 25 C oyl 4y dydm). (10)
7

The convenience of working in the coupled angu-
lar momentum (CAM) representation results from
the form of the EQQ interaction, Eq. (2). van
Kranendonk!' and Nakamura® have noted that in the
CAM representation it has the symmetry of the
fourth rank irreducible tensor T,,. To determine
the energies and eigenfunctions we need then only
diagonalize the matrices

27 +1)(27 +1)9\2 [ 7' 4 j i’ 4 j
(]+)(]+)> J J j'4j 11)

am -m0m/)\000

D,, = Li40 7127 ~ 9 807 14T

21 T 147
D, = 72T ~8,8374T,

A further simplification results from the fact that
for j,, j,=0 or 1 the matrix is already diagonal.
That is, the initial states of the system are prop-
erly labeled |j,7,7m).
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The simplest characterization of a spectral line is in terms of its central frequency, or first moment,

and its mean square frequency width or second moment M, = (w?).
molecule 1 undergoes the transition j, - j;, we write

ZI"‘ JME)\m I(J ]zkm'iam)(labﬂjlj ]m>! (Eflfg)‘m —E’]_jzfm)

For a pair of molecules 1,2 in which

M,(1,2, 7y, 31) =

P 2inm (31 i,xm'T @ (1ab)] 4, 7,7m )2

12)

In the high-temperature limit kT > T", there is no orientational correlation between molecules on the

average, so all the
ity matrix element

® = (jli,am'|a® (lab, 1) + a8 (lab, 2)| §,7,im)

P,, are equal, and can conveniently be set to 1. It remains to evaluate the polarizabil-

= D Chmryr(3Ld m’| @@ (lab, 1) + @ (lab, 2)| j,5,0m). 13)
j'

In the molecular fixed frame this becomes, using Eq. (7),

€= ZCM ,fzﬁ‘z’wﬁy)(] Jpi'm’| @ (MFF, 1)+ o (MFF, 2)| j,j,im). (14)

The orientational average of the absolute square of @ is particularly simple because of the orthogonality

of the D:

[aa o og) -4, (15)
After some rearrangement, we then have that
8 L, N
le|2= =T zj;cfm,,:ul']z] m'| a (MFF, 1) + {2 (MFF, 2)| j,j,im)| . (18)
u

Since the aff’ are given in the uncoupled single molecule basis, whereas the initial and final states are in
the CAM representation a relationship must be found for the matrix element in the two bases. This can

be done using Eq. (7.1.7) of Edmonds,° giving

(3d,3'm’| P MFF, 1) + @ (MFF, 2)| j,J,dm) = (1 +0, ;) (-1)V2"2"™[2] + 1)(25" + 1)}

X

The large curly brackets represent a 6j symbol.
The reduced matrix element (§/|| @®||j,) appears
in all terms of both the numerator and denominator
of M, and thus need not be evaluated. Note that
Eq. (17) gives @ between a specific set of states
[4ydpdm)~|jjiam’).

The final form for the high-temperature limit
of M, for a given transition j, j,~ j{j, can then be
written as

M, =N/D, (18)
where
N= ; Zlc)ljm—»)\m'(Ej RN —Ejlj jm) (18a)
D=2, DO (18b)
Am’ jm

Explicit evaluation of Eq. (18) gives the values
for the pair moments as listed in Table I. Note

it (i 2
i, 2

Uil a®l4,). amn
-m’ um

the similarity in the calculated values of the

[1,1y~|1,1) and [1,1)~|3,1) moments, in agree-
ment with the experimental observation in Sec. ITA.

B. M, in the condensed phases

Since, in the high-temperature limit, there is
no orientational correlation between a central

TABLE I. Values for the pair moments M, for tran-
sitions |jyjp —1j1ja).

Transiti(’)n Moment Center frequency

li1d9—=i1ip M ,(units of mI'?) w (em™)

1, -1, 4.44 0
[1,00—|1,0 0 0
lo,p—12, 1) 2.73 353
lo,00—12, 0) 0 353

|1, )—~1]3,1) 4.40 586
[1,00—~]3,0 0 586
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molecule and its neighbors, the second moments
are then pairwise additive. For » neighbors all
at the same intermolecular distance,

M,(n) =nXM,(pair), M,(pair)~1/R',

If the neighbors are distributed according to a
distribution function g(R), then

M,(n)= 41r—1€/,— Jg(R)R’B dR.

