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The p-Hz vibrons have been studied by high-resolution Raman scattering in mixed crystals of
(o-H~)~(p-H~)~ ~, (HD)~(p-H2)~ ~, and (o-D~)o.oss(p-H~)o. os'. For increasing o-H~ concentration,
the line shape broadens and becomes asymmetric with a tail towards higher frequencies. This effect
is less pronounced in the HD- and the o-D2-doped crystals, where the energy difference between the
p-H2 vibron and the stretching vibration of the impurity is much larger. Isolated impurities still have
a symmetrical line shape, showing that the asymmetry is not due to inhomogeneities. Calculated line

shapes by the coherent-potential-approximation technique are in very good qualitative agreement
with the experimental results. The theory also accounts for previously published experimental data
on the variations of the relative positions and intensities of the ortho and para peaks in (o-H2) (p-
Hg)g

I. INTRODUCTION

The interaction between vibrational excitations ac-
counts for the nonvanishing linewidth of these states.
These processes are temperature dependent through the
population numbers of the states involved in these pro-
cesses. The linewidths of both acoustical and optical
phonons in molecular crystals have been extensively stud-
ied and are now well understood. In general, the line
broadening contributions or the corresponding dephasing
times (given by the T2 time) can be divided into decay
towards other vibrational states (Tq time) and into pure
dephasing processes of the generated excitations. By in-

creasing the number of vibrational states in the crystal,
more pathways become available and the line broadening
will increase.

In the case of substitutional disorder, inhomogeneous
contributions to the linewidth may occur due to the mis-
match in size between the impurity and the lattice pa-
rameter of the host matrix. This may mask an increase in
the homogeneous relaxation rate, as was observed in, e.g. ,

naphtalene-ds/naphtalene-hs (Ref. 2), n-(Ar) (N2) z

(Ref. 3), and in a-( N2) q ( N2) mixed crystals. In
(o-H2) (p-H2) q mixed crystals, both constituents are
formed by different rotational states (J = 0, 2, 4, ... for p-
H2 and J = 1, 3, 5, ... for o-H2) of the same molecule.
Thereby it forms an ideal mixed molecular crystal to
study the e8'ect of disorder in.

In this paper, we will concentrate on the first vibra-
tional transition Qq(0) of the p-H2 molecule (0„=4149.7
cm, Ref. 5). In the pure p-H2 crystal, the vibrational
states on individual molecules couple and form wavelike
states. This crystal states are analogous to Frenkel ex-

citons. The Qq(1) vibrational transition of o-H2 in the
pure o-H2 crystal is 24(o-H2) = 6-7 cm lower than the
p-H2 frequency. The bandwidth W of the p-H2 vibrons
was estimated to be 4 cm ~ (Ref. 6), so that we are just
within the separated bands limit 26(o-H2) ) W. These
stretching vibrations are well separated from other exci-
tations in the medium, as low-&equency phonons (0—80
cm ~) and rotational excitations (ranging from 179 cm
for o-D2 up to 587 cm for o-H2). This explains the very
long Tq time of 7.5 p,s for normal H2.

The vibrational transitions under study have already
been investigated by low-resolution ( 0.1 cm ) spon-
taneous Raman scattering5 and by time-resolved coher-
ent anti-Stokes Raman scattering. While the Erst suer
from a too low resolution of their setup, only a small
concentration region (0.0022 & x & 0.027) was studied
in the latter. We have performed high-resolution mea-
surements of spontaneous Raman scattering off the p-
H2 vibron states in mixed crystals of (o-H2) (p-H2)q
for 0.006 ( x ( 0.626. In Ref. 8, plausible arguments
were given for the occurrence of near-resonance scatter-
ing, although clear evidence for this can be found by
comparing the results to HD or D2 doped crystals. In
these mixed crystals, the impurities have a vibrational
&equency which is much more separated from the p-H2
transition, i.e. , for HD: 0„= 3633 cm and for D2.
0„=2994 cm

The main interaction among the molecules in (o-
H2) (p-H2) q mixed crystals is the van der Waals inter-
action which is essentially independent of the rotational
state of the molecule. This makes that the interactions
among host molecules and between host molecules and
impurities are comparable. Hence the coherent poten-
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tial approximation (CPA), ~o which is well established for
Frenkel excitons in substitutionally disordered molecular
crystals, can be applied for the calculation of the line
shape of the k 0 vibrational states in the mixed crys-
tals. In this paper we will show that the CPA is well
suited to this calculation. Other experimental quantities
are also predicted by the CPA scheme. These include
the relative position of the Qo(1) and the Qq(1) line
and the intensity~2' ratio of the Qq(l) transition rel-
ative to Qo(1), which is "anomalously" larger than one
would expect &om the concentration ratio. As far as we
know, this is the 6rst application of the CPA technique to
describe delocalized vibrational states in molecular crys-
tals, although in the past it has been applied to the char-
acterization of the vibrational line shapes of interacting
molecules adsorbed on surfaces.

