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Vibron propagation and localization determined
from infrared combination bands of molecular crystals
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{Received 19 November 1990)

Infrared spectra of CH„II, SiH4II, and GeH4IV show that localized overtones are produced in the
crystal by strongly anharmonic transitions, pairs of propagating vibrons by weakly anharmonic transi-
tions. In CH4II, rotons are also detected. A comparison between these results and unpublished overtone
spectra of solid p-H2 is proposed.

Theory' shows that rotational and vibrational excita-
tions give rise in molecular crystals to propagating
modes, similar to Frenkel excitons in the insulators. No
direct evidence of exciton propagation is reported in the
literature for the solid phases of XH4 compounds (X =C,
Si, Ge), even if they are suitable for extended studies of
low-energy excitons, with their variety of vibrational
modes v, ( A, ), v~ (E), v3 (F~ ), and v~ (F2 ) and with their
orientationally ordered, low-temperature structures.
Moreover, solid CH4 is the only pure crystal, together
with solid hydrogens, where rotational excitons can be
observed at low T (in CH~II, free rotating molecules at
Oh sites coexist with oriented molecules at &2d sites).

In this Brief Report it is our aim to show that vibron
propagation and localization can be usefully studied in
the weak infrared overtone and combination bands of
molecular crystals. Let us consider, for instance, a vibra-
tional transition O~U;+U, where i and j label the nor-
mal modes. It may take place (a) on the same molecule
(overtone); (b) simultaneously on different molecules (dou-

ble transition). The excitation will then propagate in the
crystal with momentum k. In case (a) absorption will
take place at k;+ =0 as for the fundamental vibrations,
and narrow spectral features are expected at low T. Such
features will reAect the crystal translational and orienta-
tional symmetry. In case (b), absorption will take place
for any k, = —k and the observed spectrum will be
broad, being substantially determined by the joint density
of states of bands E, (k, ) and Ez(k ). Finally, it may also
happen that the overtone will not propagate as in (a),
thus producing a "localized exciton" (c). In case (c), the
infrared combination bands will exhibit a lower number
of lines than in (a), and resemble those observed for a
"host" molecule of the same species, in a solid matrix.
An analysis of well-resolved infrared combinational spec-
tra will then be able to discriminate between cases (a), (b),
and (c).

Two examples of combination bands showing different
mechanisms of excitation in solid CH4II, are reported in
Fig. 1. Data of Fig. 1 were taken in a 0.18-mm-thick,
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FIG. 1. The v2+v, (a) and 3v4 (b) infrared bands of solid
CH4II at 13 K are plotted on the same vertical scale. Here and
in the next figures, I is the intensity of radiation transmitted by
the sample, Io is that of background, and the triangle indicates
the sum of the corresponding fundamental frequencies, as mea-
sured in the solid phase.

0.0--
8650 8700

v(cm '}

t

8750

FIG. 2. The regions of first overtone (a) and of double vibra-
tional transition {b) in pure solid p-Hz at 1.6 K (Ref. 4). (a) and
(b) are on the same vertical scale.
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FIG. 3. The region of the combination band vz+v4 in solid
SiH4II at 17 K.
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solid CH4 sample, at 13 K and with a resolution of 0.5
cm . The band v2+v3 in Fig. 1(a) shows a vibrational
peak at 4527 cm ' with a linewidth of 5.5 cm ', a value
which is by an order of magnitude larger than the funda-
mental vibrational lines observed in the same system at
k=0. This suggests that two vibrons v2 and v3 are propa-
gating in the crystal, as in the above case (b). In the gas,
the shift of the v2+ v3 Q(0) line with respect to vz+V3 is

(523)s„=—2.6 cm ', suggestive of a weak anharmonic
interaction between these modes. The peak at 4536 cm
is rotational by comparison with the fundamental bands.
Its shift of 9+1 cm ' fits with the R(0) frequency of 0&
molecules in CH4II (9.0 cm ), in absence of Coriolis
coupling. This is what expected for a Ro(0) exciton,
propagating in CH411 in spite of 40%%uo ortho (J =1) Oz
molecules, distributed at random in the crystal at 13 K.
This also confirms that two lines, previously observed in
CH4II, could indeed be attributed to So(0) rotons.

The spectrum of the overtone 3v4 in solid CH411 [Fig.
1(b)] exhibits a single line at 3847 cm . With a
linewidth smaller than 1.5 cm ', it can be reasonably as-
signed to case (c) discussed above. As the D2d field of
phase II results from a weak dihedral perturbation on a
Td site symmetry, a singlet (or unresolved doublet) is
indeed expected for a localized vibrational exciton. It
should be noted that the 3v4 overtone is considerably dis-
placed (b,4 ~ 4= —57 cm ') with respect to 3v4.

