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Iu this paper we report the observation of double Ramau transitions of the type Q, (0)+So(0) in
the fundamental band of solid parahydrogen. Although this band is a forbidden one, its intensity is
of the order of 20% of the corresponding allowed $, (0) band. The reason for this unusual behavior
is discussed in some detail and is attributed to the strong mixing of the final states in the two mani-
folds involved.

I. INTRODUCTION

In a recent paper by Baliga et al. ,
' double Raman

transitions in the fundamental band of solid D2 were re-
ported and briefly discussed. It was found that the inten-
sity of the forbidden double transitions in the Qi(J)
+So(0}band was of the same order of magnitude as that
of the allowed Si(0) band. A similar situation should ex-
ist in H2. There are a number of reasons that make H2
more suitable for the investigation of this efkct than D2.
In the first place, the double and single transitions are
well separated in frequency and allow a reliable deter-
mination of these two intensities independently. In the
second place, the intensity of the double transition in H2
is expected to be weaker than in Dz and can therefore be
discussed in terms of perturbation theory. Finally, be-
cause Hz is softer, it is easier to investigate the density
dependence of the efFect. It was suggested in Ref. 1 that
this phenomenon is due to mixing of states from the Si(0)
manifold with those from the Qi(0)+Su(0) mamfold.
The energy difference, b,E, between the unperturbed
states in these manifolds is 6 and 18 cm ' in D2 and H2,
respectively. Because these energy difi'erences are of the
same order of magnitude as the electric quadrupole-
quadrupole interaction which connects these manifolds,
very strong coupling will occur and the forbidden-
double-transition intensity can be appreciable as com-
pared to that of the allowed S, (0). This is in contrast to
previously observed double transitions of the type
So(J)+So(J') by Berkhout and Silvera, where IsE is
much larger than the corresponding interaction strength,
and where therefore the double-transition intensity is of
the order of 0.1% of the allowed one.

It is of interest to note that in absorption both the S, (0)
and the Q, (0)+So(0) dipole transitions are forbidden for

homonuclear diatomic molecules. Both of these are ob-
served because of the existence of induced dipoles in pairs
of molecules. In the Raman case, there is also a contri-
bution from induced polarizability, but the associated in-
tensity is much weaker than the one with which we are
concerned here.

In Sec. II we discuss the theory of the mixing of states
in terms of perturbation theory and obtain expressions
for the integrated intensities of the Qi(0)+So(0), Si(0),
and Qi(0) bands. In $ec. III we describe the experimental
procedure and apparatus and in Sec. IV we present the
experimental results together with a comparison with
theory.

II. THEORY OF THE INTENSITY
OF THE DOUSI.E TRANSniONS

Double Raman transitions can occur as a result of two
difFerent mechanisms. The first of these mechanisms is
connected with the existence of interaction-induced po-
larizability in which, for example, the irreducible corn-
ponents of the polarizability tensor of a pair of molecules
contain terms of the type at (rir2R) where ri ——(r, ,Q, )

and r2 ——(rz, Qz) refer to the internuclear distances and
orientations of the molecules and R=(R, Q) to the sepa-
ration of the centers of mass in a space-fixed coordinate
system.

The polarizability of a pair of molecules, labeled 1 and
2, can therefore be written in the form

at (r,r2R) =aI"(r, }+as '(r2)+a't" '(r, r2R),

~here a'I~ is the polarizability tensor of the isolated mol-
ecule 1 and similarly for molecule 2. The term a&~

' de-
scribes the induced, or incremental, polarizability which
arises from the intermolecular interaction. The allowed
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polarizability tensors for a diatomic molecule, referred to
a space fixed frame, are given by

a~i = —~3a(r, ),
az" ——&Sm /15y( r i )Fz~ (Qi ),

where a(r, ) = [ai(l i )+2cti(1 i )]/3 is the isotropic polari-
zability of molecule 1 as a function of internuclear dis-
tance r, ; y(r, )=ai(r, ) ui—(ri ) is the corresponding an-

isotropy and I'2 (Qi ) refers to a spherical harmonic with
argument 0,:—(e,,p, ) referred to space fixed axes. The
dominant contribution to the induced polarizability
comes from the dipole-induced-dipole (DID) mecha-
nism. There are several contributions of this type which
are all proportional to terms of the form aI"a~('.R
where l, l'=0,2. This means that the matrix elements of
the induced polarizability differ from the allowed ones by
factors of order a/R ~=(ao/R)3=10 z, where ao
denotes the first Bohr radius. The intensity due to in-
duced Raman scattering is therefore quite small com-
pared to that of the allowed, although such transitions
have previously been observed.