Experimental line shapes of the p-H~ vibron states
in mixed crystals of (o-Hg)e(p-H2)q, (HD) (p-Hg)q»
and (o-Dg )p psg (p-H2) o gs] are presented in Sec. III.
This section also contains the line shape of the o-D2
localized vibrational state in (o-D2)g ogs(p-Hg)g goy(o-

Hg)p pss. Section IV describes the model used to calcu-
late the spectra and the results obtained with it. Further
discussion and conclusions are drawn in Sec. V.

II. EXPERIMENTAL

Research grade gases (99.9999%%uc for Hg, 98% for HD,
and 99.8%%uc for Dg) were used as the starting material.
The main impurities for HD are H2, while for D2 also
N2 is present. The latter is trapped during the catalysis
process, resulting in a higher purity than stated. The
catalysis of normal hydrogen gas to nearly pure para-H2
and the growth of single-crystals is described in Ref. 15.
Small amounts of HD gas and D2 gas were admixed in
the gas phase before the catalysis.

The concentration of o-D2, HD, p-H2, and o-H2 species
was determined &om the integrated intensity of their re-
spective lowest AJ = 2 transition in the liquid phase,
as determined by spontaneous Raman scattering. No
trace ofp-D2 impurities were found due to the much lower
ortho-para conversion rate for Dg as compared to H2.
No change in the 0-H2 concentration was found before
growing the crystal and after performing the measure-
ments. Neither was any difference found between the
liquid and the solid phase.

Scattered light from a single-&equency Ar+ laser
(454.5 nm) was collected in a backscattering geometry.
After spatially 6ltering it was sent through the combi-
nation of a single pass piezoelectrically scanned Fabry-
Perot interferometer (finesse F 38) and a monochro-
mator. The monochromator served as a broad passband
6lter and was centered at the vibrational transition un-
der study. The resolution of the setup can be varied by
changing the distance between the mirrors of the Fabry-
Perot. Due to the large Stokes shift (4150 cm ) of the
scattered light and the variation of the reflectivity R(A)
of the mirrors with wavelength, the elastically scattered
light can no longer be used to obtain the resolution func-
tion of the setup. An Airy function was calculated start-

ing from a measured value for R(%=560.5 nm) and was
used as a resolution function to deconvolute the spectra,
so that linewidths down to 0.002 cm can be measured.
This high resolution can only be obtained with excitation
at 454.5 nm which, due to the lower gain of this laser line,
limited the available power of the Ar+ laser to 35 mlV.

All measurements were performed at 6 K. No tempera-
ture dependence of the line shape was found in any crys-
tal.

III. EXPERIMENTAL RESULTS

A. (o-Hg) (p-Hg)z mixed crystals

In Figs. 1 and 2, the p-H2 line shape for several con-
centrations of o-H2 molecules is shown. For x = 0.006,
the linewidth is within the experimental resolution. For
z = 0.013, the line broadens and is asymmetric with
a tail towards higher frequencies. For increasing o-H2
concentrations, the width of the line increases and the
asymmetry becomes more pronounced. For o-H2 concen-
trations above 30 %%uc, i.e., well within the mixed crystal
regime, the line shapes of both the 0-H2 and the p-H2
transition are more complicated.

Our measurements indicate that the processes con-
tributing to the linewidth occur on a ps or ns timescale.
This shows that the population relaxation of the p-H2
vibron, which was determined to be Tq ——7.5 ps, has
only a negligible contribution to the linewidth. The line
broadening process can be fully ascribed to pure dephas-
ing processes.

Abram et al. performed ns time-domain dephasing
measurements on the p-H2 states. They found essentially
a decay which is slower than exponential (stretched expo-
nential), with an efFective decay constant that increases
with increasing 0-H2 concentration. Our frequency-
domain measurements provide more information than the
time-domain results, which is contained in the asymme-
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FIG. 1. High-resolution spectrum of the p-H2 vibron in
mixed crystals of (o-H2) (p-H2)z for a varying z. The bro-
ken line indicates the resolution function of the setup.
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FIG. 2. High-resolution spectrum of the p-H2 vibron in
mixed crystals of (o-H2)~(p-H2)z ~ for a varying z.

try of the line shape. In order to compare our measure-
ments with theirs, we Fourier transformed our results. In
Fig. 3(a) the linewidth of the p-H2 vibron for x=0.069 %
is shown together with its Fourier transform [Fig. 3(b)].
The obtained dephasing signal decays also faster than
exponential, in accordance with the results of Ref. 8. We
also find an increasing effective decay rate with increas-
ing o-H2 concentration and the same behavior for higher
o-H2 concentrations on the ps time scale. This identical
behavior on different time scales is in contrast to dephas-
ing signals for the vibrons in o.-N~, 4' where we found a
faster-than-exponential dephasing on the ps time scale,
while on the ns time scale, a slower-than-exponential de-
cay was found.

