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and Roton Scattering by Orthohydrogen Impurities
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A high-resolution Raman investigation is presented of the linewidth of the /=2 rotons in solid
p-H, measured by means of a tandem interferometer-monochromator. The magnitude of the
linewidths ( = 0.08 cm~!) at extremely low o-H, concentration is in good agreement with a recent
microscopic calculation, but a variation of the experimental widths by a factor of 2 was observed for
different |M;|. The dependence of the roton linewidth on the concentration of o-H, impurities is
found to be linear, indicating that the o-H, act as noninteracting random scattering centers.

PACS numbers: 78.30.Gt, 33.70.Jg, 61.50.—f

The development over the past few years of new
time-resolved techniques for the investigation of the
relaxation of vibrational and rotational excitations has
led to an increased interest in this field.! In general,
phenomenological equations are introduced to describe
the decay of phase and population of the excitation by
means of corresponding decay times 7, and 77, giving
in many cases a convenient characterization of the ob-
served decay processes. Very recently, a microscopic
quantum calculation of the dephasing time, T,, was
performed for the first time in a molecular solid, i.e.,
for the Raman-active rotational excitations, called ro-
tons, in solid p-H, and o-D, (Vanhimbeeck et al?).
Solid hydrogen is the simplest of molecular crystals
and from the large number of available experimental
data the isotropic and anisotropic intermolecular po-
tentials are phenomenologically determined to a high
precision, while also first-principles calculations yield a
quantitatively good description of these potentials.>*
In this interesting model system the lattice vibrations,
the rotations, and the intramolecular vibrations are to
a high degree decoupled. In spite of its apparent sim-
plicity various nontrivial effects occur among which
are phase transitions between different crystalline and
orientational phases.3->

We have performed very high-resolution linewidth
measurements (accuracy =0.01 cm™!) of the rota-
tional Raman transition (at 355 cm™!) in extremely
pure p-H,, containing to our knowledge the lowest
reported o-H, concentration, Cgrno= (0.05 £0.03)%.
Our results yield a first opportunity for comparison of
the theoretical relaxational linewidth, corresponding to
the calculated T, time,2 with experimental data.
Furthermore, we have conducted measurements in a
series of p-H, crystals containing small o-H, concentra-
tions: A strongly concentration-dependent line broad-
ening was established which yields the first firm evi-
dence of the scattering of rotons in p-H, by o-H; im-
purities.

At zero pressure the solid hydrogens, H, and D,,

crystallize in the hcp structure.3-> Because the aniso-

tropic interactions between the molecules are small
(=1 cm~!) compared to their rotational constants
(B=59.3cm™!in pH, and 29.9 cm~ ' in 0-H,),? and
because the rotational and vibrational coordinates are
highly decoupled, the exceptional situation occurs that
the molecules behave as weakly perturbed quantum
rotators, even in the solid.>* Because of the con-
straint of antisymmetry (symmetry) of the molecular
wave function under permutation of the protons (deu-
terons), p-H, (0-D,) can only occur in even J rotation-
al states. In the solid the quantum rotators are subject
to anisotropic intermolecular interactions among which
the electric quadrupole-quadrupole (EQQ) interaction
is dominant.>* The J=0 to J=2 rotational excita-
tions are coupled together to form traveling-wave exci-
tations, called rotons. The k = 0 rotons have been in-
vestigated earlier by Raman scattering®’: The spec-
trum consists of three transitions, split by the EQQ in-
teraction, which correspond to the |M|=0, 1, and 2
states of the J=2 level. However, the resolution in
these early experiments (=0.3 cm~!) was insuffi-
cient to yield significant information about the roton
lifetime. Also, no data are available about the depen-
dence of the Raman linewidth on o-H, concentration
(Cortho) for low amounts of these impurities. In an
early calculation® a splitting of 2.25 cm~! between the
Raman lines was obtained, to be compared with the
experimental value® of 2.0 cm™!. The neglect of pho-
non renormalization of the EQQ parameter was later
shown to be at the origin of this discrepancy.’

The recent model calculation® of the T, time takes
into account single and multiple J =2 excitations, and
includes only the EQQ interaction, which is the dom-
inant anisotropic interaction. The results were found
to be temperature independent below the melting
point (13.8 K for p-H,) which indicates that the ther-
mal population of rotons is negligible as expected from
the high excitation energy, AE,,/ kg = 510 K for p-H,.
Also in our experiments in p-H; no dependence of the
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Raman linewidths was observed in the temperature re-
gion from 6 K to the melting point. In contrast to this,
a strong dependence on ¢y, Was found, necessitating
great care in the preparation of the p-H, samples and
in the determination of Cgpo.

