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Vibron and roton bands in the first overtone of solid and liquid parahydrogen
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The infrared spectrum of the rotovibrational band v = 0 — 2 of parahydrogen has been observed
in the condensed phases down to 7' = 2 K. In the solid, phonon and roton sidebands exhibit peaks
corresponding to those observed in the fundamental. Contributions arising from the reorientation
of ortho-H, impurities have been detected. The Q1(0)+S1(0) band has been resolved into an asym-
metric doublet, and the origin of this latter is discussed. In the liquid phase the observed line shapes
include strong translational contributions, and are accounted for by assuming that at short times
the excited molecule is encapsulated in the cage of nearest neighbors.

I. INTRODUCTION

Solid hydrogen, the simplest molecular crystal, is also
the system where both translational and rotational quan-
tum properties show up most clearly. When H; molecules
in the crystal are excited by infrared radiation, they un-
dergo vibrational, rotational, or librational transitions,
while weakly interacting with each other through elec-
tronic overlap, quadrupole-quadrupole interactions, and
van der Waals forces. The excitations may be localized
on single molecules, or may propagate through the crys-
tal.

Molecular excitons in solid H, represent an intriguing
application of quantum mechanics to a system of weakly
coupled molecules,! and have been widely studied both
theoretically and experimentally. Most theoretical re-
sults concern para-H,. The @1(0) (v =0 —1,J =0 —0)
vibron line shape was derived by Sears and Van Kranen-
donk by assuming a Debye model for the dispersion rela-
tion E(k).2 Bose and Poll® calculated the roton, vibron,
and roton-+vibron density of states (DOS). Morishita and
Igarashi* predicted the infrared spectral shape of S,(0)
(v=0-v,J =0-2), Q,(0)+So(0), and S,(0)+ So(0)
for v=1,...,5. The intensities of the phonon branches of
rotovibrational transitions have been calculated by Poll
and Van Kranendonk® at T = 0. The above theoret-
ical results have been compared with induced infrared
spectra collected by several authors.®™® Even if infrared
spectra are typically taken at k= 0, in the case of multi-
ple transitions!® they can yield information on the DOS
of the exciton over its whole dispersion band. Let us
consider for instance the absorption band due to a dou-
ble transition with simultaneous excitation of a vibron
with wave vector k, and a roton with wave vector k;,.
Thanks to the condition ky+k,=Kkphoton =~ 0 and to the
fact that the matrix element of the induced dipole varies
only smoothly with k, the absorption spectrum will es-
sentially reflect the the vibron+roton joint DOS over the
whole Brillouin zone. Moreover, a roton band in solid
para-H; is much broader than that of a vibron (and often
by an order of magnitude) so that the above convolution
is dominated by the roton DOS, which will finally deter-
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mine the observed line shape. This has been verified, for
instance, in the case of S;(0) + So(0), which gives rise
to a localized rotovibration and to a propagating roton.
The main features of the corresponding infrared spec-
trum have been found® in very good agreement with the
calculated roton DOS.% Similar arguments hold for the
vibron+phonon bands, as verified in this case by compar-
ing the infrared spectra with the phonon DOS extracted
from neutron scattering.®

The liquid phase of para-H, has also been investi-
gated experimentally in the infrared. A translational,
nearly phononlike, branch has been detected in corre-
spondence with the So(0) excitation, which in the lig-
uid is cancelled.” The translational bands in the fun-
damental rotovibrational spectrum exhibit'!° the inter-
collisional interference effect (IEE).!? The observed line
shapes have been interpreted® in terms of a model which
assumes that, on the time scale of the infrared response,
the molecule is “encapsulated” in the cage of its nearest
neighbors.

In the present work we extend our investigation to the
first overtone of para-Hz, which will be studied both in
the liquid phase and in the solid down to 2 K. The same
spectral region, which extends from 8000 through 9000
cm™!, was previously observed in solid para-H, by Cun-
solo and Gush!® and by Varghese et al.,® who collected
their spectra just below the melting temperature.

II. EXPERIMENT

The experimental apparatus and procedure have been
described elsewhere.? Infrared, induced-absorption spec-
tra were collected by a rapid scanning interferometer af-
ter growing crystals of para-H, from the liquid phase into
thermoregulated cells having optical lengths of 22 mm.
Most spectra shown in this paper were measured on a
sample containing 4% residual ortho-H; impurities, but
a crystal with 6% ortho and a third one of normal-H,
have also been investigated. The above values of ortho
concentrations have been extracted from the relative in-
tensity of the Q1(0) quadrupolar line in the v =0 — 1
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band. The apodized resolution was 0.7 cm~?!, while the
error on temperature readings was + 0.2 K.