The second mechanism giving rise to double transitions
is due to the mixing of states. In the experiment dis-
cussed in this paper we are interested in single transitions
of type Si(0) and double transitions of type Q, (0)
+So(0). The unperturbed states in the S,(0) manifold
are those in which one molecule, which we will refer to as
the central molecule, is in a vibrational state U= 1 and has
rotational quantum numbers (J,M) with J=2. We will
denote these states by 12,M &0. The unperturbed state of
the Qi(0) manifold, in which the central molecule is in
the state U= 1, J=O, M=O is denoted by 10,0&0. The un-

perturbed states of the Qi(0}+So(0) manifold are those
in which the central molecule is in the v= 1, J=O state
and in which one of the neighboring molecules, referred
to as the jth molecule, is in the rotational state (2,m}.
These states will be denoted by I 2J, m &0.

In the independent-polarizability approximation (IPA),
single transitions of the type Q, (0} and Si(0) take place
between unperturbed states. The corresponding integrat-
ed scattering intensities in the crystal (number of photons
per unit time, per unit solid angle and per unit scattering
volume) are given by

(3)

where coo and co, are the incoming and scattered frequen-
ries, e is the velocity of light, no the number of incoming
photons per unit time and unit area, p the density of the
crystal, aIJ is the Cartesian component of the polarizabil-
ity tensor of a single molecule in the laboratory frame
(I,J =x,y, z), and 10& is the ground state of the crystal.
In the IPA, double transitions to the unperturbxi states
mentioned above do not occur. If mixing of states takes
place intensity will appear in the Q, (0)+So(0) double
transition and, because of the principle of spectroscopic

stability, an equal amount of intensity will be removed
from the S,(0) transition.

It is mell known that the dominant anisotropic interac-
tion between hydrogen molecules is the electric quad-
rupole-quadrupole (EQQ) interaction. This interaction
couples the S,(0) and Q, (0)+So(0) manifolds and is
therefore expected to give rise to the mixing of states and
the resulting double transitions. For pure rotational Ra-
man scattering, the mixing of states is small and gives rise
to an intensity of double transitions which is of the same
order of magnitude as that associated with the induced
polarizability. In the present case of the fundamental
band the mixing is very strong because the energy
dilerence between the unperturbed states is =18 cm
and of the same order of magnitude as the EQQ interac-
tion. Therefore the intensity of the double transitions
turns out to be only 1 order of magnitude less than that
of the allowed one. We take the point of view that the vi-
brational excitation is locaHzed on a single molecule.
This means that we neglect the vibrational hopping in-
teraction which gives rise to a rather narrow vibrational
energy band which has no appreciable inffuence on the
integrated intensity of the transition. To estimate the
magnitude of the effect of mixing on the intensity we can,
for the case of H2, use perturbation theory and write for
the perturbed states in the Q, (0)+So(0) manifold

12,' &=12,. &.+X k. l2.M&. , (4)

where a}Ir is the matrix element of the EQQ interaction
between the central and the jth molecule, divided by the
appropriate energy separation hE, and is given by

a}ri = & 2,M I Vugg 12,m &0/b, E
=A(4n}'~ C( 242; Mm —M, rri)

x (&0/&, ) &4 ~(II, )

The perturbation parameter A, is given by

~14&001a102&&101a112&
5b,ER05

In these expressions C denotes a Clebsch-Gordan
coefficient, Ro is the equilibrium lattice spacing, and RJ.
the separation between the jth and the central molecule.
The z axis of the space fixed coordinate system is used as
the quantization axis; the orientation of the molecules,
Qi, is with reference to the c axis of the hcp lattice
which, in turn, is also taken along the space-fixed z direc-
tion. The matrix elements of the quadrupole moment be-
tween vibrational states, which have a minor I depen-
dence because of rotation-vibration interaction, are
denoted in Eq. (6) by &UJ

