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Rotation-vibration transitions of methane molecules embedded in parahydrogen crystals were inves-
tigated through Fourier transform infrared spectroscopy. Each transition shows extremely sharp peaks
with a Lorentzian line shape profile, which indicates the spectra are free from inhomogeneous broaden-
ing. The steep temperature dependence of the linewidths observed in the range between 3.7 and 8.5 K
is interpreted to be a result of the pure dephasing relaxation mechanism. A remarkable difference in
population relaxation widths between stretching and bending vibrational excited states was also found.

PACS numbers: 33.20.Ea, 67.80.–s

Vibrational relaxation of molecules in solids has been
the subject of a number of experimental [1–6] and theoreti-
cal [7,8] studies over the last 30 years because it gives us
useful information on the interaction of an impurity mole-
cule with its surroundings. From a spectroscopic point of
view, the vibrational relaxation is obtained by both time
domain and frequency domain spectroscopies. The de-
phasing time, T2, obtained by time resolved experiments is
related to the full width at half of the maximum (FWHM)
of the transition, g, observed by the frequency domain
spectroscopy as g � 1��pcT2�. In the absence of inho-
mogeneous broadening, the experimental linewidth con-
tains the contributions of population decay and the pure
dephasing process, and the total width is related to the
population relaxation time T1 and the pure dephasing time
T 0

2 as pcg � 1�T2 � 1��2T1� 1 1�T 0
2 [9–12]. The most

significant difference between these two relaxation mecha-
nisms is in their temperature dependence; the pure dephas-
ing relaxation shows steeper temperature dependence than
the population relaxation at low temperatures. Therefore,
the temperature behavior of linewidths or the relaxation
times can be used to identify the dominant mechanisms
involved in the overall relaxation.

In general, measurement of the homogeneous linewidth
of impurity molecules in condensed phases by frequency
domain spectroscopy is very difficult, because perturba-
tions from the condensed phases that cause inhomogeneous
broadening can hardly be avoided. Thus, relaxation times
have been observed using special techniques of time do-
main spectroscopy such as photon echo, etc. [3,4,13,14].
However, since the time domain spectroscopy always suf-
fers from low frequency resolution, observation of the
dephasing using high-resolution frequency domain spec-
troscopy is requisite for a detailed discussion on quantum
level dependences of the relaxation, etc.

Recently, it has been shown that molecules embedded
in parahydrogen crystals show extremely sharp vibrational
absorption spectra [15,16]. Because of the quantum na-
ture of solid hydrogen [17] and the spherical nature of the

ground �y � 0, J � 0� parahydrogen molecule, the crystal
provides a soft environment for a guest molecule, reducing
the incidence of inhomogeneities. The spectral linewidth
of vibrational transitions is sharp enough to resolve fine
splittings due to crystal field interactions as well as quan-
tized rotational motions.

In a series of papers [18–20], we have observed and
analyzed the rotation-vibration transitions of methane
molecules in parahydrogen crystals. We found that the
rotational constants of methane in these crystals are only
about 10% smaller than those in the gas phase. Moreover,
the Coriolis coupling constants are almost exactly the
same as in the gas phase. The observed sharp and
well-resolved spectra are apt for a detailed study of the
vibrational relaxation by frequency domain spectroscopy,
which is the scope of this paper. Here, we report a precise
study on the temperature dependence of the spectrum of
CD4 in order to identify the relaxation process of impurity
molecules in the quantum crystal.

The method of crystal growth of solid hydrogen con-
taining a small amount of methane has been described
in previous papers [15,18,20]. Briefly, we made crys-
tals in an enclosed copper cell which was attached to
the base of a Dewar-type liquid He cryostat equipped
with a temperature controller stage. Pure parahydrogen
gas (ortho concentration # 0.05%) containing about
10 ppm of methane was introduced continuously into
the cell and kept at 8.5 K to grow almost transparent
crystals. The degenerate stretching (n3) and bending
(n4) vibrational transitions of CD4 were observed by a
Fourier transform infrared (FTIR) spectrometer (Bruker,
IFS-120HR). The resolution of the spectrometer was set
to 0.01 or 0.0035 cm21 depending on the linewidth. A
higher resolution of 0.0035 cm21 was employed when the
FWHM was narrower than 0.1 cm21 to avoid unwanted
deformation of the spectral shape from the instrumental
resolution. The Blackman-Harris three-term apodization
function was used for the Fourier transformation of inter-
ferograms which resulted in a less deformed spectral line
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shape. An infrared optical bandpass filter along with low
and high pass electric filters was used to make recordings
with a better signal-to-noise ratio. The spectral line
shape of both the n3 and n4 transitions was observed at
temperatures between 3.7 and 8.5 K. The temperature of
the crystal was controlled by a heat controller (Scientific
Instruments, Model 9650) with a stability of 60.01 K
during the observation. Calibrated Si diode sensors were
used to measure the temperature of the crystal. The liquid
He of the cryostat was pumped by a rotary pump to
achieve a temperature below 4.5 K.