III. RESULTS AND DISCUSSION
A. The solid phase

The whole spectral region of the first overtone in the
solid phase of para-H, at 2 K, is shown in Fig. 1(a).
Figure 1(b) shows for comparison the corresponding ab-
sorption spectrum in normal solid Hy (72% ortho, 28%
para) at the same temperature. The spectrum of Fig.
1(a) will be studied in detail in the following sections.

1. The Q;(0) band

The weakest lines in Fig. 1(a) are in general due to
ortho impurities. This is the case of Q2(0), a barely dis-
tinguishable doublet (Fig. 2) induced by the quadrupole
moment of ortho-H,;. In addition to the main line at
8070 cm™?, one observes a weak satellite at 8072 cm™!.
In analogy with Q,(0), this latter is due to reorientation
within ortho-H; pairs.? The separation in energy between
the strongest line of the doublet and the expected po-
sition of the undetectable transition @;(0)+Q1(0) (236
cm™!) is equal to the corresponding anharmonic shift
measured in the spectra of the gaseous phase.!* The spec-
trum of Fig. 2 measures the absorption at k = 0. Never-
theless, it is worth evaluating the dispersion of the Q2(0)
transition, as it will be involved in the forthcoming dis-
cussion of the @2(0)+So(0) spectrum.

The vibron bandwidth is proportional to the hopping
matrix element!

€® = (Ri(v = 2)|F(R,rs,r;)|Rj(v=2)), (1)
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FIG. 1. The optical density in the region of the first over-
tone for (a) a 22 mm thick sample of para-Hz, with a 4%
residual ortho concentration, and for (b) a normal-H; sam-

ple, 11 mm thick. Both spectra were taken at a temperature
of 2 K.
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FIG. 2. The weak Q2(0) band in solid para-H: at 2 K.

where (R;(v = 2)| is the state corresponding to a vibra-
tional jump 0 — 2 on site ¢, and

F(R,ri,r;) = g(R)rirj + f(R)(r?rj + rir?)

+h(R)r?r;‘-’ +ee (2)

In Eq. (2), on.ly h(R)r2r? gives a nonvanishing contri-
bution to Eq. ( wlnle g R)r,'rJ is the leading term in
the correspondlng quantity for @1(0):

e® = (Ri(v=1)|F(R,r;,r;)|Ri(v=1)).  (3)

As a consequence, €2) is smaller than (1) by several or-
ders of magnitude and the bandwidth of the Q2(0) vibron
is much smaller than the bandwidth of Q,(0) at 0 K (4
cm™!). If one also considers that any mixing between
the states Q2(0) and Q1(0)+Q1(0) can be neglected due
to their large separation in energy, one can conclude that
the Q2(0) bandwidth will be much smaller than the in-
strumental resolution. Incidentally, this transition has
no associated phonon sidebands, unlike @;(0) which has
a very strong phonon branch due to isotropic overlap.®

2. The Q:(0)+Q:(1) band

The Q1(0)+Q1(1) band is shown for solid para-H, at
2 K with 4% ortho in Fig. 3. For comparison, the band
Q1(0) as observed in the same system is reported in the
inset. One may notice the strong similarities between the
two spectra. Both of them result from the superposition
of three lines, and even the widths of the strongest con-
tributions are the same (1 cm™?! for line 4, 2 cm™! for
line B). In the case of Q1(0)+Q1(1), line A is detected at
8299 cm™?, line B at 8302 cm™!, while a shoulder due to
Q1(1)+Q1(1) is observed at 8297 cm™!. Sears and Van
Kranendonk? calculated for the strongest line of Q;(0)
the integrated absorption coefficient

d_l/ 1 Io(l/)

Az'f\?ﬁ v nI(u) ’ (@)

where N is the number of ortho molecules per unit vol-
ume and d is the sample thickness. They used the
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FIG. 3. The Q1(0)+Q:1(1) band, as observed in solid
para-H; at 4 K (diamonds), is compared with the Q1(0) band
observed in the same conditions (inset). Line A is determined
by inducing isolated ortho molecules, line B by ortho pairs.
The solid line is a best fit to data, as explained in the text.