For x = 0.013, we obtain a linewidth which is slightly
larger than the experimental resolution of 0.002 cm
This indicates that the observed linewidth of 0.0014 cm
in a mixed crystal with 0.06 % o-H2 by Momose et al. is
most probably due to the insufhcient resolution of their
setup.
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B. (HD) (p-Hs)q and (o-Ds)o.oee(p Hs)p. esp mixed
crystals
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A test for the occurrence of near-resonant; scattering
is to compare the effect of doping with o-H2 to doping
with HD or o-D2 molecules. These have a much larger
frequency difference to the p-H2 vibron states, so that
the scattering off these impurities is much more off res-
onance. In Fig. 4, the line shapes of the p-H2 vibron
are shown for three concentrations of HD. For the lowest
concentration of HD, x= 0.084, no asymmetry can be ob-
served in the line shape. A Gaussian with a full width at
half maximum (FWHM) = 0.004 6 0.001 cm ~ could be
well 6tted to it. This indicates the presence of still some
inhomogeneous line broadening effects for isotopic substi-
tution. For 11.7 % HD doping, the spectrum is already
clearly asymmetric with a tail towards high frequencies.
The global width and the asymmetry of the transition
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FIG. 3. High-resolution spectrum [(a), full line] of the p-H2
vibron in a mixed crystal with 6.9% o-H2 impurities. The res-
olution of the setup is indicated by the broken line. (b) shows
the corresponding Fourier transform of the Raman spectrum.
The dephasing is clearly faster than exponential.
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FIG. 4. High-resolution spectrum of the line shape of the
p-H2 vibron in a mixed crystal of (HD) (p-H2) z for various
HD concentrations.
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become larger for the highest HD concentration which
was studied (16.7 %).

The linewidth of the p-H2 vibron in the (o-D2)p. psg(p-

H2)p 93] mixed crystal is close to the resolution of the
setup, which is in agreement with the results obtained
for HD. Therefore no crystals with a larger o-D2 content
were investigated.

From the comparison of Figs. 1 and 2 with Fig. 4, we

see that doping with o-H2 molecules has a more pro-
found effect on the line shape. The global width and the
asymmetry are more pronounced in the (o-H2) (p-H2) q

mixed crystals than in the (HD) (p-H2)q and the (o-

D2)p peg(p-H2)p gay mixed crystals for an equal concen-
tration of dopants.

C, (o Dg)p pgs(p Hg)p. gpss(o Hg)p. pee mixed crystal

IV. MODEL

1 1
'(E) = —.'- E V.(E-)

(4.1)

where Im denotes the imaginary part. The "coherent
potential, " V, (E), is the solution of the equation

In this section, we present the results of a theoretical
study of the effects of o-H2 and HD doping on the p-H2
vibron line shape. Our approach is based on the coher-
ent potential approximation (CPA) for the optical line
shape function. Since the details of the CPA for optical
line shapes have been presented elsewhere, ' we will
consider only its application to the problem at hand.

In the CPA, the optical line shape function is given by
an expression of the form

In order to eliminate inhomogeneous line broadening
as a possible cause for the asymmetric line shape of the
delocalized p-H2 vibrons, we investigated the effect of
a substantial o-H2 doping on the line shape of local-
ized vibrational states. The relatively high concentration
of the o-H2 together with the electrostatic quadrupole-
quadrupole interaction among the J = 1 species, makes
that the Qq(l) transition of H2 is not an ideal probe.
Therefore, we included a concentration of 2.5 % o-D2 into
the crystal. This small concentration is known to have
but a negligible inHuence on the p-H2 line shape (see Sec.
IIIB). As can be seen from Fig. 5, the vibrational transi-
tion of the o-D2 dopants has a symmetrical line shape and
is relatively well described by a Lorentzian with FWHM
= 0.025 6 0.007 cm . This shows that the asymmetry
of the p-H2 line shape is not due to inhomogeneous line
broadening caused by different local environments.

The width of the o-D2 transition increases with increas-
ing o-H~ concentration, since for an o-H2 concentration
of 0.06 %, a linewidth of 0.004 cm was found.

f V —V, (E)
1 —F —V (E)lG-Ã —V (E)j

in which P(V) is the distribution of intramolecular vi-
bration frequencies, and the Green's function, G (E), is
expressed in terms of the energies of the vibron modes.

