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The Q1(0) and Q1(0)+So(0) infrared bands have been studied in liquid and solid para-Hz with
particular regard to their translational sidebands. In the liquid, their line shapes are well fitted by a
model in which the excited particle is encapsulated. In the solid, the phonon sidebands reproduce the
main features of the density of states (DOS), as extracted from neutron scattering. The S1(0)+So(0)
band shows a pure rotonic line shape which is well described by recent DOS calculations.

I. INTRODUCTION

Solid parahydrogen (para-Ha, J even) and orthohydro-
gen (ortho-Hy, J odd) are the simplest quantum crys-
tals where molecular excitons are known to exist. Weak
intermolecular interactions partially remove the crystal
degeneracy, and allow the propagation of molecular exci-
tonic modes.! Infrared absorption spectra which were at-
tributed to propagating vibrons and rotons were indeed
observed both in the vibrational fundamental band? of
para-Hy between 4000 and 5000 cm™!, and in the pure
rotational spectrum® between 300 and 600 cm~!. The
theoretical framework developed by Van Kranendonk!
and by others?™® fully accounts for these observations.

In this paper we present detailed spectra of the funda-
mental band of para-Hy for both the liquid and the solid
phases. As its main features have been extensively stud-
ied since the work of Gush et al.,? our interest is focused
on the translational sidebands of @Q:(0) (v =0— v =1,
J=0—-J=0),5(0) v=0-ov=1,J=0—J =2),
and @1(0) + So(0) (w=0—-ov=1,J=0—-J =0+
v=0—v=0,J =0— J=2). In the solid, such bands
can be adequately described by admitting that photons
are absorbed in processes where excitons and phonons
are simultaneously excited. In the solid phase, the exper-
imental spectral density I'(v) will be found in agreement
with the phonon density of states (DOS) extracted from
neutron scattering.”® This picture will then be general-
ized, even if not strictly, to the liquid phase; in this case,
the observed sidebands will be attributed to an encap-
sulated mode of the excited molecule within the cage of
nearest neighbors. Contributions to the line shape from
the quadrupole moments of residual ortho-H; impurities
will also be taken into account. The above model yields
good fits to the observed spectra. Nevertheless, the dom-
inant frequency thus determined turns out to depend on
the rotovibrational state of the molecule in a strong and
presently unexplained way.

Finally, the S1(0)+S0(0) infrared band is resolved and
studied. It is interesting in that its spectrum does not
contain any contribution from propagating vibrational
excitons. The observed line shape of S1(0)+S,(0) is then
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closely related to the roton density of states, and indeed
it agrees well with the calculated® structure of the latter.

II. EXPERIMENT

The infrared spectra reported here were collected by
condensing samples of para-Hj in a suitably modified Ox-
ford Instruments variable temperature cryostat. Three
Pyrex cells, having optical lengths of 22, 11, and 1 mm,
were employed. Temperature was controlled by heaters
driven by two sensors: a germanium thermometer placed
on the wall of the cell, and a Rh-Fe resistor in the He gas.
Temperature was kept stable—and measured—within 0.2
K. Spectra at 2 K were collected with the cell fully im-
mersed in superfluid helium.

Parahydrogen was prepared by converting normal lig-
uid H, with the help of a suitable catalyst (CrzOgs-
~vAl;03). The para-H; sample was then evaporated and
recondensed into the cryostat, where solid samples were
grown by slowly cooling the liquid. In such a way, op-
tically transparent crystals were finally obtained. Thin
polycrystalline layers were observed at the center of the
windows in the 22 mm samples only. Residual ortho-Hj
impurities, possibly produced during evaporation and re-
condensation, were found in the para-Hj crystals. Their
final concentration was extracted from the measured in-
tegrated absorption coefficient of the Q1(0) quadrupolar
band, which appears as a narrow line in the absorption
spectrum of the thickest sample reported in Fig. 1. By
comparison with theory? in the limit of low ortho con-
centration, we estimated that this latter never exceeded
(5+1)% for the spectra reported in this paper. We can
evaluate that a few residual ortho molecules do not ap-
preciably affect the present study of para-Ha behavior,
as also shown by the observation in the solid phase of
spectral details that had been previously reported for the
purest samples.? As it will be shown in the following, the
quadrupolar contribution to I'(~) due to ortho-H; impu-
rities has been taken into account, and subtracted. On
the other hand, the observation of ortho-Hy weak spec-
tral features facilitates calibration procedures and line
assignment.