quadrupole matrix element Qoo obtained by Poll.5 If one
scales their results by the factor Q%,/Q32, one obtains for
the strongest line of Fig. 3 A = 6.4x1071% cm3 s~1.
This result is in excellent agreement with the experimen-
tal value A = (6.54+1.0)x107® cm? s~ !, that we extract
from the best fit to data of Fig. 3. The close anal-
ogy between the spectra of Q;(0)+Q1(1) and of Q;(0)
suggests that line B in Fig. 3 is also due to reorien-
tation in the ortho-Hy pairs. To check this prediction,
we compared the intensity ratio Igp/I4 of two crystals
with different ortho concentrations. We got for the one
of Fig. 3, [Ip/Ial0.04=0.26+ 0.03, and for a sample
With Cortho=0.06, [I5/I4]0.06=0.36% 0.04. Let p(*) be
the probability of finding in a hcp lattice a cluster of 13
molecules with one ortho-H; at the center, and p(® that
of finding a pair of ortho-H; in a cluster of 20 molecules.

One has

p _ 12063 415 (1 = Cortho)™®
p(l) 13Cortho(1 - Col't:ho)l2

(5)

and one obtains 0.29 for corthe = ¢1 = 0.04, 0.38 for cortho
= ¢ = 0.06. Under the reasonable assumption that the
band intensities be proportional to the concentrations
of inducing impurities, one finds good agreement with
the experiment. It should be noticed that in the above
calculation one neglects the quantum diffusion of ortho
states through the sample, which at equilibrium will en-
hance the number of ortho pairs. This is justified by the
time scale of this process, which is considerably larger!®
than our measuring time (~ 1 h needed to reach the fi-
nal temperature from the melting point and collect the
spectrum).

One can also calculate the intensity ratio for the same
line, as observed at different concentrations. From the
spectra of Fig. 3 one has [I4]o.06/[/4]0.04=1.0+0.2 and
[IB]o.06/[IBJo.0a=1.4£0.2. On the other hand, the con-
centrations of isolated ortho molecules in the two samples
are in the ratio

= 1.16, (6)

Q2(0)+S(0) and from the rotovibration S3(0) (a narrow
peak at 8387 cm™!) is shown at 2 K for solid para-H,
with 4% ortho impurities in Fig. 4, and is compared
therein with the calculated® DOS for the propagating ro-
ton. The band S;(0)+S(0) is reported in the inset as ob-
served in the same conditions.® The roton contributions
to both bands have similar structures and reproduce well
the calculated DOS shape. As the spectra of Fig. 4 result
from the convolution of the Sy band with two different
vibrational transitions, one can conclude that the latter
do not appreciably affect the roton line shapes. Indeed,
the width at 0 K of the S;(0) band is smaller than'® 1
cm™! in pure para-Hj, and that of Q3(0) is also negligi-
bly small, as shown above in this paper. One can also
notice that the separation in energy between the center
of Q2(0)+S5(0) and the S2(0) line is 38 cm™?, while that
between S;(0) and the center of Q;(0)+Sp(0) is 18 cm™2.
The difference is mainly due to the v-dependence of the
rotational constant B,, which causes the separation be-
tween S,(0) and Q,(0) to vary from 333 cm™! for v=1,
through 317 cm™! for v=2. Such shifts may be slightly
influenced by the crystal field. Any comparison with the
spectra of the gaseous phase is difficult, as here the ro-
tovibrational lines are broadened by density effects.!*

The ratio between the integrated intensity of
Q2(0)+Sp(0) and that of S»(0) in Fig. 41is p = 24 £
5, in agreement with the result of Ref. 8. According to
Ref. 17, one has, in turn,

p = 13.55(€40/843)?, (8)
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FIG. 4. The infrared spectrum of Q2(0) + So(0) and S2(0)
in solid para-H; at 2 K and with a resolution of 0.7 cm™!
(thicker line), is compared with the calculated roton DOS
(thin line) and with the S1(0) + So(0) band observed in the
same conditions (inset).
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where £/ are phonon renormalization factors.! As!® {43
= (.83, one obtains from our spectra §4 = 1.1 £0.2.

Finally, a broad sideband peaked at 8465 cm™! is
seen in Fig. 4. Most of its intensity can be attributed
to the phonon branch of the S2(0) line at 8387 cm™1.
Indeed, the phonon branch of a double transition like
Q2(0)+So(0) is expected to be weaker.® Moreover, the
strongest phonon mode in para-H; occurs® at 75 cm™?!,
which approximately corresponds to the separation from
S2(0) detected in Fig. 4.