The above results can be usefully compared to the in-
frared spectra of solid p-H2, a system where both vibrons
and rotons are known to exist. ' Figure 2 shows unpub-
lished induced absorption spectra in the region of the
first overtone. Data were taken at 1.6 K in a 5-cm-thick
p-H2 solid sample (0-H2 &0.5'~/o), with a resolution of 0.1

cm '. The line at 8389.0 cm ' in Fig. 2(a), whose width
is instrumental, is assigned to a localized S2(0) transition.
The broad band around 8425 cm ' is in turn attrib-
uted to a Qz(0)+So(0) transition, where the roton
only is propagating. The shift b,

& s =E [S2(0)]
E[Qz(0)+So(0)] (—= —35 cm ' at inidband) measures

the vibron-roton interaction energy. The spectrum in

0.00
2800 2900

i(cm ')

3000 3100

FIG. 4. The spectral region of v3+v4 and v2+v3 combina-
tion bands in SiH4II {a)and GeH4IV {b) at 17 K.
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FIG. 5. The vl+v3 combination band in SiH4II {a) and
GeH4IV {b) at 17 K.
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Fig. 2(a), which also shows a broad phonon branch, is
similar in shape to the fundamental band, where in turn
one gets 6& s =E[S,(0)] E—[Q&(0)+So(0)]=—25

crn . At higher frequencies [Fig. 2(b)], two narrow lines
at 8637.5 and 8641.4 cm ', and a broad roton-phonon
band, are shown. The doublet has the frequency of a
Q, (0)+S,(0) transition [triangle in Fig. 2(b)], and its
splitting 6

&

=3.9 cm is due to the quadrupole-
quadrupole interaction E', which removes the degeneracy
of the Q&(0) vibron propagating in the hcp phase (two
molecules per unit cell). At k =0 one
gets' 6& =(—,

' )E'S6=3.5 cm ', with S6= 14.4359 and
E'=0.49+0.01 cm ', in excellent agreement with Fig.
2(b).

The separation E [Sz(0)] E[Q—&(0)+S&(0)]= —250+2 cm ', measures in turn the binding energy
of the two vibrons in solid p-H2, when

1~ 1

~g, ,s, ~g, ,s, = 10 cm ' is deducted. The resulting

value (
—240 cm ') is close to the anharmonic contribu-

tion to the first overtone of a H2 molecule in the gas
( —236 cm ') . In summary, Fig. 2 shows that as in Fig.
1 rotons and vibrons with Av = 1 are propagating in
molecular crystals, while the overtones are localized.
However, in CH4II the infrared roton bands are narrower
than in solid p-Hz. Indeed, in the former system the an-
isotropic interaction among nearly free rotors is weaker,
both because the leading term is of higher order
(octupole-octupole), and because the nearest neighbors of
any OI, molecule are all D2d's.

The combination bands of solid SiH4 and GeH4 at low
T, allow to study the propagation of vibrons in low-
symmetry crystal fields. Figure 3 shows the v2+v4 band
in a 0.1-mm-thick SiH4II sample at 17 K. In solid
SiH4II, v2+v4 falls inside the band, which in turn is

broad and structured. This indicates that a pair of propa-
gating vibrons are produced in the 0—+vz+v4 transition.
The spectrum in Fig. 3 should then reproduce minima
and maxima in the joint density of states of v2 and v4 vib-
ron bands. Analogous explanations hold for the com-
bination bands v3+v4 and v2+ vz of SiH4II [Fig. 4(a)] and
GeH4IV [Fig. 4(b)]. The F2-symmetry combination
band v, +v3 exhibits quite a different shape both in
SiH4II [Figs. 5(a)] and in GeH~IV [Fig. 5(b)]. Three nar-
row lines, considerably shifted with respect to the sum of
the fundamental frequencies, are detected. This shows
that the F2 overtone is localized (case c). If it were prop-
agating, nine lines would instead by observed. In the
gaseous phase, the v&+ v3 band displays a strong anhar-
monic shift both in SiH„(—66.7 cm ') and in GeH4
(
—68.2 cm '). ' Figure 5 than yields further evidence

that anharmonic transitions produce in the crystal local-
ized vibrons. Such a conclusion is confirmed by Table I,
where our observations are compared with those in the
gaseous phase. Broad bands, suggestive of propagating
excitons, contain the "zero shift" frequency and corre-
spond in the isolated molecule to transitions with small
negative shifts 5; . On the other hand, narrow peaks, as
produced by localized excitons, correspond in most cases
to strong anharmonic shifts both in the solid and the
gaseous phase.

In conclusion, we have studied the infrared combina-
tion bands in molecular crystals characterized by
different structures, intermolecular interactions, and site
symmetries. Strongly anharmonic transitions produce lo-
calized overtones, while multiple transitions give rise to
propagating vibrons and rotons. In the case of p-H2, the
existing theories' yield quantitative agreement with the
observations. It is hoped that similar calculations wi11 be
carried out for XH4 molecular crystals.
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