Physisorption and ortho-para conversion of molecular
hydrogen on solid surfaces

K. Fukutani, T. Sugimoto

@ Institute of Industrial Science, The University of Tokyo, Komaba, Meguro-ku, Tokyo
153-8505, Japan
b Department of Chemistry, School of Science, Kyoto University, Oiwake-cho, Sakyo-ku,
Kyoto 606-8502, Japan

Abstract

Molecular hydrogen exists in nuclear-spin isomers of ortho and para species
according to the total nuclear spin. These species are correlated to the rota-
tional states with even and odd rotational quantum numbers because of the
symmetry of the total wavefunction with respect to the permutation of the
two nuclei. Although interconversion between the ortho and para states is
slow in an isolated state, the conversion is promoted in a physisorption state
via interaction with surfaces of not only magnetic but also diamagnetic mate-
rials. In a physisorption state, the rotational motion of hydrogen molecules
is modified due to the potential anisotropy. The physisorption properties
and interconversion rate of the ortho and para hydrogen have recently been
investigated on well-defined surfaces, which allow detailed comparison with
theory. Furthermore, relative abundance of the ortho and para hydrogen in
astronomical circumstances has been reported in recent years, which often
shows a value out of equilibrium with the environment temperature. Ph-
ysisorption and ortho-para conversion on the surfaces of interstellar media
are expected to enable deeper understanding of astronomical phenomena. In
this article, we review recent progress of experimental and theoretical studies
on the physisorption and ortho-para conversion of molecular hydrogen and
its relevance to the recent astronomical observation.
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1. Introduction

Hydrogen is the most abundant element in the universe, and ubiquitous
in our society. While atomic hydrogen is chemically reactive because of the
unpaired electron, molecular hydrogen is rather inert due to its closed shell
nature. A remarkable feature of molecular hydrogen is that it is classified
into nuclear-spin isomers designated as ortho and para species according to
the total nuclear spin [1, 2, 3]. The nuclear spins of proton and deuteron
are 1/2 and 1, respectively. Since the indistinguishability of identical nuclei
dictates that the total wave function be antisymmetric or symmetric with
respect to the exchange of the two nuclei depending on their spins, the ortho
and para species are correlated with the rotational states with odd and even
quantum numbers. This was first pointed out theoretically [4, 5, 6] and con-
firmed experimentally in late 1920’s [7, 8]. Presence of nuclear-spin isomers
is manifestation of the quantum mechanics, and therefore has gained much
attention in both physics and chemistry.

In an isolated state, the transition between the ortho and para species is
strictly forbidden, the theoretical time scale being 10 s, which is longer
than the age of the universe. Interaction with other substances, however,
brings about a perturbation, which promotes the conversion between the
ortho and para species. The ortho-para (o-p) conversion is, on one hand,
of fundamental interest because it includes nuclear-spin flip and rotational-
state transition, on the other hand technologically important in hydrogen
liquefaction. Hydrogen is an efficient energy source as used in fuel cells and
rocket fuel, and storing hydrogen in a liquid form is a high-density storage
method. When normal hydrogen with the o-p ratio of 3 is liquefied, about
40 % of the originally stored hydrogen evaporates within 100 h because of
rotational-energy release originating from the o-p conversion slowly occurring
in liquid hydrogen [9]. This boil-off problem is circumvented with a use of
proper catalysts such as iron hydroxides and chromium oxides that enhance
o-p conversion during liquefaction and allow for storing hydrogen in the para
form.

When molecular hydrogen interacts with solid surfaces, the molecule is
adsorbed on surfaces either molecularly or dissociatively. While the molec-
ular adsorption occurs through the van der Waals interaction and electric
multipole interaction induced by the surface electric field, which is referred
to as physisorption, dissociative adsorption is realized via orbital hybridiza-
tion, which is called chemisorption. The o-p conversion occurs via both
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schemes of adsorption: Once Hj is dissociatively chemisorbed on a solid
surface and associatively desorbs from the surface, the relative nuclear-spin
direction can be changed implying interchange between the ortho and para
states. In a physisorption state, on the other hand, the o-p transition is pro-
moted through magnetic interaction with surfaces. The former mechanism is
sometimes referred to as a chemical process, while the latter is called a physi-
cal process. Since the adsorption energy for physisorption and chemisorption
is typically around 30 meV and 1 eV, respectively, the physical and chemical
mechanisms are important at low and high temperatures, respectively. In the
present review, we focus on the physical o-p conversion process, in particular
the progress made after the previous review article by Ilisca [10].

In the physical conversion, the first step is physisorption in the poten-
tial well. Important factors include the sticking probability and residence
time on the surface. It is noted that the energy scale of the physisorption is
similar to that of the rotational motion of hydrogen molecules. Since the ro-
tational energy of hydrogen molecules is relatively large compared with those
of heavier molecules, the rotational motion is retained in the physisorption
as recognized as the quantum rotor. Upon physisorption, furthermore, the
rotational levels are modified by the anisotropic potential. Since the rota-
tional states are different between the ortho and para species, the transition
between the two species is accompanied by rotational-energy dissipation or
excitation. In this regard, the energy level in both the center of mass motion
and rotational motion is of importance for the physical o-p conversion. The
physisorption properties of hydrogen molecules are described in Sec. 2.2.

The second point in the physical conversion is the nuclear-spin flip that
changes the nuclear-spin multiplicity of hydrogen molecules. This requires a
perturbation that includes magnetic interaction. The magnetic interaction
originates from either the spin or orbital motion of electrons and nuclei. The
fundamental concept of the nuclear-spin flip is described in Sec. 3.2.

From the experimental point of view, how to probe the nuclear spin of
hydrogen and distinguish the ortho and para species was not a trivial prob-
lem. Since the ortho and para hydrogen has different rotational energies, two
experimental approaches are to measure the nuclear-spin state directly and
probe the rotational state. The former is nuclear magnetic resonance, and
the latter includes the thermal-conductivity measurement originating from
the specific-heat difference of the ortho and para species and the rotational
spectroscopy using light, neutrons and electrons, which is reviewed in Sec. 4.