Since this drops off quite rapidly with R, we in-
clude in our estimate only the first-neighbor shell.
This gives, for example,

M, (7 =1~ 3)=n(1 - X)M,(R)(1,0~ 3,0)
+nXM,(R)(1,1-3,1).

where X is the mole fraction of J=1 molecules,
MZ(R) is the pair moment evaluated at the distance
R, and » is the number of nearest neighbors.

IV. DISCUSSION

In order to evaluate M, in the condensed phase
for comparison with experiment, values for n, the
number of nearest neighbors, and I', the EQQ
interaction strength, are required. In the solid
these are known'? to be n =12 for hexagonal-close-
packed structure, and I'=0.551 cm™ at the 4.2 °K
solid density of 22.8 cc/mole. Since no detailed
measurements of the liquid-state structure factor
S(q) exist for liquid hydrogen, # is not accurately
known. Similarly, the value for the effective
nearest-neighbor distance R, which determines I
through the relation I’ =£ (¢2@*/R®), is not known.
Therefore, we have evaluated M, for two simple
limiting cases: (A) the value of I' in the liquid is
the same as in the solid and the effective number
of nearest neighbors is scaled according to the
liquid density (26.25 cc/mole at the triple point)
and (B) the number of liquid nearest neighbors is
the same, 12, as in the solid and the interaction
T is scaled as the density change between solid
and liquid.

Assumption (A) implies that since p,,;,; =1.15p,,
n;,=0.8Tn;,=10.4. Therefore, M, equals 27.1
and 43.6 cm™, respectively, for the Sy(0) and S,(1)
moments in the 100% orthohydrogen limit. The
AJ=0, (1-1) moment is 44.1 cm™2 at 100% ortho
concentration. Assumption (B) requires Ty
= (Pig/Paoiia)® °T'ypq = 0-435 cm ™" with Mg = Mg = 12.
This yields values for M, of 19.5 and 31.4 cm ™2,
respectively, for the Sy(0) and S,(1) transitions in
the pure-ortho limit. The AJ=0 limiting moment
is 31.7 cm™2. Since we have neglected exchange
interaction broadening, all moments will go to
zero as C_ . —0. It should be noted that the ex-

ortho
perimental second moment'® of the S,(0) transition

in pure solid para H,, where the total linewidth is
caused by resonance amounts to only ~2.2 cm ™2,

On Fig. 4 are plotted several experimental points
for the frequency moments which were obtained
from the spectra as follows. Only the high-fre-
quency side of the line was considered, and the
far wing (2 30 cm™!) was ignored. Over approxi-
mately the first decade of intensity decrease from
the line center, the spectrum could be reasonably
approximated by an exponential as estimated by
the straight lines superimposed in Figs. 2 and 3.
The second moment of such an exponential spec-
trum, I(w)=I,e~/7, is just 2y%. Within 2% this
is equal to the square of the full width at half-
maximum for an exponential spectrum. The in-
fluence of the far wings, which also may be ap-
proximated by an exponential of much higher
characteristic frequency, on the experimental M,
is typically less than 1%.

As can be seen from Fig. 4 the observed mo-
ments are in good agreement with a linear depen-
dence on C although the S,(0) line appears to

ortho?

extrapolate to a finite value of ~2 cm™2 as C,
—0. While this may be a resonance effect, the
determinations of M, are not sufficiently accurate
to confirm this. Overall, the experimental values
are in good absolute agreement with the calcula-
tions, falling particularly close to those based on
a model in which the nearest neighbors in the
liquid pack at about the same distance apart as in
the solid, and that the lower density of the liquid
is most simply considered as reflecting a lowering
of the coordination number. This is consistent
with direct determination of the radial distribution
function of classical liquids such as argon, by
neutron™ and x-ray scattering.'®> Unfortunately,
there have been no measurements of the radial
distribution function in liquid H, with which to
compare.

The overall good agreement also tends to sub-
stantiate the validity of the high-temperature ap-
proximation for the orientational distribution in
the liquid. We note that the orientational ordering
temperature of pure ortho hydrogen is 2.8 K, while
the liquid range is more than a factor of 5 higher.