2590



47 TRANSLATIONAL AND ROTATIONAL SPECTRA IN THE. ..

[ \ I
) S T=2 K
15+ o _
®
-~ X
! =
g 1.0 ke
3)
— s
> g S
~ <] +
< 0.5 - = =
0.0 | A |
4000 4500 5000
v (em™1)
FIG.1. The absorption spectrum at 2 K of a solid para-H,

sample having a thickness of 22 mm. The apodized resolution
is 0.7 cm™!. The Q1(0)+So(1), S1(1)+So(0) lines are due to
residual ortho-H2 impurities, while U;(0) corresponds to a
v=0—v=1, J=0— J =4 transition.

Infrared transmission spectra were collected by using
a rapid scanning interferometer with a maximum resolu-
tion of 0.7 cm~!. The observed spectra were corrected
for the reflectivity of the cell by comparing the trans-
mittance of samples with thicknesses of 11 and 22 mm.
Then, the absorption coefficient A(v) defined as

n. [ fo(v)

A(v) = dln( ) ) (1)
was obtained, where I(v) is the radiation intensity trans-
mitted by the sample, Ip(v) is the background intensity
transmitted by the empty cell, d is the sample thickness,
and 7, the Polo-Wilson factor,!? takes into account the
effect of the local field on a single molecule.

In absorption spectroscopy it is often convenient to in-
troduce the spectral density or line shape I'(v) and the

reduced line shape G(v), which are related to the absorp-
tion coefficient through the relations

L) = ~AQ)[1 ~ exp(~Bhve)] ! ()
with 8 = £, and
G(v) = :[['(v) + T(-v)]. (3)

The line shape I'(v) satisfies the detailed balance princi-
ple:

I'(—v) = exp(—Bhre)T(v). (4)
III. RESULTS AND DISCUSSION
A. Q1(0) band in liquid para-H,

A typical example of line shape I'(v) of para-H in
the Q1(0) region, as measured in the liquid phase, is re-

2591

ported in Fig. 2. The figure shows two main features: a
broadband peaked at about 4240 cm~! and a narrow one
centered at 4154.2 cm~!. The former is induced by the
isotropic overlap of vibrating para-Hs molecules, while
the latter is induced by the quadrupole moments of resid-
ual ortho-H; neighbors. As the effective induction range
is longer for the quadrupolar induction mechanism, the
quadrupolar band is much narrower than that due to
overlap.

The quadrupolar contribution to Q1(0) may be easily
subtracted, and the overlap term obtained. We can as-
sume that the vibrational frequency v, coincides with
the peak frequency of the Q;(0) quadrupolar line and we
neglect the coupling between translation and vibration
in liquid Ho. We can then express the overlap contri-
bution to I'(v) as the product of a translational factor
I'u(v — v1,0) and the squared matrix element of the am-
plitude of the dipole moment between the ground state
and the n = 1 state, where n is the vibrational quantum
number:

L(v) =Tu(v - V1,0)N%,0- (5)

Thus from the measured spectrum a quantity propor-
tional to 'y, (v — v1,0) is deduced, and the translational
reduced line shape G, (v — v1,0) is extracted.

Figure 3 shows a typical example of the translational
reduced line shape G,(Av), with Av = v —v;9. In
the low-frequency region G, (Av) exhibits a dip. This is
a characteristic density effect induced by isotropic over-
lap on the translational bands. It has been observed in
Hy—noble-gas mixtures both in the high density gaseous
phase and in the liquid phase.!! The low-frequency dip
in G, (Av) is due to the interference between dipoles in-
duced in successive repulsive interactions of the inducing
particle with the medium.!? Therefore, it is often called
the intercollisional interference effect (IIE).