I g I
o'J'&. They are well

known from ab initio calculations. The perturbation pa-
rameter A. turns out to be A, =0.127 in the ease of H2 as
discussed in more detail in the next section. Because the
mixing coefficients aM, hke the EQQ interaction, are
proportional to R 5, the mixing takes place mainly with
the nearest neighbors of the central molecule and we will
neglect the effect of all other molecules. The integrated
intensity of the double transitions is given by the sum
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over final states in the Q, (0}+So(0)manifold of the po-
larizability matrix elements

i"[g,(0}+S,(0)]=",'.,/ y l &0l „l2„&l'.
C J, m

The components a&J can be expressed in a straightfor-
ward way in terms of the ai given in Eq. (2). It is clear
that the EQQ interaction also mixes the states

l 2j, rn &o

for different values of j among themselves. This mixing
does not produce any further intensity in the Q i (0)
+So(0) band and we therefore do not take it into ac-
count. In a similar way, the crystal fields, although they
afFect the shape of the band, do not contribute to the in-
tegrated intensity of the double transitions and are not
considered. Upon substitution of Eq. (4) into Eq. (7) the
integrated Raman intensity of the double transitions
takes the form

I [Q, (0)+S (0)]
3

NON
"op X Xii}lr uk' &0I ~IJ 12 M&o

C MM jm

&& &0
l &iJ l

»M &o

The quantity in large parentheses is given by

=A, g (2/+1)C(4/4;00)
l

X~45 W(2244;/2)C (2/2;M, M' M,M')—

x g(R, /R, )"
J

4m

2/+1

where W denotes a Racah coefficient and the sum over /

involves /=0, 2,4. It follows from the hcp crystal symme-
try that the sums over j which occur in Eq. (9},are only
difFerent from zero for M =M', and for the same reason
there is no contribution from /=2. Therefore, Eq. (g) be-
comes

I [Qi(0)iS()(0)]

, &os 2 X luk I' 1&01&ul»M&ol'.
C M j,m

The main contribution to the quantity in large
parentheses corresponds to /=0 in Eq. (9) and is of mag-
nitude 12k, . It corresponds to approximating the lattice
sum in Eq. (9) by an integration over all directions, i.e., it
describes the part of the scattering that is independent of
the orientation of the crystal. The efFects of crystal orien-
tation are incorporated in the M-dependent contribution,

& [Qi(0)+So(0)]
=@~12k, (1+12K, ) .I [S,(0)]

(12)

III. KXPKRIMKNTAL APPARATUS AND PROCEDURES

The experimental light-scattering apparatus is a con-
ventional one and consists of an argon-ion laser operating
at a wavelength of 4880 A, a double monochromator, and
a photon-counting system connected to a computer.
Concerning this apparatus, a new photomultiplier, a
Varian VPM-164S cooled at T = —40 C, is ~orth men-
tioning. It has a dark noise-counting rate of 0.07
counts/s together with a higher efficiency, as compared
to the usual photomultiplier. This decreased our detec-
tion time by a factor =2.5 as compared to our previous
system. The spectral response of our detection system,
double-monochromator plus photomultiplier, has been

associated with /=4, to g l
a J l; they are found to

be of order 10% and will not be considered at this time
because they are of the same order of magnitude as the
present experimental uncertainty. With this approxima-
tion, it is clear from Eqs. (3) and (10) that the intensity ra-
tio of double to single transitions is 12K, .

%e now want to consider two points of detail in the
calculation. The first point concerns the influence of the
lattice vibrations on our result. It is clear that the quanti-
ties aMJ are really expectation values over the ground
state of the lattice and should be phonon-renormalized.
For the EQQ interaction this can be accomplished ap-
proximately by introducing an effective EQQ interaction
between molecules 1 and 2 of the form

Vfgg ——$5gVa~(Q, Q2Ro ),
in which the interaction on the right-hand side refers to a
rigid lattice. The scaling parameter /~4 is discussed in
some detail in the literature. ' The result is that, in our
calculation, the ratio of double to single transitions
should be multiplied by g4 to correct for lattice vibra-
tions.

As a second point of detail, we consider the normaliza-
tion of the first-order wave functions. Because this is an
effect of order A,2, it is usually not taken into account in
perturbation calculations. In fact, the proper normaliza-
tion factor for the states in Eq. (4) is approximately given
by (1+A, )

'~ and we should therefore replace A, in the
previous calculation by A. /(I+A, )'~ . Considering that
A, =0.1, this correction is negligible. The effect of nor-
malization on the unperturbed Si(0) intensity given in

Eq. (3) is not negligible however. This is due to the fact
that the states

l
2,M &o of the central molecule mix with

those of all its 12 neighbors and this implies that the nor-
malization factor for the perturbed

l 2,M & state is given
approximately by (1+12K, )

'~ . The unperturbed S, (0}
intensity given in Eq. (3) should therefore be divided by
1+12K, to account for normalization. Note that this
reduction of the Si(0) intensity is, as expected, just equal
to the double transition intensity calculated above. Final-
ly, for the ratio of double to single transitions we there-
fore find
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TABLE I. Experimental and theoretical values of the intensity ratios in the vertical geometry (denoted by I&——I +I ) for the
various transitions. Here Iv[S&(tot)] denotes the intensity of the $, (0) plus the $0(0)+Q&(0) transitions. The theoretical values a
refer to )~~=0.856, while b refers to g~——0.942. The density at zero pressure is po ——42.9 mol/1 (Ref. 8}.