Since the discovery of the ortho and para species of molecular hydro-
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gen, the adsorption properties and interconversion of ortho and para hy-
drogen were thoroughly investigated on a variety of surfaces by employing
the thermal-conductivity measurement. Whereas the physisorption energy
of the ortho and para hydrogen was found to be different [11, 12, 13|, the
o-p conversion rate was measured on surfaces of magnetic materials including
magnetically dilute and dense systems in 1950’s — 1960’s, which are reviewed
in [10]. The o-p conversion process was interpreted on the basis of the Wigner
model where the inhomogeneous magnetic field on magnetic surfaces induces
the nuclear-spin flip as shown in Sec. 3.2. The o-p conversion rate was fur-
thermore found to be appreciably affected by external magnetic fields and
magnetic phase transition, which also acquired much attention [14, 15, 16].
Although basic understanding of the o-p conversion was developed and many
interesting findings were reported in this period, molecular-level understand-
ing was not satisfactory mainly because most of the experiments were per-
formed for powder and porous samples, of which surfaces were neither well-
defined nor well-characterized. It should be pointed out that most metal
surfaces are readily oxidized with O, and/or HoO even though the experi-
ments were intended on clean metal surfaces, and that oxide surfaces might
be partially reduced as a result of interaction with hydrogen even if oxide
surfaces were initially prepared.

In early 1980’s, new experimental results suggesting o-p conversion on
diamagnetic metals were reported using sophisticated electron energy loss
spectroscopy (EELS) experiments [17, 18, 19, 20]. This was actually the
beginning of a new era for hydrogen o-p conversion studies, in that the ex-
periments were performed on well-defined single-crystal surfaces in an ultra-
high vacuum (UHV) condition. Stimulated by these papers, theoretical ef-
forts were made [21], and a new conversion model was constructed [22]. The
progress in this period as well as historical survey is given in a comprehensive
review by Ilisca [10].

Along with this theoretical advance, the effects of molecular orientation
on the o-p conversion were theoretically investigated in detail, and a new pro-
posal to control the conversion was presented [23]. While the theory provides
a solid basis for the o-p conversion on metal surfaces, experimental data were
not satisfactory because of the difficulty to detect the spin state of hydro-
gen molecules on well-defined solid surfaces. In 2000’s, a new experimental
technique probing the ortho and para hydrogen on surfaces was developed
by combining the resonance-enhanced multiphoton ionization (REMPI) with
desorption techniques [24, 25, 26]. With this technique, the adsorption prop-

4



114

115

116

117

118

119

120

121

122

123

124

125

126

127

128

129

131

132

133

134

135

136

137

138

139

140

141

142

143

144

145

erties of ortho and para hydrogen and the o-p conversion time have been
measured on solid surfaces.

In recent years, the o-p ratio of molecular hydrogen in space and plan-
etary environments has been experimentally observed, which has acquired
much attention and is believed to provide us with information on astro-
chemistry, astrophysics and planetary science [27, 28, 29, 30, 31, 32]. In
astrochemistry, possible o-p conversion on surfaces of interstellar media is
of considerable interest and importance. In this regard, the o-p conversion
has been investigated on ice surfaces, which are dominant interstellar media,
in laboratory experiments, and a new conversion model has been proposed
[33]. Related to this o-p conversion work, the o-p ratio upon Hy formation on
surfaces has been investigated both experimentally and theoretically, which
are described in Sec. 6 along with recent astronomical observation results.
In view of the current status of the hydrogen o-p conversion on well-defined
solid surfaces, recent progress in this field is reviewed in this article.

2. Fundamental features of molecular hydrogen

2.1. FElectronic, rotational, and nuclear-spin states: classification into nuclear-
spin 1somers

Molecular hydrogen is composed of two protons and two electrons. The
total wavefunction of a molecule consists of nuclear wavefunction and elec-
tronic wavefunction, each wavefunction being a product of orbital and spin
functions. Let r{ and 75 are the position vectors of two electrons in the hy-
drogen molecule with P:a and ﬁb the position vectors of two nuclei as shown
in Fig. 1. The spin vectors of the electrons and nuclei are defined as s;
(1=1,2) and z; (j=a,b), respectively, and the quantum number of the total
electron spin (S = 5, + &) and nuclear spin (I = i, + i) of the molecule are
expressed as S and [, respectively.

Within the adiabatic approximation, the total wavefunction can be de-
scribed by a product of the nuclear part (y,¢,) and electronic part (¢.) by

separating the center of mass motion with R = R, — Ry:
Y1, 7%, 8, B, 1) = (1,75, S B)Xn(1)dn(R), (1)

where y,,(I) and gbn(ﬁ) represent the nuclear-spin part and spatial part of
the wavefunction, respectively. Figure 2 shows the adiabatic potentials for
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Figure 1: Definition of the position and spin vectors of electrons and nuclei in molecular
hydrogen. 7;(i = 1,2) and R;(j = a,b) are the position vectors of the electrons and nuclei,

respectively, and §; (i=1,2) and z; (j = a,b) are the spin vectors of the electrons and

nuclei, respectively.
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Figure 2: Adiabatic potentials for molecular hydrogen. The electron configurations are X
((1s04)?), Band b ((1s04)(2pow)), EF ((1s0,)(2s0,)) and C ((1s0,)(2pmy,)) [34, 35, 36, 37).
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molecular hydrogen, where the ground state of X and excited states of b, B,
C and E.F are shown.