Figure 1 shows rovibrational spectra of the n3 and
n4 transitions of CD4 in solid parahydrogen observed at
three different temperatures. A low resolution spectrum
observed at 4.5 K has been published in a previous
paper [19], in which complete analysis of the spectrum
was given. From Fig. 1, we see a drastic broadening of
linewidths upon an increase in temperature. Moreover, it
is seen that, at the same temperature, the width of the n3
transition is always broader than that of the n4 transition.
The observed spectral change upon temperature was
completely reversible between 3.7 and 8.5 K. Above
8.5 K, however, irreversible change of the spectral shape
started to take place due to irreversible diffusional clus-
tering of methane molecules in the parahydrogen crystal.

FIG. 1. Infrared absorption spectra of CD4 in the parahydrogen
matrix observed at 4.0, 6.3, and 8.0 K. Trace (a) shows the
n3 triply degenerate stretching transition and trace (b) shows
the n4 triply degenerate bending transition. The spectra were
taken with the resolution of 0.01 cm21 at 6.3 and 8.0 K and
of 0.0035 cm21 at 4.0 K. The inset in trace (b) shows the
expansion of the peak at 998.8 cm21.

Therefore, we limit our discussion here to the temperature
dependence below 8.5 K.

It was clearly noticed that all the observed absorption
peaks have a Lorentzian line shape profile at all tempera-
tures. Figure 2 compares a theoretical Lorentzian line
shape (dotted curve) with the observed n4 transition at
997.2 cm21 (solid curve) as an example. The trace of dif-
ference drawn by the dashed curve in Fig. 2 clearly shows
the observed line shape as a pure Lorentzian, which in turn
indicates that the spectrum is completely free from inho-
mogeneous broadening. Absence of the inhomogeneous
width must be due to the softness of the quantum crystal.

The FWHM temperature dependence for the lower fre-
quency component of the R�0� �J � 1 √ 0, M � 61 √
0� transition is plotted in Fig. 3 for both the n3 and n4
transitions. The width increases monotonously with the
increase in temperature. The linewidth of the n4 band be-
comes �25 times broader from 3.7 to 8.5 K, while that of
the n3 band becomes only about 2.5 times broader. At
8.5 K, the widths of the n3 and n4 transitions become
equal.

Since the Debye temperature of solid hydrogen is known
to be about 100 K ��70 cm21� [21], the width due to
the population relaxation is expected to be approximately
constant below 8.5 K. Therefore the steep dependence that
appeared in Fig. 3 must be attributed to the pure dephasing
relaxation.

A number of theoretical studies on the temperature de-
pendence of the pure dephasing width 1��pcT 0

2� have been
reported [7,8]. McCumber and Sturge were the first who
derived T7 dependence of the linewidth for pure dephas-
ing using the Debye-type acoustic phonon [22]. Krivoglaz
derived equations for pure dephasing by a pseudolocal
phonon and obtained the function of an Arrhenius-type
e2hn0�kT temperature dependence of the width at low tem-
peratures where n0 is the frequency of the local mode [23].
These theories were more generalized by Osad’ko [7] and
Skinner and Hsu [8] independently using the nonperturba-
tive approach.