Gas samples with down to 0.25% o-H, impurities
were obtained by evaporation of liquid hydrogen
(99.9999% H, gas as starting material) in contact with
an Apachi nickel-silica—gel catalyst® at 21 K. The
purest p-H, sample [cyrpo=(0.05 £0.03)%] was pro-
duced by subsequent boiling off of the converted
liquid at low vapor pressure just below 18 K, and im-
mediate condensation of the gas in the Pyrex sample
tube at 15 K. The p-H, crystals were grown from the
liquid in the Pyrex tube inside an optical helium cryo-
stat, by slow cooling of the bottom tip of the tube. In
order to avoid cracks and stresses the crystal was very
slowly cooled from the melting point to the measuring
temperature (9 K). In this way high-quality p-H, sin-
gle crystals were obtained as testified by visual inspec-
tion and by the polarization properties of the Raman
spectra. The o-H, concentration was determined, both
in the liquid before crystal growing and in the solid
sample, from the Raman intensity of the /=1 to J=3
transition of o-H, relative to that of the Raman-active
p-H, transition.!°

A few representative high-resolution Raman spectra
of the rotons in p-H,, measured in back scattering, are
presented in Fig. 1 for different c,p,. A double
monochromator (band pass =20 cm™!) was tuned to
the Raman transition. It was preceded by a double-
pass piezoelectrically scanned Fabry-Perot interferom-
eter with a finesse F = 50 and a free spectral range of
6.3 cm™!, covering the roton Raman spectra. The
spectra were analyzed with the individual Raman peaks
taken to possess a Lorentzian line shape as a result of
lifetime broadening. Therefore a fit was applied in-
volving the convolution of a Lorentz function with the
instrumental transmission function. The latter was
monitored simultaneously with the Raman measure-
ment by the intensity of the elastic scattering detected
before the monochromator. At higher cypo the over-
lap between the Raman lines becomes more important
and the peak intensities are decreasing, resulting in a
larger uncertainty in the linewidth determination
(Figs. 1 and 2).

The full width at half maximum (FWHM) of the ro-
ton Raman lines in p-H, has been plotted in Fig. 2 as a
function of the o-H, concentration. The strong cguno
dependence underlines the need for very pure p-H,
crystals in order to determine the intrinsic linewidths
in this material. The extrapolation to zero concentra-
tion (Fig. 2) shows that in our purest sample the
widths are mainly intrinsic, i.e., not resulting from the
residual amount of o-H,. The experimental FWHM
for the rotons are compared in Table I with the
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FIG. 1. Experimental Raman spectra (open squares) and
fitting result (solid line) of the J =0 to J = 2 rotational exci-
tations in p-H, (100 mW of Ar* laser excitation at 514.5
nm) measured at T=9 K in single crystals with different
concentrations of o-H;: (a) copno= (0.05+0.03)%, (b)
Cortho= (2.6 £0.3)%, and (c) corno= (6.3 £0.6)%. The fre-
quency scale is relative to the position of the central peak at
355 cm~!. The relative intensities of the peaks vary from
one spectrum to another as a result of different orientations
of the crystal with respect to the laser polarization.

theoretical values? resulting solely from the EQQ in-
teraction between the molecules.

The experimental values are seen on the average to
be 30% smaller than the theoretical ones. The theoret-
ical linewidths, however, are expected to be reduced
mainly as a result of the phonon renormalization of
the EQQ interaction parameter,’ which would decrease
by nearly 20%, while the roton linewidths scale with
the square of this parameter.? The resulting close
agreement of the average theoretical and experimental
values may or may not be fortuitous, because it is dif-
ficult to gauge the accuracy of the calculations. How-
ever, there is a pronounced difference in experimental
linewidth obtained for the three transitions (Table 1),
which nearly doubles from |[M|=1 to |IM|=0. Ac-
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FIG. 2. Experimental linewidth (FWHM) of the roton
Raman scattering in p-H; as a function of concentration of
o-H, impurities (T=9 K).

cording to the calculation the three peaks possess the
same width within 7%, albeit in the same order from
narrowest to widest as in the experiment.