The nuclear part is physically understood as the nuclear motion on the
adiabatic potentials. The nuclear wavefunction is further decomposed into
the radial (R = |R|) and angular (0, ¢) parts, which represent the vibrational
and rotational motions:

dn(R) = Lo(R)Y;0(0, ). (2)

In the first approximation, the vibrational motion corresponds to the vibra-
tion in harmonic potentials with the vibrational frequency described by the
quadratic curvature of the potential around the potential-energy minimum.
The orbital motion, on the other hand, is characterized by its angular mo-
mentum J with the wavefunction described by the spherical harmonics, and
the energy is described as BJ(J+1) with a rotational constant B in the rigid
rotor approximation. The rotational constant is expressed by the moment
of inertia that is determined by the atomic mass and interatomic distance.
The rotational state has a degeneracy of (2J + 1). If the effects of anhar-
monicity on the vibration and the change of the interatomic distance due to
vibrational excitation on the rotation are taken into consideration, the total
energy of the molecule F is described as [3§]

1 1
E = Te + we(v + 5) - weXe<v =+ 5)2
1 4B3
+[B = ac(v+ I +1) = —- T + 1), (3)

e

where T, and w, are the constants representing the electronic and vibrational
energies with a vibrational quantum number of v, and Y. and a, express the
correction due to the anharmonicity and change of the interatomic distance
upon vibrational excitation, which are listed in Tables 1 and 2 for Hy and
D2.

The Hy and Dy molecules consist of two protons with nuclear spin 1/2 and
deuterons with nuclear spin 1, respectively, i.e. the proton and deuteron are
the Fermi and Bose particles, respectively. Because of the quantum statistics,
the total wavefunction of Hy and Dy must be antisymmetric and symmetric
with respect to permutation of the two nuclei, respectively. In the following,
the transformation of the wavefunction due to the two-nuclei permutation is

described.
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Table 1: Electronic energy (T.), vibrational constants (w. and wey.) and rotational
constants(B and «.) for Hy in the unit of cm™? [39].

T. We WeXe B Qe

X 0 4401.21 121.33 60.853  3.062
B 91700  1358.09 20.888 20.0154 1.1845
E 100082.3 2588.9 130.5  32.68 1.818

Table 2: Electronic energy (T.), vibrational constants (w. and wey.) and rotational
constants(B and «.) for Dy in the unit of cm™! [39].

Te we wEXE B ae

X 0 31155 61.82 30.4436 1.0786
B 91697.2 963.08 11.038 10.068 0.4198
E 100128.1 1784.42 48.1 16.37  0.6764

The nuclear-spin function is expressed according to the total nuclear spin,
I, and [ is either 1 or 0 for Hy and 2, 1, or 0 for Dy. The spin eigenfunctions
are expressed by sums of spin functions as shown in Figs. 3 and 4. Here, each
ket corresponds to a product of two nuclear-spin functions with the numbers
denoting the z components of the two spin states. As clearly seen in the
formulas of Figs. 3 and 4, x,,(I = 1) and x,,(I = 0) of Hy are symmetric and
antisymmetric with respect to the permutation of the two spins, respectively.
For D, on the other hand, whereas x,(I = 2) and x,, (I = 0) are symmetric,
Xn(I = 1) is antisymmetric with two-spin exchange. Of these states, the
state with a larger spin multiplicity is called ortho and the other is called para
species. The ortho and para Hs are 3-fold and 1-fold degenerate, respectively,
while the degeneracy of ortho and para D, is 6 and 3, respectively.

The exchange of the position vectors of the two nuclei correspond to
the transformation of the polar and azimuthal angles as § — © — 6 and
¢ — m+ ¢ as illustrated in Fig. 5. The rotational wavefunction is then
transformed as Eq. 4. Since the two-nuclei exchange does not affect the
inter-nuclear distance R, the vibrational wavefunction of diatomic molecules
does not change the sign irrespective of the vibrational quantum number as

Ly(R) — Ly(R)
YJ’M(6,¢) — YJ7M<7T_6,7T+¢):(_1)JYJ,M(9,¢). (4)

8
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Figure 3: Spin eigenfunctions x,, of Hy for /=1 and 0 with the z component (I,) of the
total nuclear spin I. The first and second numbers in the kets represent the z components
of the two spins. /=1 and 0 correspond to o-Hs (odd J) and p-Hs (even J), respectively.

Table 3: Symmetry with respect to two-nuclei permutation. S and A denote symmetric
and antisymmetric states, respectively.

S A
Electron DI D DR M
Rotation (J) even odd
Nuclear spin (/) Hp 1 0
Dy, 2,0 1

As easily understood from Eq. 4, the rotational wavefunction changes its
sign when J=odd.

Finally, the effect of the two-nuclei exchange on the electronic wavefunc-
tion is considered. With the two-nuclei permutation, the electron coordinates
are changed as inversion with respect to the molecule center and mirror re-
flection with respect to a mirror plane through the molecular axis. Hence,
the electron wavefunctions denoted as ¥} and X are symmetric, and those
as ¥, and X are antisymmetric [p. 131 of Ref. [38]]. The symmetry relation
is summarized in Table 3.

Since the total wavefunction of Hy and D is antisymmetric and symmetric
with respect to the two-nuclei permutation as described above, the rotational
state is correlated with the nuclear-spin state as depicted in Fig. 6 for the
electronic states of ¥F and Y. Shown on the left-hand side are para H,
(p-Hy) and ortho Dy (0-D3) with even J, and ortho Hs (0-Hy) and para Do



X,(U=2,1=2~-2) 2, (I=1,1.=1~-1)

b (1.0)-o.1)
(1.0)+/0.1)
(1-1--1.1)

(1.-1)+200,0)+|-1.1)
(0.-1)-|-1,0))
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|-1.-1)

~ - 5l
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Figure 4: Spin eigenfunctions y,, of Dy for =2, 1 and 0 with the z component (I,) of the
total nuclear spin I. The first and second numbers in the kets represent the z component

of each spin. /=2 and 0 correspond to 0-Dy (even J), and I=1corresponds to p-Ds (odd
J).

v=

Figure 5: Transformation of the coordinates due to exchange of the two-nuclei position
vectors that corresponds to reverse the sign of the relative position vector as R - —R.
The polar and azimuthal angles are transformed as § — 7 — 6 and ¢ — 7 + ¢.
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(p-D2) with odd J are shown on the right-hand side.