Ivy'0(0}+ Qi {o}]
Iv[Si (0}]

(K)

18.5%0.5
17+0.5
15+0.5

244%0.5
241+0.5
244+0.5

46.7+0.3
47.8%0.3
48.4+0.3

1.09+0.01
1.11+0.01
1.13%0.01

0.225+0.02
0.208+0.02
0.240%0.02

0.22
0.24
0.25

Theo r.

0.27
0.29
0.31

Iv[S, ( tot }]
Iv[Qi{o}]

Expt.

0.103+0.015
0.095%0.015
0.109+0.015

I[$0(0)]/I [$0(1)]
I[$0(0)l 5 ~i —~0

+I[$0(1)] 3 coL —a)i

(13)

where x is the parahydrogen concentration, I[$0(0}]
and I[SO(l)] are the integrated intensities of the So(0)
and So(1}lines, ca& is the laser frequency, and coo and co,

are the frequencies of the Su(0) and So(1) rotational lines,
respectively. After a few hours of conversion our sample
reached the equilibrium concentration x~ =0.996+0.003
as measured by means of Eq. (13), which compares very
well with the theoretical value of x~(theor)=0. 9961 at
T 22 K. Starting from this almost pure parahydrogen
liquid sample we then created the crystal using the fol-
lowing procedure. %e slowly cooled the sample from
T=22 K to T=18 K with a rate of coohng of j K in 15
min, maintaining the laser light passing through the
scattering cell with a constant power of 0.5 % during the
crystal growth. The Snal thermodynamic conditions
after the crystal growth are T =18+0.5 K and

p =24420.5 bars. Under these conditions we were able
to grow a clear transparent crystal of parahydrogen with

carefully calibrated with a halogen light source with
tungsten Slament model No. 245A calibrated by Optronic
I.ab. Inc. on the basis of a National Bureau of Standards
standard, with an overall precision of 1.5%. This calibra-
tion was performed over a range of 5000 cm ' on the
Stokes side of the laser exciting line using light vertically
or horizontally polarized with respect to the direction of
the grating's grooves. This is of great importance for the
comparison of the intensities of the various features of
the spectrum of the scattered radiation. The high-
pressure scattering cell is similar to the one described in
Ref. 7 but with a larger internal volume, approximately 1

cm', which permitted the insertion of some Cr20, -y-
Ali03 as a catalyst into the cell. This was used to in-
crease the rate of conversion from orthohydrogen to
parahydrogen at low temperature in the liquid phase.
The parahydrogen was directly produced by filling the
scattering cell with the liquid at T=22 K at a pressure

p =250 bars and creating convection in order to increase
the exchange contact between the hquid and the catalyst.
The parahydrogen concentration was monitored by
measuring the ratio between the rotational $0(0) and
So(1) hnes according to the expressions

the c axis within a good approximation parallel to the
laser-beam direction. This is presumably due to the small
temperature gradient caused in the system by the laser
beam itself along the direction of propagation of the
light. We have veriSed the direction of the c axis of the
single crystal which is grown in the scattering region by
measuring the ratio of the total intensity of the one-
phonon line at 44 cm ' to the total intensity of the So(0)
rotational line as described in Ref. 8.

IV. EXPERIMENTAL RESULTS AND DISCUSSION

We have measured the Raman spectrum of the funda-
mental band of a single crystal of parahydrogen at three
slightly diFerent temperatures and densities which are
listed in Table I. The scattering geometry is the vertical
one, in which the incoming beam is along the z axis and
polarized along the x axis while the scattered light is
detected along the y axis, summing both scattered polar-
izations I~ and I"'.