In applying the CPA formalism to H2, we make two
additional approximations. First, we substitute a fcc lat-
tice with nearest-neighbor interactions for the hcp lattice
of solid H2. Second, we assume that the ortho-para, the
ortho-ortho, the HD-HD, and the HD-para interactions
are all equal to the coupling between para molecules. Un-
der these conditions, G is given by the expression

(4.3)

where the sum is over the N wave vectors spanning the
Brillouin zone of the fcc lattice, and the symbol E(k)
denotes the energy of a vibron with wave vector k.

The distribution of intramolecular vibrational &equen-
cies is taken to be of the form

P(V) = zb(V+ 6) + (1 —z)8(V —6), (4.4)
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90.7/ H
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where x is the concentration of o-H2 or HD molecules
and (1 —z) denotes the p-H2 concentration. The pa-
rameter 6 is identi6ed as one-half the difference between
the intramolecular transition frequencies of p-H2 and 0-
H2 or HD. In the ortho-para analysis, 4 is set equal to 3
cm ~ (which is the value appropriate to the gas phase ),
whereas in the HD-para calculation, we take A equal to
264.5 cm

After inserting Eq. (4.4) into Eq. (4.2) and evaluating
the integral over V, we obtain the equation

—0.2 0.2
V, —(1 —2z)E —(b, —V )G (E —V) = 0. (4.5)

relative frequency (cm )

FIG. 5. High-resolution spectrum of the line shape of iso-
lated o-D2 impurities in a ~axed crystal with 6.8 /0 o-H2
molecules. The solid line is the best 6tting Lorentzian to
the experimental data points (denoted by ).

In order to carry out detailed calculations, one needs
either a numerical or analytic expression of the Green's
function for complex energies. Since our interest is in
the behavior near the peaks in the spectrum for rela-
tively low impurity concentrations, we have used a low-
energy approximation to G (E) obtained by keeping the
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crystals is not due to inhomogeneities, caused by the
substitution of p-H2 by o-H2. While the p-H2 and o-
H2 are two states of the same molecule, their differ-
ent electron distribution may cause some different in-
homogeneities. However, the symmetrical line shape of
isolated o-D2 stretching vibrations in the (o-D2)p p2s(p-
H2)p opr(o-H2)p pss mixed crystal (see Sec. IIIC) clearly
indicates that the asymmetry is not due to environmental
inhomogeneities, but has an excitonic character.

The CPA scheme is well suited for the calculation of the
line shape of these vibrational exciton states. Excellent
agreement with the experimental spectra is attained. It
also predicts the anomalous larger intensity of the 0-H2
stretching vibration compared to the p-H2 transition and
the shift of the vibrational &equencies of the o-H2 and the
p-H2 transitions as a function of the 0-H2 concentration.

From the difference between doping with 0-H2 on the
one hand and with HD or 0-Dg on the other hand, we see
that the scattering is less efBcient for impurities with a
vibrational frequency which is much further off the fre-
quency of the delocalized states. Hence, the small differ-
ence in vibrational &equency between the o-H2 and the
p-H2 species makes the scattering "near-resonance. "

For the highest 0-H2 concentration x = 0.013 and
z = 0.019 the lower-frequency edge of the calculated
line shape is much steeper than the experimental data
(compare Figs. 1 and 2 with Figs. 6 and 7). This may
have three causes: (i) The CPA model does not include
any contributions to the line broadening due to the in-
teractions with the phonons. This can be included by
pragmatically convoluting the line shape obtained by
the CPA calculation with a Lorentzian. (ii) For those
high o-H2 concentrations, higher-order terms in the ex-
pansion of the Green's function G (E) [Eq. (4.6)] should

be included. (iii) The electrical quadrupole-quadrupole
interaction among the ortho species, which was neglected
in the calculations, may become important. Experimen-
tal results in crystals with higher concentrations of o-H2

show indeed a more complex line shape and are not shown

in this paper.
The FWHM of the o-D2 transition in the (o-D2) p p2s(p-

H2)o. so7(o-H2)o oss mixed crystal is larger than the width
of the p-H2 vibron (see corresponding spectrum in Fig. 2),
showing that the coupling between the vibrational states
on different sites results in a "motional narrowing" of the
vibration transition. This effect was already observed
for the vibrational states in n-N2 and P-N2.

It should be noted that all the CPA results were ob-
tained with a consistent set of parameters, i.e. , values of
TV and 6 that give results for the line shape which are
in good agreement with experiment also account for the
variation of the relative peak positions and ortho/para
intensity ratio. Unlike earlier theories, which are limited
to low impurity concentration, the CPA is appropri-
ate over the entire concentration range, 0 & x & 1.
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