The partition function describing the population of each rotational level
(Ey) at a temperature of 1" for o-Hy (Z,(T")) and p-Hs (Z,(T)) is described
as

E;
A = _ _ =
o(T) Z 9(1_1)(2J+ 1)exp( k:BT)
J=o0dd
Ey
Zy(T) = J%ng(fzo)(ﬂ*'l)exp(—l@—T% (5)

where g(;=1y=3 and g(;—p)=1 are the nuclear-spin degeneracies and (2.J + 1)
represents the rotational-state degeneracy. The population ratio of o-Hs and
p-Hy (OPR: ortho-para ratio) in thermal equilibrium is then obtained by
Z,(T)/ Z,(T), which is shown in Fig. 7 as a function of temperature. At a
sufficiently low temperature, this value leads to 0, whereas it reaches 3 at a
high temperature. Similarly, the para-ortho ratio of Dy becomes 0 and 1/2 at
low and high temperature limits, respectively, as obtained from the partition
function of Ds.

2.2. Adsorption on solid surfaces
2.2.1. Adsorption potential

Molecular hydrogen is adsorbed on surfaces mainly in two schemes: dis-
sociative chemisorption and molecular physisorption. In the former case, Hy
is dissociated and two hydrogen atoms are strongly bound via chemical bond
formation. In the latter case, on the other hand, Hy is weakly trapped on
surfaces via the van der Waals interaction and electric multipole interaction.
The typical adsorption energy is 0.5 eV per H atom for chemisorption and
30 meV per Hy molecule for physisorption [40, 41, 42]. Since the ortho-para
conversion via dissociative adsorption is out of the scope of this article, only
the physisorption properties of Hy are described in this section.

Physisorption of H, is realized by competition between the attractive van
der Waals force and Pauli repulsion due to the overlap of the closed-shell
electron wavefunctions with substrate electrons. Physisorption of various
molecules was reviewed in a recent article [43]. As schematically shown in
Fig. 8, the substrate electron density is smeared out at the surface, which
determines the physisorption position. As discussed later, furthermore, the
electron density at the substrate plays a decisive role in the ortho-para con-
version. As intuitively understood from Fig. 8, both the van der Waals force
and Pauli repulsion are dependent on the direction of the molecular axis.

11



E=BJ(J+1)

J=3
o 108
6B J=1
J=0 T

Para H, Ortho H,
Ortho D,  ParaD,
Figure 6: Rotational-energy levels for low-J states of the ortho and para species of Ho

and D» in the electronic E;r and X, states. E = BJ(J + 1) denotes the rotational energy
with the rotational constant B and rotational quantum number J.

Ortho/para ratio

! ! ! !
100 200 300 400 500
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Figure 7: Ortho to para ratio (OPR) of Hy calculated from the partition function for the
rotational level as a function of temperature.
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IC

Figure 8: Schematic illustration of Hy physisorbed on a surface at a certain distance. The
surface electron density decays exponentially from the surface with increasing distance
Hy with the 1so, orbital exists in the tail region of the surface electron with the
molecular-axis angle of © from the surface normal direction.

Figure 9: (a) Schematic figure of the physisorption potential due to the isotropic term V
as a function of the molecule-surface distance (z). The vibrational levels are denoted with
the vibrational quantum number n. (b) Splitting of the rotational-energy level due to the
Va(2) Py(cos ©) anisotropic term in the case of Vo < 0.

13



INTENSITY (RELATIVE UNITS)

ENERGY LOSS (meV)

Figure 10: Electron energy loss spectra taken for Hy, HD and Ds physisorbed on Cu(100)
at about 10 K. The two loss peaks in each spectrum (except the feature at 9.9 meV in
HD) correspond to n=0 — 1 and n=0 — 2 excitations of the molecule-substrate vibration
shown in Fig. 9(a). Reproduced by permission from [44]. The vibrational energy is smaller
for heavier isotopes.
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The physisorption potential V(z, ©) of a molecule is mainly characterized
by its well depth and anisotropy, which represent the electrostatic energy as
functions of the distance (z) of the center of mass of the molecule from
the surface and the polar angle (0) of the molecular axis with respect to
the surface normal. The potential is then generally expanded in Legendre
functions as

o0

V(2,0) = Vi(2)Pi(cos ©). (6)

=0

Since Hy is a homonuclear molecule, ¢ is restricted to even integers.

The first term of this formula represents the isotropic potential, which is
schematically shown in Fig. 9(a). The well depth was theoretically evaluated
to be 10 — 40 meV depending on the substrate [45, 46], which were also
experimentally examined by selective adsorption experiments [47, 48, 49,
50, 51, 52, 53, 54|, where molecular hydrogen is selectively adsorbed on
surfaces at particular conditions of the kinetic energy and incidence angle
corresponding to the bound states in the potential well. The adsorption
energy can also be experimentally evaluated by temperature-programmed
desorption (TPD) [55, 56, 57], which revealed the physisorption energy of
30 — 60 meV on ice and carbon surfaces. The vibrational states in the
physisorption well were directly probed with EELS by Andersson’s group
[44]. Figure 10 shows the EELS data taken for Hy, Dy and HD. Several loss
features were observed at 7 — 15 meV, which were attributed to n=0 — 1 and
n=0 — 2 excitations in Fig. 9(a), which compared well with the results of
selective adsorption resonances. At low-symmetry sites like steps and kinks,
the physisorption potential is largely modified as compared to the flat terrace
site, and more strongly adsorbed Hj has been identified [58, 59, 60, 61, 62, 63].
On adatom (Au and Cu)-adsorbed Cu(100), on the other hand, Dy was found
to be strongly adsorbed at the adatom site with a binding energy of about
40 meV [64]. Owing to recent advances of the density functional theory for
the van der Waals interaction, the physisorption energy and potential of Hy
are theoretically treated from first principles [65, 66].

As mentioned in Sec. 2.1, the rotational energies of Hy in the J=1 and
2 states are 14.7 and 43.9 meV, respectively, which are comparable to the
physisorption energy. In contrast to heavier molecules, the rotational motion
of molecular hydrogen is retained in the adsorption state. This is why molec-
ular hydrogen is called a quantum rotor. Since the Vj(z)P;(cos©) (¢ > 2)

15
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terms are expected to be comparable or smaller than the physisorption well
depth due to the isotropic term (V5(2)), the effect of the anisotropic potential
can be treated as a perturbation.