The isotropic overlap induction mechanism is usu-
ally active in a pair of unlike and interacting atoms or
molecules. Nevertheless, it may also be observed in a
pair of interacting molecules which belong to the same
chemical species and are in different vibrational states.
This is just the case of the overlap component observed
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FIG. 2. The spectral density I'(v) of liquid para-H; in the

Q1(0) region at 14.5 K.
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FIG. 3. The reduced line shape G(Av) in liquid para-H,

at 14.5 K (dots). The solid line is the best fit obtained from
Eq. (6).

here in the Q1(0) of para-H;. A molecule in the n =1
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proportional. Then, G, (Av) is proportional to Gr(Av).
Moreover, on the basis of general arguments,!! Gp(Av)
— 0 as D(Av)?2, with D the diffusion coefficient, as Av
— 0. Consequently also G,,(Av) approaches zero when
Av vanishes.

The validity of the assumption p(R) o« F(R) at lig-
uid densities is still an open question. From molecu-
lar dynamics computations we may conclude that even if
p(R) and F(R) are not exactly proportional, the corre-
lation functions C,(t) and Cp(t) are similar in shape!®
and G,(Av) has, anyway, a low frequency dip.!4 Data
reported in Fig. 3 clearly show the occurrence of IIE,
and also show that G, (Av) does not vanish when Av =
0. This indicates that p(R) and F(R) are not ex-
actly proportional.’? Nevertheless the shape of G, (Av)
in Fig. 3 is quite similar to that observed for noble gases
dissolved in liquid Ar.!® The translational reduced line
shapes in liquid mixtures have been analyzed by using
the profile!®

vibrational state may be regarded as an impurity, moving 4 (Av) = A ( g) 2 2X(Av)
in a medium of para-Hz molecules in their ground state. # vy / {[X(AV))?2 + 2rcAv — Y (Av)]2}’
The occurrence of ITE may be qualitatively explained by 6)
assuming that the dipole moment p(R) and the force
F(R) associated with the vibrating molecule are simply  where
J
X (Av) = (27202+/77) exp[—(mer Av)?|[1 + eHy(mer Av)], (N
Ter Av
Y (Av) = —4n2021 exp[—(mer Av)?)[1 + eHy(mer Au)]/ exp(y?)dy — dem®v¢r[Smer Av — L(mer Av)?), (8)
0

and A = 0.58 cm™1.

The above expressions contain the parameters v, T,
and €. A particle in a liquid undergoes a motion which
is both encapsulated and diffusive.!® The frequency vg
characterizes the encapsulated contribution to the mo-
tion of the inducing molecule with respect to the cage of
nearest neighbors. In turn, 7 parametrizes the exponen-
tial decay of the autocorrelation function M(t) and it is
related both to the second moment 5 and to the zero
moment g of G,(Av) by the relation

/ 2%
= R - YU 9
T (v2 — 4m2yov3) ©)

Finally, € may be related to the fourth moment of
G.(Av). The solid line in Fig. 3 is obtained by fit-
ting Eq. (6) to the experimental G, (Av). The fit gives
vo =114 cm™!, 7 = 1.04 x 10713 sec, and € = 0.23. It is
reasonable to assume that when passing from the liquid
to the solid phase the parameter vy becomes the average
of the frequencies in the Brillouin zone so that it can be
assumed to be of the same order as the Debye frequency
in the solid. In para-Hj one extracts vp = 88 cm~! from
the velocity of sound,!? in qualitative agreement with the
value of 114 cm~! found here for vy .

