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Para-hydrogen has attracted much attention as a
matrix material. There are several reasons for this.
First, hydrogen is the lightest molecule, which leads
to large zero point energy and tunneling effect. This
1s why solid hydrogen is called quantum solid.

Second, pH2 is in J=0 state in a low temperature
limit having spherical symmetry. This leads to small
intermolecular interactions, large lattice constant,
and small cage effects. Momose et al. measured
rovibrational spectra of CD4 molecule in pHZ2 matrix,
and found that the peak of P(1) transition of v4 mode
has a width of 0.015 cm-1, where as the spectra of v3
mode has broader width.



[t is revealed that some spectra with pH2 matrix
have large impurity effects. For example, small
amount of rare gas impurity induces IR absorption by
pH2 that is forbidden in the gas phas. ortho-hydrogen
(oH2) impurity also plays significant roles. This is
because oH2 is naturally existing impurity having
non-zero angular momentum J=1, leading to quadrupole
moment. Due to the weak long range interaction with
the quadrupole moment, oH2 can get together forming
an o2 cluster with the doped guest molecule.

Even though quantum nature of pH2 provides
interesring spectra of the trapped molecules,
detailed theoretical work has not been done, and
experimental results are assigned by the comparison
with the gas phase spectra in most of the cases. I am
planning to develop an ab initio theory to solve
spectroscopic and dynamical problems with pH2 in
ultra cold conditions. I am going to start from a
quantum chemical calculation of a dimer that consists
of a pHZ and the guest molecule. It is also possible
to discuss the oH2 impurity effect by replacing the
guest molecule by oH2. After the detailed analysis of
these kinds of dimers, I will consider the system in
which the guest molecule is embedded in a solid pH2
by using dual adiabatic approximation. Since the
experiments on dynamics of molecules in matrix
utilize spectroscopic method, profound knowledge of
molecular spectra in pH2 has a crucial importance in
studies of dynamics as well. I would like to answer
using a quantitative theory why some spectra show
extremely narrow peaks whereas others are not.

Quantum Chemistry, Spectral Shape, Tunneling, Matrix
[solation, Quantum Solid
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We have discussed (1) Tunneling of impurity molecule (ortho-H, and HD molecule) in solid para-H, matrix,

e

and (2) Mode dependence of the vibrational spectra of methane in para-H, matrix.

(1) Shevtsov et al (Phys. Rev. B62, 12386, (1995)). performed quantum diffusion constant of ortho-H, in
para-H, matrix. They obtained so called the Arrhenius plot (plot the rate constant versus the inverse of
temperature). M. Rall et al (Phys. Rev. B45, 2800 (1990)). has performed a series of experiment of nuclear
spin-spin relaxation of HD impurity in para-H, matrix. This relaxation is attributed to tunneling diffusion of
HD molecule. An interesting point in their experiment is that the spin relaxation time has positive and
negative slope as function of the temperature. We found that those two experimental results can be explained
by a simple theory utilizing the second order purtabation theory, in which the thermal rate constant W is
given by W :ZPka. Here B, and W, are respectively the Bolzmann distribution constant and single
level rate constant given by
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A simple form of Q_ is obtained assuming tunneling take places between shifted harmonic potentials with
large shift, which leads to
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where S and o are the Huang-Rhys factor and the harmonic frequency, respectively. This simple theory
can explain both the experimental results nicely (see fig.1).
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Fig.1 Our theoretical result (left) and the experimental result by Rall et al.

(2) Momose et al. discussed experimentally the rovibrational spectra of CD4 molecule in para-H, matrix.
Their results shows that the v4 mode has very narrow line width, and nearly zero width at zero temperature
limit. v3 mode, on the other hand, has relatively broad peak, which is nonzero at low temperature limit (see
Fig.2).
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Fig. 1. !{igh-rcm]uliun spectrum of the vy transition of CDy in solid
parahydrogen. The temperature of the crystal was 3.7 K. The inset shows
the expansion of the peak at 991.91 cm ', The full width at half maximum

(FWHM) of each transition is 0.015ecm ™',
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Fig.2 Experimental result by Momose et al.



We have performed quantum chemical calculations of the CD,4-paraH; interaction as function of
intermolecular distance. Here we assume dual adiabatic approximation, in which both the electronic and
inner molecular rovibrational degrees of freedom are regarded as “fast” variables, whereas the inter
molecular distance is treated as the adiabatic parameter. As for the v4 mode the CD4-paraH, interaction is
shown in Fig.3. Here the red (green) line is for the ground (v4 excited) rovibrational adiabatic states.
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Fig.3 Dual adiabatic potentials (ground and v4 excited)

As is seen from Fig.3, v4 excited potential is not shifted from the ground one. This leads to the zero width
at the low temperature limit. On the other hand, As is shown in Fig.4, adiabatic potential of v3 excited state
is shifted from the ground state potential, which leads to nonzero width at the zero temperature limit.
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Fig.4 Dual adiabatic potentials (ground and v3 excited)




So far we have discussed only the dual adiabatic potentials. It is, however, possible to calculate the spectral
positions and shapes if we include the H,-H, interactions. This is what we are currently working on.

2. FE AR BT IE A A G E I A
we e s Orgdzm BERY O
B cOe @ O¢ 3¢ O&

Pk [ H@ [le? &
#w (12100 % 52)

3@%@?%#%~ﬁﬁﬂ%~¢§Egiiﬁ’ﬁﬁﬁfﬁ%iﬁﬁéﬁﬁﬁﬁ &

Aot R E TR AZ LR RE S BELE-HFE2Z T ) (121500 F )

Our theory of thermal rate constant shows that various different processes can be understood in a unified
way. Our theory can basically discuss general rate processes in the low temperature limit, and we have
shown that these processes are characterized by several parameters, the Huang-Rhys factors and harmonic
frequencies. Our theory is not quantitatively accurate, since anharmonic effects are not negligible in H,-H,
interaction. It is possible to have a better representation of €, which enables us to discuss the low
temperature thermal rate processes quantitatively. The important consequent in the present simple theory is
in providing a unified way of understandings.

Narrow linewidth of molecule in para-H; is a very important property of solid H, matrix technique.
This is basically attributed to the small intermolecular interactions (small cage effect) of solid H,. Actual
mechanism, however, is not simple. As Momose et al. has shown, linewidth has mode dependence and
temperature dependence. This kind of complicated mechanism is discussed by the dual adiabatic
approximation. As is shown in Fig.3 and Fig.4, simple adiabatic potentials tells the information on mode
dependence of the linewidth. This new theory provides a new viewpoint on the spectra of molecule in solid
H, matrix.

These new aspects of our studies can be applied various spectra and dynamical processes in solid H,
matrix. We expect that our theory can contribute to the para-H, matrix science society.
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These new aspects of our studies can be applied various spectra and dynamical

processes in solid H2 matrix. We expect that our theory can contribute to the
para-H2 matrix science society.