According to the perturbation theory, the first-order energy shift due to
the rotational motion is described by

AED(n, J, M) = (n|Va|n)(JM|Py(cos ©)|JM)
3(n|Va|n) J? — M?* J

2J +3 (2J—1 _5)’ (7)

where (n|V3|n) is the matrix element of V,(z) with respect to the molecule-
surface vibrational wavefunction in Vj(z) and |JM) represents the rotational
wavefunction of Y 3/(0, ¢) [67]. The integral of (JM|P,(cos ©)|JM) is easily
done following the formula for the angular momentum [68]. It is clear that
the rotational-state degeneracy is lifted as shown in Fig. 9(b). Since the
rotational wavefunction is unperturbed in the first-order perturbation, this
is called nearly free rotor here!. The second-order energy term, on the other
hand, is expressed as

n!|Va|n) (J' M'| Py(cos ©)|JM)|?
3 [(n/|Va|n) (J' M| P3(cos ©)]JM)|

AB(n, M) = Ei) - By )

n,J', M’

This second-order energy becomes significant when (n'|Vs|n) is in the same
order as E(nJM) — E(n'J'M’), i.e. 44 meV for J =0 and 73 meV for J =1
in the case of n = n'. In this case, the rotational wavefunction is distorted
from that of the original J state because of mixing with other rotational
states, which is called hindered rotation here. The energy levels and wave-
functions of such hindered rotation were theoretically analyzed in detail [69].
Figure 11 shows the obtained energy levels as a function of the potential
anisotropy for J=0 and 1 states [69]. Historically, the anisotropic potential
was treated as either C'cos?© or C’sin® © instead of Py(cos©) [69], where

IThe rotational state under an isotropic potential is sometimes called three-dimensional
(3D) rotation. In molecular physics, on the other hand, the 3D rotation occasionally
denotes the rotational motion of non-linear molecules, which have three rotational axes
(©,¢,x) as compared to linear molecules (0, ¢) called 2D rotation. To avoid confusion,
we use the expressions of free rotor, nearly-free rotor, and hindered rotor to represent
the rotational motion under isotropic potential, small anisotropic potential, and large
anisotropic potential, respectively, in this article.
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Figure 11: Rotational energy for the J=1 and J=0 states as a function of the square root of
the ratio of the anisotropic potential to the rotational constant. The anisotropic potential
is either C'cos? © or C’sin® ©. Without anisotropic potential, the molecule behaves as a
free rotor (FR). While the molecule is in a nearly free rotor (NFR) state under a small
anisotropic potential, the rotational motion is described as a hindered rotor (HR) under
a large anisotropy. Adapted from [69].

C and C' are constants. Since the mean value of the anisotropic potential
with these formulas is positive, the energy level gets higher along with the
lifting of the degeneracy of the J=1 state as C' or C’ becomes larger. As the
anisotropic potential becomes infinitely large, the rotational motion tends
to be confined in either the surface-normal or parallel direction depending
on the sign of V5(z), which is sometimes designated one-dimensional (1D)
or two-dimensional (2D) rotation in literatures, respectively. In the former
case, the energy level of J=0 becomes equal to that of J=1 (M =0). On flat
surfaces, however, such a large V5(z) value is unlikely to exist.

The rotational sublevel splitting was investigated both experimentally
and theoretically. Selective adsorption experiments directly identified the
level splitting and evaluated the potential anisotropy to be 1 — 2 meV on the
basis of Eq. 7 [70, 71, 72]. Although the resolution was not sufficiently good
for the observation of the splitting, an EELS study, by applying a particu-
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lar scattering geometry, analyzed the sublevel splitting of 1.4 meV for the
J=2 state on Cu(100) [73]. The anisotropy of the van der Waals interaction
originates from the asymmetry of the molecular polarizability, which was
theoretically evaluated to be as small as 7 % of the isotropic term because of
the image charge effect [67]. On the other hand, the anisotropy of the repul-
sive part might be larger and dominant for physisorption. The physisorption
energy and potential anisotropy of Hy are theoretically analyzed on surfaces
by Multi-reference-configuration-interaction calculations [74, 75] and van der
Waals density functional theory [65]. On a more corrugated surface such as
inner walls of nanopores, furthermore, the azimuthal dependence of the po-
tential is significant, which lifts the degeneracy of the M = +1 states in Fig.
9(b) It is noted that pure-rotational spectroscopy detailed in Sec. 4 allows
for experimental analysis of the rotational-sublevel splitting and potential
anisotropy [76, 77, 78].

2.2.2. Physisorption energy of ortho and para species

One important consequence of the potential anisotropy and resulting ro-
tational sublevel splitting is the difference of the adsorption energy between
the ortho and para species. The physisorption energy is determined by the
sum of the isotropic term and anisotropic term of the potential. The isotropic
term is the same for both ortho and para species. As clearly demonstrated
in Fig. 9(b), on the other hand, some of the ortho-Hs level are lowered due
to the anisotropic term, the other being raised, while the p-Hs level remains
unchanged. This indicates that o-Hs can be more strongly bound to surfaces
under an anisotropic potential.

The adsorption energy difference was first recognized as the vapor pres-
sure difference between the ortho and para species [79, 80]. This effect has
been used for separation of o-Hy and p-Hs: Under a fixed n-Hy pressure,
the o-p ratio in the physisorption state is higher than the gas phase value
of 3 because of the larger adsorption energy for o-Hsy, which is called the
separation coefficient [13, 81]. The separation coefficient was theoretically
analyzed in terms of the rotational-energy level splitting in the physisorp-
tion well [11, 12, 82, 69, 83, 84]. On these bases, highly purified o-Hs and
p-Dy can be obtained with several condensation steps. The adsorption en-
ergy difference was also applied to Chromatographic separation, where more
strongly bound o-Hj is released later than p-H, [85, 86, 87].