B. Q1(0) band in the solid phase

The line shape I'(v) of a solid para-H, sample with
about 4% ortho-Hj is reported in Fig. 4 for the Q1(0) re-
gion. In analogy with the liquid phase, both a quadrupo-
lar line peaked at 4152.8 cm~! and a broadband are de-
tected. The latter is induced by the isotropic overlap as-
sociated with the vibrating para-H, molecule, and arises
from transitions to the n = 1 exciton state involving the
emission of phonons.? The quadrupolar line has been ex-
tensively studied®® and the values of the integrated ab-
sorption coeflicient, as mentioned above, have been used
here to obtain a careful estimation of the ortho-H, con-
centration.

Four features can be identified in the phonon branch.
The weak contributions at v, =43.5 cm™! and v}, =58.5
cm~! from the strongest quadrupolar line (which is as-
sumed as zero frequency in the inset) are both mean-
ingful due to the low noise level'® at those frequencies.
In addition, one has the strong and broad peak centered
at v, =75.0 cm™!, and what seems to be a two-phonon
replica of v, at vg =145 cm™1.

Phonon peaks at frequencies which correspond within
errors to v, have been observed in the sidebands of Up(0)
and Uy (1) by Balasubramanian et al.,!® and in the first
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FIG. 4. The spectral density I'(v) for solid para-H; in the
Q1(0) region. In the inset, the dots are experimental data, the
solid line is the phonon density of states (DOS) as calculated
in Ref. 7.

vibrational overtone by Varghese, Prasad, and Reddy.?°
A comparison can also be made between our data and the
calculated density of phonon states. Indeed, I'(v) for a
phonon branch involving the emission of a single phonon
may be represented by an expression of the form

I'(v) o |uP?(v)*p(v),

where pP"(v) is the matrix element of the dipole moment
and p(v) is the DOS for lattice vibrations. Higher values
of v will correspond to greater relative displacements of
neighboring molecules, and hence to greater changes in
the dipole moment. Then one expects |uP2(v)|? to be a
smooth function of v, and one can attribute the peaks
in I'(v) to corresponding maxima in the density of states
p(v).

Equation (10) holds up to a maximum frequency Vmax
which approximately corresponds to the Debye frequency
vp. Since v, turns out to be close to vp, we can identify
Ve With vpnax. Moreover, v,, vy, and v, as shown in the
inset of Fig. 4 are in very good agreement with the posi-
tions of the peaks in the density of state p(v), as derived
from neutron scattering experiments.”8 In particular, v,
corresponds to a transverse optical mode at the I" point.8

The I'(v) tail above vyax arises from multiphonon pro-
cesses and is quite similar in shape to the tail of the over-
lap component of Q;(0) in the liquid phase reported in
Fig. 2. In both cases the main contribution to I'(v) arises
from the dipole moment induced between molecules at a
very short distance and it is almost unaffected by the sur-
rounding medium. The feature at v4 = 2,y is present
in the solid phase only and is probably due to two-phonon
processes.

The integrated absorption coefficient of the Q1(0)

(10)

[1(Av) = A4l — a; exp(—Av/vy)?]| exp[—(mers Av)?)[1 + egHa(mery Av))
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FIG. 5. The spectral density I'(v) of liquid para-H> at 15
K in the S1(0) + So(0) region (dots) is compared with the
results of the fit. The solid line is the sum of I';y and I'; as
obtained from Eqs. (12) and (11), respectively (dashed lines).

‘phonon branch has also been derived, in spite of diffi-

culties arising from the superposition of the tail of S;(0)
with the Q1(0)+.S5(0) sideband. For v > 4400 cm™?, the
spectrum was corrected by using a fit based on Eq. (6).
We finally obtained & = (0.79 £0.02) x 10~ 13 cm? sec™?!,
in good agreement with the value & = 0.7 x 10713
cm? sec™! reported in Ref. 9.