Figure 1 shows the scattering spectrum of parahydro-
gen at T=18.5 around the Qi(0) and S,{0) vibrational
and rotovibrational transitions where the S,(0) part has
been displayed with a factor-of-10 amplification. At the
side of the Si(0) transition in the region around 4500
cm ', the Q, (0)+So(0) double transition band is clearly
visible. Next to the main Q, (0) peak at 4149.4+0.2
cm ' there is a weaker one at 4146.4+0.2 cm ' due to
the Qi{1) transition in the small fraction of ortho mole-
cules present in the crystal. Figure 2 shows the spectrum
of Fig. 1 around the S,{0)transition amplified by a factor
of 20 in order to show the details of this part of the spec-
trum. From this figure it is clear that the S,(0) appears
as a triplet with frequencies in cm ' of 4482.4+0.2,
4485.2+0.2, and 4487.0+0.2, together with a well-
structured Qi(0)+$0(0) band. This is the Srst time that
the triplet structure of the S, (0) Raman line and the ap-
pearance of the Q, (0)+So(0}double transition have been
observed experimentally in 82. In 02 the double transi-
tions have been observed previously, but the triplet struc-
ture was not resolved in that case. ' Structure in the S,(0)
of H2 has also been observed in absorption and discussed
in the literature. ' lt is worth mentioning that the peak
intensity of the Q, (0)+So(0) band is, in our apparatus,
of the order of 1 photon/s. The double transition shows
considerable structure which re8ects that of the
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FIG. 1. Raman spectrum of parahydrogen at T~18.5 K around the Q, (0} and S,(0} transitions. The intensity around S, (0) is
amplified by a factor of 10.

Q, (0)+S,(0) manifold, which is due to the efFect of the
EQQ interaction. This structure is also re6ected in the
double transition in absorption rvhich has been known for
a long time. It should be stressed that the Raman dou-
ble transitions are overwhelmingly associated with the al-
lowed polarizability of the individual molecules, whereas
the infrared absorption is due to the induced dipole
operators in pairs of molecules. In order to establish that
the intensity of the double transitions is due to the mixing
of states, we compare experimental values of the ratio of
double to single transitions with the theoretical expres-
sion given in Sec. II. The theoretical value of the ratio of
double to single transitions as given in Eq. (12) involves
the quantities A, and gs4. To calculate A, we use the
quadrupolar matrix elements (00

~ Q ~

02) =0.486eaii,
(10

~ Q ~

12) =0.537eao, ' "which are known quite ac-
curately; the energy separation of the unperturbed levels
is LE=18 cm '. Using Re=3.79 A (Ref. 8) for the equi-
librium separation at zero pressure me find the corre-
sponding value of A,, viz. A,o——0.127. For the parameter

$54 a number of theoretical values, varying between 0.96
and 0.91, have been quoted. Empirical values of 0.942
and 0.856 have been reported by Silvers and by Hardy
et a/. ,

' respectively. Because our experiments are per-
formed at relatively high temperature, the theoretical
values for gs4, which are calculated at T=O, probably are
not the correct ones to use. Using the two empirical
values of gs4 just quoted and A, =A,O(RO/R), where 8 is
determined from the density of the samples given in
Table I, and expression (12), we find the theoretical
values for the ratio of double to single transitions given in
Table I. It is seen that the value of gs4=0.856 gives good
agreement with experiment. Even if a higher value of (s4,

C

40
X
LQ

FREQUENCY (cm )

FIG. 2. Raman spectrum of parahydrogen at T=18.5 K
around the S&(0) transition. The intensity is amp1i6ed by a fac-
tor of 20 with respect to Fig. 1. Error bars are shown for the
double transition.
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like the one given by Silvera, would be appropriate, the
agreement between experiment and theory is close
enough to establish our main point, viz. that the double
transitions are predominantly due to the mixing of states
as described above. If we actually fit gs4 to our experi-
mental results, we obtain a value of gs4=0. 83+0.04. The
present accuracy and range of densities is not adequate to
test the predicted density dependence of the intensity ra-
tio of (pips)' ~, which would be further confirmation of
the assumed mechanism.

As an additional check on the reliability of the experi-
mental results we have compared experimental and
theoretical values for the intensity ratio of the sum of the
S&(0) and Q, (0)+So(0) transitions to that of the Q, (0)

transition. These experimental values, which depend cru-
cially upon the spectral response calibration, because of
the diN'erent polarization of the transitions compared, are
also given in Table I. They agree to within experimental
error arith the theoretical value of 0.117 calculated from
Eq. (3) for our scattering geometry, using (00

~
a

~
10)

=0.739ao, (00
~ y ~

12)=0.571ao. ' This agreement is
also a test of the validity of spectroscopic stability in the
case of the S& (0) and the Q, (0)+So(0}transitions.
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