Far wing

The far wings of both lines are apparently de-
termined by the liquid-state generalization of what
in the solid constitutes a phonon sideband. While
such features have not been reported before in the
Raman spectra of hydrogen, they are in fact the
dominant contributors to the infrared absorption.'®
The liquid-solid differences and similarities evi-
dent in the Raman spectra of Fig. 5 are qualitative-
ly reminiscent of structure seen in the @-branch
absorption spectra near 4500 cm™'. There are
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however two major differences in the sideband
spectra as observed by the Raman scattering and
infrared-absorption techniques.

Most striking is the very much smaller intens-
ities of the sidebands in the Raman effect than in
the infrared absorption. This is due to two
causes: (a) the main (zero-phonon) transition is
Raman allowed and almost ir forbidden by the high
crystal symmetry and (b) intermolecular motions
merely cause a small change in the already ap-
preciable polarizability which determines the
Raman cross section; but are responsible for large
induced dipole moments which determine the ir
absorption coefficient. Typically, the phonon side-
bands in ir spectra of solid hydrogen are several
times stronger than the main absorption; whereas
Fig. 5 shows the Raman sideband nearly 500 times
weaker than the main line. This difference may
account for the lack of theoretical attention paid to
phonon sidebands in Raman spectra despite their
potentially simpler interpretation, than is en-
countered in the infrared.

The second major difference lies in the observed
sideband shape. Above it was noted that the side-
band in Fig. 5 is peaked at ~40 cm™" from the
main transition and agrees with the observed shape
of the phonon density of states for solid H,.5 The
ir spectra of Gush et al.'® which have been inter-
preted as sidebands to the S,(0) transition at 4486
cm™!, peak at ~65 cm™! frequency displacement.
In pure para H, a much weaker peak was also ob-
served at ~42 cm™'. It is possible that selection-
rule processes emphasize different regions of the
Brillouin zone for sideband spectra in Raman
scattering and in ir absorption. It might also be
that the ir sidebands mentioned above really belong
to the relatively sharp [ @, +S,(0)] feature centered
at 4505 cm™!. This would lower the “phonon”
frequencies by 19 cm ™ and bring the “densities of
states” observed by the two techniques into agree-
ment.

A crude estimate of the scattering efficiency in
the phonon sideband relative to that of the main
rotational transition can be obtained as follows.
Both depolarized spectral features arise from the
anisotropy of the polarizability 8, which may be
expanded as

B(R)=B, +(28/3R)3R,

where the first term controls the pure rotational
transition, and the second describes the effect of
changing the intermolecular distance R, which

gives rise to a translational-rotational transition.

Considering the polarized components I,, only,
we note /,,(S,(0))=38,2. From the induced dipole
theory of collision-induced (or translational-inter-
molecular) scattering'?

2
I,.(coll. ind.)= 4%(%) (OR?),

where (6R?) is the mean square molecular dis-
placement (0.48 A for solid parahydrogen,®) and
3B8/8R=90%/R". Thus

_ Lz (coll. ind.) 4 8lag .
[0 15 R® (ORY g

Using'® B,=0.22 A% a,=0.79 A%, R=3.75 A we find
a=3.5%10"%, The observed ratio evident in Fig. 5
is certainly of this order of magnitude. The
“agreement” is probably to a large extent fortuitous
and should only be taken as a suggestion that the
mechanism considered is probably the dominant
one. Clearly a detailed theoretical treatment for
Raman sidebands of the type given by Poll and
Van Kranendonk® for the ir case is now in order.
In conclusion we have presented a number of
new aspects of the rotational Raman spectra in the
condensed phases of ortho-para hydrogen mix-
tures of widely varying concentrations. We have
demonstrated that this system provides a unique
opportunity for detailed study of the dynamics of
interactions among isotropic and anisotropic
molecules which are chemically identical. A sim-
ple quantum-mechanical calculation of the second
frequency moments for the (1~1), (1-~3), and
(0 - 2) rotational transitions has provided good
agreement with the measured moments as regards
both absolute magnitude and concentration depen-
dence. The far-wing behavior of the line shapes
has been identified in the solid as a phonon side-
band, and in the liquid to a generalization of that
concept. This identification suggests that from
such far-wing behavior, something like a phonon
density of states in a liquid may be inferred.
Finally the present experimental data points out
the need for more sophisticated theories of Raman
line shapes in condensed hydrogen, similar to
those already developed for infrared spectra.
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