Different origins can be put forward to explain this
difference: First, the model Hamiltonian may be ade-
quate, but the approximations made may not be valid,
either because of neglect of contributions of higher or-
der in the EQQ interaction, or as a result of the trunca-
tion of the continued-fraction representation used for
the spectral function.? Second, the model Hamiltonian
should be augmented with additional anisotropic in-
teractions. This seems less probable in view of the
very good results obtained in the description of other
rotational properties by consideration of only the EQQ
interactions.!! Finally, it is possible that other broad-
ening mechanisms ought to be considered such as
phonon-roton interactions. The high-frequency H,
stretching vibrations (vibrons) were found to possess a
much slower relaxation of both population'? (=10
us) and phase (=150 ns in crystals with Corpo
=0.22%),3 and thus are not expected to influence the
roton relaxation. It is not excluded, however, that the
phonons which possess a much lower frequency
[below 120 cm~! in solid H, (Ref. 4)] interact with the
rotons and contribute to their linewidth. The phonons
decay faster than the rotons as is indicated by their
larger Raman linewidth (=1 cm™!).1° One should
also pay attention to the possible influence of another
impurity, i.e., the hydrogen deuteride molecule which
has a natural abundance of 0.03%, comparable to the
lowest ¢ in the present experiments. Neither from
the present linewidth analysis nor from time-resolved
stimulated Raman measurements can one discriminate
between these cumulating effects.'* If, however, one
of the additional mechanisms is important it would
mean that the calculated linewidth (Table I), resulting
from dephasing of the rotons by EQQ coupling only,2
is quite strongly overestimated.

TABLE I. Experimental linewidths (in inverse centime-
ters) of the roton Raman lines in pure p-H; [corno= (0.05
+0.03)%] compared to the theoretical values calculated
from dephasing of the rotons by the EQQ interaction only
(Ref. 2).

Experiment Theory
M=0 0.108 +0.010 0.119
IM|=1 0.062 +0.006 0.112
IM|=2 0.085 +0.006 0.114

Up to now we did not consider inhomogeneous
broadening by random strain. One would expect that
such an effect would equally broaden the rotons for
different | M| values and yield equal linewidths. Also,
inhomogeneous broadening would lead to non-Lo-
rentzian line shapes.!* While for widths much larger
than the experimental resolution our fitting procedure
is quite sensitive to deviations from this line shape,
this is hardly the case for the narrow roton peaks mea-
sured in pure p-H, samples. Deviations from the
Lorentz shape correspond in the time domain to
nonexponential decay of the excitation. We plan to in-
vestigate this problem by means of 7, measurements
with picosecond time resolution, based on the stimu-
lated Raman scattering effect.!®

A concentration of only a few percent of o-H, im-
purities leads to a tenfold increase of the Raman
linewidth of the J =2 rotons. The data shown in Fig.
2 demonstrate that the concentration-dependent con-
tribution to the linewidth is close to linear up to 6% of
o-H,. The broadening results from scattering of the
rotons: Indeed, the rotational excitation cannot jump
onto the o-H, site because of its very different excita-
tion energy. For a single o-H, impurity one should
then consider the probability of elastic processes in
which an incoming Raman-active roton (k=0) is
scattered into another roton with the same energy, but
different wave vector. A large number of such roton
states are available since the k =0 rotons possess an
energy near the center of the J=2 roton band.* The
dispersion of the roton energy throughout the Bril-
louin zone has been evaluated with use of a boson
representation of these excitations.!® The inverse of
the total probability per unit of time for the scattering
processes yields the roton lifetime. Eventually, inelas-
tic processes, which involve transitions of the o-H, im-
purity within the J=1 rotational level, may also have
to be considered. The energy splittings in the ground
level of an isolated o-H, impurity are much smaller
than the width of the J =2 roton band,? so that the en-
ergy transfer can be easily accommodated. If the
scattering processes with randomly distributed impuri-
ties can be considered as independent, the inverse of
the roton lifetime is linear with concentration,!” '8 and
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so is the resulting linewidth. Recently, the dephasing
of the k =0 vibron in solid p-H, was investigated by
the time-resolved coherent anti-Stokes Raman spec-
troscopy technique!® for coho=0.22% and a few
higher concentrations. Also here a strong influence of
the o-H, impurities was observed, and impurity
scattering of the vibrons was put forward. While our
Raman spectra at different ¢y, give no evidence for
nonexponential decay of the rotons, such an effect was
clearly seen for the vibrons!? in p-H,.

In conclusion, the present experimental results and
the recent microscopic calculation? show that there is a
favorable outlook for a fundamental understanding of
the relaxational properties of the rotons in p-H,. Ex-
perimentally, time-resolved picosecond experiments
can help in discriminating inhomogeneous from
homogeneous line broadening. In order to obtain
selective information concerning the different pro-
cesses involved in the roton relaxation, such as roton-
roton and roton-phonon interactions, it may be neces-
sary to perform Raman echo experiments.'* From the
theoretical point of view it would be of considerable
interest to attempt an evaluation of the phonon contri-
bution to the roton relaxation time. Finally, a calcula-
tion of the o-H,-induced roton relaxation is awaited,
either by consideration of a scattering mechanism in
the sense described above or, alternatively, in a micro-
scopic approach analogous to the one applied to pure
p-H; (Ref. 2).
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