The o-p separation was often performed on ionic surfaces like Al;Os.
The origin of the potential anisotropy was, therefore, considered to be the
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electrostatic energy originating from the hydrogen polarization induced by
the electric field on an ionic-material surface [88]. From the chromatographic
data, the potential barrier for rotation was experimentally evaluated to be
C=0.46 kcal/mol for the anisotropy of C'cos®*© [89]. In addition to the
out-of-plane anisotropy, the in-plane anisotropy was also analyzed [90], and
the theory was applied to the heat capacity, entropy and o-p separation
coefficient [91, 92]. The difference of the adsorption energy was also examined
on a Graphon surface by a low-temperature calorimetric method: the heat
of adsorption was estimated to be 0.91 and 0.96 kcal/mol for p-Hs and o-Ha,
respectively [93].

The adsorption energy difference can also be evaluated by probing the
thermal stability of the ortho and para species on a surface. As detailed
in Sec. 4, infrared absorption spectroscopy (IRAS) and resonance-enhanced
multiphoton ionization (REMPI) combined with desorption techniques have
been applied to distinguish the rotational state of molecular hydrogen on
surfaces. By using IRAS, o-Hs was shown to be more strongly adsorbed than
p-Hy on NaCl [94]. TPD spectroscopy combined with REMPI was performed
on activated Al,O3 [24], amorphous ice [26, 95] and Ag surfaces [96]. Figure
12 shows the TPD spectra taken for Hy from activated Al,O5. After exposure
of the sample to n-Hy of 3x10% L at 14 K, TPD of H, in the J=0 and 1
states was recorded. The peak temperature of the desorption signal in J=1
is clearly higher than that of J=0 suggesting that Hs in J=1 is more strongly
bound than J=0. Similar experiments were performed for Dy on amorphous
ice surfaces [26], which is shown in Fig. 13. Dominant desorption species are
in the J=0 and 1 states, and the desorption temperature of J=1 is obviously
higher than that of J=0 indicating stronger binding of Dy in J=1.

2.2.3. Sticking probability

When o-H, undergoes o-p conversion in a physisorption well, the initial
step is the sticking of o-H, to surfaces from gas phase. The overall conversion
probability therefore depends on the sticking probability. The sticking prob-
ability of light molecules like hydrogen on a substrate with heavier elements
is usually small, typically ~0.1 because the energy dissipation is inefficient.
When the surface is covered by H,, the sticking probability is reported to
be 1 [97], because the kinetic energy of the incident molecule is readily ac-
commodated by preadsorbed molecules. In an o-p conversion experiment,
furthermore, the relative coverage of o-Hy and p-Hs is often discussed. Then,
the difference of the sticking probability onto surfaces of these species has
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Figure 12: Rotational-state-selective temperature-programmed desorption spectra of Ho
from activated Al;O3 powder measured with a heating rate of 0.1 K/s. Hy in J=0 and
1was probed by REMPI after exposure of the sample to n-Hy of 3x10% L at 14 K. The
activated AloO3 powder with a specific area of 270 m?/g was heated at 520 K for 10 h
prior to the experiments. The dip at 42 K for the J=0 spectrum is due to the REMPI

laser instability, and the dashed curve is a guide for eyes. Reproduced by permission from
[24].
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Figure 13: Rotational-state-selective temperature-programmed desorption spectra of Do
from amorphous ice surfaces. Dy of 1.5 monolayer (ML) was adsorbed on porous amor-
phous ice of 10 ML at 10 K. D5 is mostly desorbed in J=0 and 1 states, and the desorption
temperature for J=1 is higher than that of J=0. Reproduced by permission from [26].

to be carefully examined. Historically, when EELS studies first observed
a higher intensity of the loss feature corresponding to p-Hy as compared to
that of o-Hs, the sticking probability of p-Hy was suspected to be higher than
0o-Hy. Such possibility was later discussed to be small. In this subsection,
previous studies on the sticking probability of ortho and para hydrogen are
briefly described.

For molecular adsorption on solid surfaces, an important factor governing
the sticking probability is the dissipation of the incident kinetic energy and
adsorption energy. In the physisorption potential of Fig. 9(a), the impinging
molecule is in a continuum state with a positive energy, and comes from larger
z toward the potential minimum. Sticking of a molecule is regarded as the
transition from a continuum state with a positive energy to a bound state
with a negative energy in the potential by dissipating the energy between
the initial and final states to other degrees of freedom. T'wo important paths
of the energy dissipation are phonon excitation and electronic excitation of
surfaces. In the case of chemisorption, electronic excitation is important (e.g.
[98]). As for the weak physisorption of light molecules, on the other hand,
coupling to electronic excitation is expected to be weak, and sticking occurs
via energy transfer to the substrate phonon system [53]. Other important
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factors for molecular sticking are temporal trapping in the physisorption well
via the energy transfer of the kinetic energy of an impinging molecule in
the surface normal direction to the kinetic energy in the parallel direction
or the internal energy. This process corresponds to the selective adsorption
resonance. As the internal-vibrational energy of molecular hydrogen is as
high as 500 meV, the accessible internal mode is the rotational motion of the
molecule. Since the total energy of the trapped molecule is still positive, this
corresponds to a quasibound state, and further energy dissipation is required
for the transition of the molecule into the true stuck state with a total energy
of a negative value.

Experimentally, Andersson and Harris investigated the sticking probabil-
ity of n-Hy and p-Hy with EELS and workfunction change (A¢) measure-
ments to clarify the effect of the rotational motion on the sticking [99]. They
first evaluated the EELS cross section for J=0 — 2 and J=1 — 3 transi-
tions to be the same as those in the gas phase, then precisely determined the
ortho and para Hs coverages from the EELS intensities. On the basis of the
data, the sticking probability ratio for p-Hsy to n-Hy was evaluated to be 1.5.
They proposed that the trapping of Hy via translational to rotational energy
transfer is significant.