4. The Q;(0)+S;(0) band

The @Q1(0)+S5,(0) band is shown in Fig. 5 for both
para-H, at 2 K (thicker line) and normal-H; at 4 K. Two
well-resolved features and a shoulder at lower energies are
identified for the sample of para-H; with 4% ortho im-
purities. The shoulder is easily assigned to Q;(1)+S:1(0),
after comparison with the strong line at the same energy
in the spectrum of normal-H,. This line is here associated
with a broad sideband due to reorientation of ortho-H,
molecules. The narrow doublet seen in the spectrum of
para-H;, with a splitting of 5 cm~! and an intensity ratio
between the two peaks of 0.5, can be explained as follows.
Two energy levels, separated by 3.5 cm™1, are predicted
at k=0 for the Q,(0) vibron. Only the transition to the
highest energy level is infrared active, being the other
Raman active.! At k# 0 either level has both even and
odd character,'® and the infrared spectrum shows the
even component of the vibron wave function for all pos-
sible values of k. The observation of two peaks in Fig.
5 is then explained by the simultaneuous excitation of
a vibron Q;(0) and of a nearly localized rotovibration
S1(0), which allows vibron states at any k to contribute
the observed absorption.

The phonon branch of Q,(0)+.5;(0) in para-H,, as ob-
served on the same sample of Fig. 5 at a lower resolu-
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FIG. 5. The Q1(0)+ S1(0) band, as detected with a resolu-
tion of 0.7 cm™?! in solid para-H; and in normal-H; at 2 K by
use of a mercury cadmium tellurium detector. The sideband
of Q1(0) + S1(0), as observed at 2 K with a resolution of 2
cm™! and by use of a Si detector, is reported in the inset.
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tion and by use of a Si detector, is shown in the inset.
It exhibits three features at 22, 45, and 61 cm~! from
the strongest peak at 8635 cm ™!, respectively. However,
the one at the lowest separation is not a translational
contribution, being assigned to the Q2(0)+S;(1) tran-
sition (expected to occur at 8657 cm™!). The energies
of the remaining two peaks are in good agreement with
those observed as sidebands of the Q,(0) transition in
the fundamental.?

B. The liquid phase

The spectral density I'(v), defined as
1 —
D) = S AW)[1 — exp(~phwe)] (9)

where 3 = 1/kT, d is the optical length, and A(v)
is the absorption coefficient, is reported in Fig. 6 for
para-H; at 14.5 K. The overall appearance of the spec-
trum is similar to that of the solid phase in Fig. 1(a).
One however can notice the disappearance of S»(0),
due to cancellation effects, and of the strongest peak
of @1(1)+Q1(0), due to the fact that no isolated or-
tho molecules may exist in the liquid phase. Figure 6
shows two main absorption features, corresponding to the
double transitions Q2(0)+So(0) and Q,(0)+S5;(0), cen-
tered at 8427 and 8635 cm™!, respectively. Both transi-
tions present a translational sideband at higher frequen-
cies. In the following, we shall discuss in some detail
the @2(0)+So(0) band. Its line shape (Fig. 7) is similar
to the ones observed in the fundamental band for both
Q1(0) and Q1(0)+S5(0). In Hj, the induced-absorption
spectrum can be mainly attributed!? to the (isotropic
and anisotropic) overlap and to the quadrupole-induced
dipole (QID) mechanism. The overlap-induced terms are
more sensitive to translational dynamics, and give rise
to broad translational bands in the infrared spectra of a
number of molecular systems.2? It has been shown that
in the case of the pure vibrational Q;(0) band, the dy-
namical motion can be decomposed into an “encapsu-
lated” vibration and a diffusive motion, the former be-
ing effective at much shorter times.® To describe the line
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FIG. 6. The spectral density I'(v) of liquid para-H: in the
region of the first overtone at 14.5 K.
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FIG. 7. The spectral density I'(v) of liquid para-H; at 14.5
K in the Q2(0) + So(0) region (diamonds) is compared with
the results of the fit to Egs. (10) and (11). The corresponding
individual contributions are represented by dashed lines, their
sum by a solid line.

shape of the Q2(0)+S0(0) transition we adopt the same
theoretical model as used for the translational sideband
of Q;(0).° Namely, we assume that the contribution of
the QID term, being more sensitive to the intramolec-
ular dynamics, produces the sharper and more intense
Lorentzian line

A
Tor(Av) = T
which is observed in Fig. 7 at 8427 cm™!. The half-

width v in Eq. (10) turns out to be 8 cm™! at 14.5 K.
The same values within errors are found for two bands
which involve the same rotational transition: we obtained
v = 8 cm™?! for Q;(0)+S0(0), and v = 7.5 cm™! for
S51(0)+S56(0) at 14.5 K. The translational sideband in Fig.
7 is instead described by