C. S1(0)+So(0) band in liquid para-H,

The line shape I'(v) of para-H; in the S1(0)+S5(0) re-
gion, as measured in the liquid phase, is reported in Fig.
5. The concentration of ortho-H; was estimated to be
about 4%. The figure suggests that I'(v) arises from the
superposition of two contributions, a line with a width of
about 20 cm™! and a tail at higher frequencies. The first
contribution is centered at v,=4841.7 cm™! which corre-
sponds exactly to the sum of the frequency (355.7 cm™1)
of the k = 0 rotational exciton® S5(0) and to the one
(4486.0 cm™1!) of the rotovibrational exciton? S;(0). We
interpreted the first contribution as due to an S;(0) lo-
calized transition associated with a rotational So(0) tran-
sition in the surrounding medium [i.e., an S1(0)+S5(0)
transition]. 'We interpreted the tail as due to a process
involving both an S7(0)+S5(0) transition and a change
of the translational state of the system. Similar processes
take place in the phonon branches of the solid. We de-
scribe the first contribution with a modified Gaussian

I (Av) = A, exp[—(mer, Av)?)[1 + &, Hy(meTr Av))]
(11)

with Av = v —v,. We described instead the second con-
tribution, involving changes in the translational energy,
with the empirical function

(12)
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when Av > 0, while at low temperature we may as-
sume I'y(Av) = 0 when Av < 0. The solid line in
Fig. 5 represents the best fit of the profiles (11) and
(12) to the experimental data, as obtained by choosing
the parameters A, = 8.2 x 1075, 7. = 1.16 x 10~12 gec,
g = 365 x1072, A, = 234 x 1075, oy = 1.0, vy, =
11 cm™!, 7, = 3.07 x 10713 sec, and &, = 0.15. The
widths of I'.(Av) and I't(Av) imply different relaxation
times 7, and 7¢ and suggest that the two bands are due to
quadrupolar and overlap induction mechanisms, respec-
tively.

The above analysis is not dissimilar from the one re-
ported for the Q1(0) band in a previous section. How-
ever, as the processes which determine I's(Av) in Fig. 5
also involve the creation of a rotational excitation in the
liquid, they are more complicated than those responsible
for G,(Av) in Fig. 3.

D. S;:(0)+So(0) band in solid para-H,

The line shape of para-Hj in the S;(0)+S(0) region,
as measured in the solid phase at T' = 2 K, is reported in
Fig. 6. There also the line shape can be described as pro-
duced by the superposition of a quadrupolar contribution
and of a phonon branch. The former includes an S;(0) lo-
calized exciton and an Sy(0) roton, freely propagating in
the solid. As expected, the resulting line shape is some-
what different from that of the corresponding band in
Q1(0)+S6(0). In the latter, the peaks arise from the max-
ima in the vibron-roton joint density of states (JDOS),
while in the S71(0)+S0(0) band the peaks correspond to
the maxima of the roton DOS only. The roton DOS in
para-Hj has been calculated by Bose and Poll.’ As shown
in the inset of Fig. 6, it is found in excellent agreement
with our results if the zero energy is placed at 4838.5
cm™!, a value which differs by about 3 cm™! from the
sum of the unperturbed frequencies of S1(0) and Sp(0).

10*T(v)

4850

4900
v (em™)

FIG. 6. The spectral density I'(v) in the S1(0) + So(0)
region for solid para-Hz at 2 K. The absorption coefficient
A(v) of the roton band is reported in cm™! in the inset, and
compared therein with the density of states (DOS) calculated
in Ref. 5. The zero shift of the DOS profile is assumed to be
at 4838.5 cm™!.
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A less satisfactory agreement is provided by the calcu-
lated spectrum® of S, (0)+Sp(0), not shown in Fig. 6.

Finally we point out that the phonon branch of the
solid seems to extend at frequencies higher than the
translational band in the liquid. A peak is found at about
47 cm™! from the sum of the frequencies corresponding
to S1(0) and to Sp(0).

E. 5'1(0), Q1(0)+So(0) band

The line shape in the S;(0) and Q;(0)+Sp(0) region
is shown in Fig. 7 for solid para-Hs at 2 and 11 K, and
for liquid para-Hy at T' = 14.5 K. The S;(0) band, which
corresponds to a localized rotovibrational exciton, is com-
pletely absent in the liquid phase due to the cancellation
effect. On the other hand, both in the liquid and in the
solid at 11 K, @1(0)+So(0) exhibits a well-defined maxi-
mum at about 4505.5 cm™!, a value obtained by summing
the frequencies of a roton and a vibron? at k = 0.