In later publications, the sticking probability of Hy and Dy was investi-
gated in a more sophisticated way [100, 101, 53]. By changing the incident
energy and angle of molecular beams, both the sticking and reflection of in-
cident molecules were experimentally measured in detail. Figure 14 shows
the initial sticking coefficient, Sy, of n-Hy and p-Hs on Cu(100) at 15 K as a
function of the molecule energy. The sticking probability revealed a smooth
behavior falling off around 30 — 50 meV. This energy reflects the substrate
phonon density of states, which points to the phonon-mediated dissipation
(100, 53, 102]. This broad feature extending up to ~50 meV cannot be
explained by classical theory, and quantum treatment was shown to be nec-
essary to reproduce the sticking behavior [53]. Overlapped with this smooth
behavior, an enhancement of Sy at an energy corresponding to rotational
excitation of J=0 — 2 was observed as indicated in Fig. 14. After more de-
tailed and careful experiments and theoretical analysis, all features observed
in the sticking curves were attributed to either corrugation-mediated selec-
tive adsorption resonances, rotation-mediated selective adsorption resonances
or combined resonances involving both rotational excitation and diffraction
(52, 53].

For the energy transfer from the translational motion to rotational mo-
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Figure 14: Sticking probability of n-Hs and p-Hs as a function of the incident energy
of Hy on Cu(100) at 15 K. Both reveal a broad feature extending up to ~50 meV, and
the curve for p-Hy shows a hump corresponding to the rotational excitation of J=0 — 2.
Reproduced by permission from [100].

tion, there must be coupling between these modes; while the two motions are
independent under an isotropic potential, they are coupled by the anisotropic
term of the potential described in Sec. 2.2. The energy transfer from the
normal motion to parallel motion, on the other hand, can be achieved by the
potential corrugation on the surface, i.e. potential difference as a function
of the molecule position in the surface parallel direction. When further in-
teraction with the substrate phonon is taken into consideration, relaxation
from the quasibound state to the bound state can be calculated. According
to semiclassical trajectory calculations [103] and one-phonon distorted-wave
Born-approximation calculations [104], the selective adsorption resonances
are weak and dependence of the sticking probability on the rotational state
is small. Sticking and associated energy dissipation are obviously important
and continuing issues in Surface Science [105, 106].

3. Ortho-para conversion — theoretical aspect

As described in previous sections, the wavefunctions of the ortho and
para hydrogen are orthogonal with each other without coupling between the
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nuclear-spin and rotational motion. Other molecules such as NH3, CH, and
H-O are also classified into nuclear-spin isomers. The theory of the ortho-
para conversion of polyatomic molecules was well developed [107, 108], and
has been applied to e.g. CH3F [109], CoHy [110], H,CO [111], CH4 [112], CoHy
[113] and HyO [114]. The theory is essentially based on the intramolecular
mixing of the ortho and para states. Because of the spin-spin and spin-
rotation interaction, there possibly occurs mixing between the ortho and para
states. Although these coupling terms are generally small and negligible, the
mixing becomes significant when the energy levels of the ortho and para states
are near-degenerate. This may be accidentally realized because polyatomic
molecules have some rotational modes with different rotational constants.
The mechanism of the o-p conversion of polyatomic molecules was discussed
that thermal excitation to the near-degenerate levels results in finite mixing
between the ortho and para states leading to o-p conversion [108].

Compared to the polyatomic molecules, because of the small moment
of inertia, hydrogen molecules have a large energy separation between the
rotational states. In the physisorption state at low temperature dealt with
in this article, therefore, the rotational states accessible by thermal excitation
are restricted to low-J sates, only J=1 and 0. Under this condition, mixing
of the ortho and para states is extremely small and spontaneous conversion
probability can be neglected as described below.

When there is a perturbation H’ due to interaction with surfaces and the
matrix element between the ortho and para states has a non-zero value, the
o-p transition probability becomes significant. In this section, fundamental
concepts for the o-p conversion are reviewed.

3.1. Gas phase conversion mechanism

3.1.1. Radiative transition

In an isolated state, radiative transition occurs through interaction of a
molecule with the electromagnetic field. Following the ordinary procedure,
the dominant perturbation term is the electric dipole described with the
position vectors of electrons (r7,73) and nuclei (R,, R,) and the electric field
b

H =e(ri+7%—R,—R,) - E. (9)

It is easy to see that the dipole moment apparently remains unchanged
by exchange of the position vectors of R, and R;. Since the symmetry of the
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wavefunction with respect to the two-nuclei position exchange is different for
the ortho and para species, either symmetric or antisymmetric, the dipole
moment between the ortho and para states is identically zero. This indicates
the transition between the ortho and para states is a forbidden process. Con-
sidering the spin part, because the dipole moment does not contain the spin
vector, the ortho and para states with the nuclear-spin triplet and singlet
states are also orthogonal.

The radiative ortho-para conversion probability was first discussed the-
oretically by considering the hyperfine interaction strength and mixing of
the electronically excited states [115]. The transition probability was evalu-
ated to be ~1071% s71 [115, 1, 116]. In their discussion, however, only the
mixing with the 3% state was taken into consideration, which means that
the selection rule for the rotational and spin states was not considered cor-
rectly. Therefore, the value so obtained was an overestimation. Later, the
o-p conversion probability was more accurately evaluated on the basis of the
relativistic spin-orbit interaction (nuclear spin and electron orbital momenta)
(117, 118, 119, 120], and the formula for the probability of the J — J — 1
transition was obtained. According to this formula, the J =1 — J =0
transition probability can be calculated to be 7x1072° s71. A more accurate
and complete calculation was recently performed by Pachucki and Komasa
by taking account of a nonadiabatic correction for Hy and relativistic correc-
tions, the value obtained being 6.2x1071 yr='=2.0x1072! s~! [121]. Note
that this time scale for conversion (inverse of the conversion probability) is
longer than the age of the universe (1.37x10'% yr).