FIG. 2. Spectral profile of the R�0� �J � 1 √ 0, M � 0 √
0� transition of the n4 band of CD4. Solid curve: Observed
spectrum at 4.7 K. Dotted curve: Theoretical Lorentzian line
shape. Dashed curve: Fit residuals.
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FIG. 3. Temperature dependence of the linewidth of the R�0�
�J � 1 √ 0, M � 61 √ 0� transition of the n3 ��� and n4 ���
bands of CD4. The solid line shows the theoretical curve fitted
by a function of a 1 bTc. The optimized functional values are
a � 0.177 6 0.006, b � �8.9 6 5.1� 3 1025, and c � 3.82 6
0.27 for the n3 transition and a � 0.0 (fixed), b � �1.13 6
0.15� 3 1024, and c � 3.92 6 0.07 for the n4 transition [24].
The dotted line shows the theoretical curve of a type of a 1
be2hcg�kT , where h, c, and k represent the Planck constant, the
speed of light, and the Boltzmann constant, respectively. The
best fitting parameters are a � 0.191 6 0.004, b � 8.92 6
1.70, and g � 20.2 6 1.1 cm21 for the n3 transition and a �
0.008 6 0.002, b � 13.46 6 0.67, and g � 19.7 6 0.3 cm21

for the n4 transition.

The observed temperature dependence was fitted by the
least-squares method with both types of function of the
power of T and of the Arrhenius type. The best fitting
functions are given in Fig. 3. If the pure dephasing is as-
sumed to be caused by the low frequency acoustic phonon,
a dependence of approximately T4 was obtained for both
the n3 and n4 transitions. On the other hand, the local
mode frequency of about 20 cm21 was obtained based on
the dephasing model of local mode. Unfortunately both
types of function fit quite well and it is hardly distinguish-
able which type of function is appropriate to describe the
present dependence. Experimental data at lower tempera-
tures are requisite to identify the mechanism. Subsequent
observation of the width in the range of 1.0–4.0 K will be
attempted. Nevertheless, it seems reasonable to suppose
that the model of pure dephasing by the acoustic phonon
is more appropriate since we could not find any data which
supported the existence of the local phonon mode. There-
fore, the �T4 dependence obtained in this experiment is
noteworthy. The discrepancy between the theory (�T7)
and the experiment (�T4) must be ascribed to the quan-
tum nature of the solid parahydrogen where lattice motions
occur far from the harmonic oscillator [17].

FIG. 4. Rotational level dependences on the linewidth of the
n4 transition. Q�1� ���: transition of J � 1 √ 1, M � 0 √
61 at 994.9 cm21. R�0� ���: transition of J � 1 √ 0, M �
0 √ 0 at 997.2 cm21. P�1� ���: transition of J � 0 √ 1,
M � 0 √ 61 at 991.9 cm21. R�1� ���: transition of J �
2 √ 1, M � 61 √ 0 at 998.8 cm21. The solid lines show the
theoretical curves fitted by a function of bTc.

It should also be added that the dephasing rate depends
not only on the vibrational quantum number but also on the
rotational quantum numbers, J and M. Some examples are
given in Fig. 4. The different relaxation rates for differ-
ent rotational levels indicate that intra- or intermolecular
rotation-rotation interaction or rotation-phonon interaction
is important in the dephasing process. Such clear evidence
of the rotational quantum level dependence on dephasing
has never been reported previously.

Turning now to the problem of the difference in the
linewidths between the n3 and n4 transitions at the same
temperatures, as is clearly seen in Fig. 3, the origin of the
difference is attributed to the width extrapolated to 0 K.
With the assumption of pure dephasing by the acoustic
phonon, the width of the n3 band at 0 K is extrapolated
to be 0.177 cm21 while that of the n4 is 0.000 cm21 [24].
Since the pure dephasing width should vanish at the limit
of 0 K, the residual width is accounted for by the popu-
lation relaxation, T1. In the gas phase, the lifetime of the
n3 vibrational excited state has been observed to be much
shorter than that of the n4 state [25–28]. The rapid de-
cay of the n3 excited state in the gas phase is mainly at-
tributed to the vibration-vibration energy transfer process.
As for the interaction in solid parahydrogen, not only the
intramolecular V-V transfer but also the intermolecular en-
ergy transfer due to the coupling between the stretching
vibration of methane and lattice phonon may play an im-
portant role for the large population relaxation width of the
n3 transition. This needs further theoretical consideration.

In conclusion, we have investigated the vibrational de-
phasing of CD4 molecules in parahydrogen crystals by fre-
quency domain spectroscopy. We found three important
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results concerning the dephasing: (1) �T4 dependence of
the pure dephasing width, (2) distinct dependence on the
rotational quantum numbers J and M, and (3) rapid T1 re-
laxation of the n3 transition. Since parahydrogen crystals
can be characterized much better than any other molecular
crystals, the present results will play a role for a deeper un-
derstanding of dephasing dynamics and the properties of
quantum crystals. More precise experiments are presently
underway.
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