T (Av) = A¢[1 — a; exp(—Av/1)?] exp[—(meTi Av)?
X([1 + et Ha(mwere Av)] (11)

where A; measures the absorption intensity, Hy is the
Hermite polynomial of order 4, a; and ¢; are free param-
eters. The term in the first bracket of Eq. (11) describes
the spectrum generated by the intercollisional interferen-
tial effect (IIE). This is due to the dipole correlation over
a time scale longer than the mean collisional time.'? The
intracollisional dipole correlation is instead described by
the asymmetrical Gaussian term in Eq. (11), 7; being
the mean collisional time. Experimental data, best fit
(solid line), and partial contributions from Egs. (10) and
(11) (dashed lines) are shown in Fig. 7. When fitting our
data, we chose the origin of the translational band to be
at 8387.5 cm™!. We thus made the reasonable assump-
tion that the band be associated with the localized tran-
sition S2(0), which is not detected in the liquid phase.
This is suggested by the analysis of the infrared spec-
tra in the region of the fundamental, where the phonon
branch of the Q1(0)+S0(0),S51(0) band in the solid phase
is mainly due to the single transition S;(0).°> Moreover,
from the spectrum of the S;(0)+So(0) band in the liquid
phase,!® one may infer that the intensity of the transla-
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tional sideband due to anisotropic overlap is small.

The parameter v; in Eq. (11) turns out from our fit
to be 77 cm™!. This value is comparable with the one
extracted from the translational band of the Q;(0) tran-
sition. It can be interpreted as the mean vibrational fre-
quency of the excited molecule in the short-lived cage of
nearest neighbors. It should be noted that its value is not
much different from the Debye frequency of the solid near
the melting point (90 cm™!). The value of 7; in Eq. (11)
is 0.73x10713 5. Values of the same order of magnitude
are extracted from the spectra of noble gas mixtures and
are also found for the mean collisional time estimated at
15 K, if one uses the expression

2m
=py/ s =107 B s, 12
=P\ %7 s (12)
Here m is the reduced mass of the colliding pair and p
=0.7 a.u. is the overlap range.

IV. CONCLUSION

In the present paper we have compared the infrared
spectra of the first overtone in solid parahydrogen, with
those previously observed in the region of the fundamen-
tal vibration.® Several similarities between the two spec-
tra have been found. As far as the bands induced by the
quadrupole moment of ortho impurities are concerned,
we verified that the shape of Q1(0)+Q1(1) closely resem-
bles that of Q1(0). In particular, the contribution from
reorienting pairs of orthohydrogen has been resolved in
both bands. The separation from the peak due to iso-
lated ortho molecules turns out to be the same (2 cm™?),
and also in agreement with the theoretical value of 2.4
cm~1.2

With regard to the roton branches, the one of
Q2(0)+So(0) is very similar to that of the S;(0)+So(0)
band in the fundamental region. This has been explained
by showing that the @2(0) transition has a dispersion in
k which is smaller by several orders of magnitudes than
that of Q;(0), and even smaller than the width of the
localized transition S;(0). Both roton sidebands in the
fundamental and in the first overtone well reproduce in
their shape the calculated behavior of the roton density
of states. The phonon branch of the Q;(0)+51(0) band
exhibits two phonon peaks at 45 and 60 cm ™!, in good
agreement with the energies of the softest two phonon
modes which are associated with Q1(0).

However, the spectra of the first overtone in the solid
phase of parahydrogen have also shown a peculiar fea-
ture, the resolved doublet Q(0)+S51(0). This double
transition allows one to observe in the infrared the whole
dispersion band of the Q;(0) vibron, because the local-
ized rotovibrational term S;(0) does not affect the ob-
served line shape. We found evidence that the Q;(0)
band is made up of two branches, of which both give in-
frared contributions thanks to the admixture of even and
odd states at k#0.

Finally, in the liquid phase the first overtone region ap-



49 VIBRON AND ROTON BANDS IN THE FIRST OVERTONE OF . . . 6677

pears to be very similar to the spectrum already reported
for the fundamental.® This has allowed us to further ver-
ify a dynamical model for the liquid phase, according to
which the molecule is encapsulated in the cage of the
nearest neighbors on the time scale typical of vibrational
dynamics. In the cage, it undergoes a vibrational motion
dominated by a characteristic frequency, which accord-

ing to our results is not much different from the Debye
frequency of the solid at the melting point.
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