In analogy with the S1(0)+So(0) band, previously con-
sidered, I'(v) can be interpreted as the sum of two con-
tributions: a pure Q1(0)+S5(0) component I'g, and a
translational component I'g;. In the liquid, I'g; may be
described by the empirical function (12) previously in-
troduced, where however Av = v — v, is now referred
to a frequency v, which coincides with that of the S;(0)
excitonic line in the solid. We found out that the g,
component is no longer described by Eq. (11), while it
may be well reproduced by the Lorentzian:

Ar
(Av)2 + 42’

where 7 is the half-width. The solid line in Fig. 7 repre-
sents the best fit to data of the profiles I'g, and I'g,, as
given by Egs. (13) and (12), respectively. Dashed lines
represent their separate contributions, and one can no-
tice that I'g, in Fig. 7 has the same width within errors
as the corresponding quantity ', reported in Fig. 5. In
the solid at 2 K, the Q1(0)+So(0) line shape confirms
previous observations? and will not be further analyzed

Tor(Av) = (13)

4_
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FIG. 7. The spectral density ['(v) for the S1(0), Q:1(0) +
So(0) band in solid para-Hz at 2 and 11 K, and in liquid
para-Hz at 14.5 K. The samples had a thickness of 1 mm.
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here.

As far as the translational band is concerned, its line
shape I'g; exhibits at 2 K two peaks at 44 and 66
cm~! from the S1(0) line. The assignment of the ob-
served phonon branch to S;(0) is justified by the fact
that this latter is expected to be twice as intense as the
Q1(0)+So(0) phonon branch.* The two phonon peaks
rapidly broaden and in the liquid phase they turn into
a band with a maximum at Ay; = 50 cm™!. This value
may again roughly measure the characteristic frequency
of an encapsulated motion.

IV. CONCLUSION

In this paper we have analyzed the fundamental ro-
tovibrational band of solid and liquid para-H; with low
residual ortho concentration. With respect to previous
experiments,?2° the interest has been focused here on the
translational sidebands and on the S;(0)+So(0) band,
which has been studied in detail.

In the solid phase, phonon contributions peaked at 43,
58, and 75 cm~! have been found in the Q;(0) band.
These values are in good agreement with those (47, 55,
and 67 cm™!) measured for the Sp(0) band?® in the far
infrared and correspond to three peaks in the calculated
density of phonon states.” In the S;(0), Q1(0)+So(0)
band two phonon peaks have been detected at 44 and 66
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cm™!. These results show that the phonon frequencies of
para-Hj are independent within errors of the particular
excitonic transition they are associated with.

For the liquid phase, a procedure aimed at extract-
ing physical information from the infrared sidebands has
been developed. In particular, the dominating frequency
1y of an excited para-Hy molecule which moves in the
cage produced by its nearest neighbors has been eval-
uated. Indeed, the cage can be assumed to be stable
on this time scale, as its lifetime is comparable with the
times characteristic of diffusion processes. Different val-
ues have been obtained for vy: we have found 50 cm™!
for the 51(0), Q1(0)+So(0) band, 114 cm~! for the Q;(0)
band, while a peak in the translational band associated
with the Sp(0) transition was found in the far infrared at
37 cm 1.3 Such discrepancies may be partially explained
by considering that the interaction potential between an
excited para-Hz molecule and the surrounding medium
depends on its rotovibrational state.

Finally, the S1(0)+Sp(0) band has been resolved and
studied in detail. It offers the opportunity to observe a
roton band without any contribution from propagating
vibrons. We have found that the Sy(0) line shape re-
produces quite well the features of the calculated® roton
density of states. In a forthcoming paper, the analysis
presented here will be extended to the spectral region of
the first overtone of parahydrogen.
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