3.1.2. Proton exchange

The o-p conversion of Hs in an isolated state does not take place practi-
cally. When H, encounters other atoms or ions, the o-p conversion might be
induced via proton exchange [122]:

o—Hy+H — p—H,+H
O—H2+H+ — p_H2+H+

These processes have been investigated in gas phase. Of the two reactions,
there is an activation barrier of ~0.3 eV for the Hy + H reaction [123].
The conversion cross section was estimated to be less than 1071 cm3 st
at 300 K [123, 124]. It should be noted that the H atom possibly causes

ortho-para conversion of Hy through magnetic interaction on the basis of
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the Wigner model described in Sec. 3.3.2 because H possesses an unpaired
electron spin. As to the latter reaction, on the other hand, the reaction rate
for H, + D* — HD + H* was experimentally estimated to be 1-2 x107°
cm3s™! [125, 126]. Theoretically, the o-p conversion probability was initially
evaluated to be about 107° em?® s7! [124]. Later, the conversion rate for J=1
— 0 was more accurately evaluated to be 2.2x1071% cm?3 s™! by statistical
theory [127], and J=0 — 1,3 excitation probability was calculated in terms of
S-matrix [120]. Recent studies by Honvault et al. employed a fully quantum
time-independent approach combined with a high accuracy ab initio potential
energy surfaces (PES) to derive the cross section as a function of the collision
energy [128, 129]. The rate coefficient is calculated to be 4.15x107° cm?s~!
at 10 K.

As discussed in Sec. 6, H and H* are dominant species in an astronomical
environment, which induce o-p conversion via proton exchange as described
above. In addition to H and HT, Hy might encounter Hy or o-H, in space.
While Hy would also induce o-p conversion via proton exchange [126, 130],
o-Hy + o-Hy might temporarily form Hy [131], which would eventually lead
to two p-Hy molecules. The proton exchange processes might be significant
on surfaces when co-adsorbed with these species.

3.2. Basic interaction inducing o-p conversion

The nuclear wavefunctions of the ortho and para hydrogen are as shown
in Egs. 1 and 2 described by the products of the nuclear-spin function and
rotational-vibrational wavefunction, which are functions of the spin coordi-
nates (i, and 7;) and position coordinates (R, and Rj) defined in Fig. 1,
respectively. Although there is a coupling between the nuclear spin and ro-
tational angular momentum [132], the spin and rotational parts are described
in a separated form here, because the coupling term is small and the physical
picture for transition is better understandable. For the o-p conversion of H,
the spin state is changed from the triplet state to the singlet state, while the
rotational state is changed from a J=odd state to a J=even state. As shown
below, H' must contain i (i=i, —i,) and R (R = R, — R,) for the spin-state
transition and rotational-state transition, respectively. Here, the calculation
is shown for the Hy case below, yet the results are essentially the same for
D2.

Any perturbation Hamiltonian containing operators io and 7 is generally
expressed by the following formula with coefficients A and B, and can be
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described by functions of (i, + ;) and (iq — 15):

B i+ A . Bii—i). (10)
We consider the matrix element of H' between the nuclear-spin functions y,,
in Fig. 3. Since x,,’s are the eigenstates of the total nuclear spin I (:zz -+ z;)
, the matrix element of (i, +1,) between x,(I = 1) and x,,(I = 0) is zero. On
the other hand, the matrix element of 7 between x,,(I = 1) and x,(I = 0) is
non-zero:

- - A
H' = Ai, + Biy =

<xnI=0)iF|a(I =1L =F1)> = TV2
<xXn(I=0)i*|xn({ =1,I, =0)> = 1, (11)

where i* denotes the raising and lowering operators divided by A. Therefore,
the perturbation of i=i, — i, mixes the ortho and para states leading to finite
transition probability (see Appendix A).

On the other hand, the position coordinates B (R=(z,y, )= (R,0,))
are expressed in the spherical expression as

rE1 4m
R = FooE =Ry Vi

AT
RO = z=R ? 1,0- (12)
In a similar way to the spin functions, the matrix element of R¥1% between

the rotational states of ortho and para Ha, Y] 5y and Yj, is described as [68]

R
< )/E),O’Rilpfl,?l >= _ﬁ
< Yool ROlYip >= = (13)
V3
Although the above formula is given for the transition between the J=1 and
J=0 states, it is easily generalized for arbitrary J states.
Finally, the matrix element of Eq. 13 between the vibrational wavefunc-
tions (L,(R)) is evaluated with the equilibrium interatomic distance of R,
as

< Lv’(R>|R|Lv(R) >=< Lv’(R)|Re‘Lv(R) >+ < Lv’(R>|(R - Re)|Lv<R> > (14)

Here, the first and second terms of Eq. 14 give the selection rule of Av=0
and +1, respectively, for a harmonic oscillator.
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Figure 15: Schematlc illustration of a hydrogen molecule under an inhomogeneous mag-
netic field £ expressed by dashed curves. i, and ip, denote the nuclear spins of nuclei a
and b, respectively. R and R represent the relatlve coordinate vector and the center
of mass coordinate vector, respectively, i.e. R, = R, + R/2 and B, = R, — R/2. The
inhomogeneous magnetic field is expressed by a dipole field originating from a magnetic
dipole moment [i,.

3.3. First-order perturbation

3.3.1. Perturbation Hamiltonian

Magnetic dipole interaction
When there is an inhomogeneous magnetic field as schematically shown
in Fig. 15, the perturbation is expressed as

H = g.Bulia - ha+ip - hy)

_ g”fn (i + 1) - (ha + ho) + (iq — iy) - (ha — )] (15)

where h; and h?, denote the magnetic field at the nuclei (a and b), and g,, and
B, are the nuclear g-factor and nuclear magneton, respectively. Following the
discussion in Sec. 3.2, the second term contributes to the spin conversion.
Since (hy — hy) = R - VR(R,) as the first term of the Taylor expansion, it is
seen that this term contains the operator R [21]. When the magnetic field is
inhomogeneous, i.e. VA(R,) # 0, this term is effective for o-p conversion.

In Fig. 15, the magnetic field is expressed by the dipolar field due to a
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point magnetic moment near Hs as

1 pa Bpla T

NG (19)
which indicates that the field can be inhomogeneous on an atomic scale. The
magnetic moment originates from either spins or orbital angular momenta
of electrons and nuclei. Since the electron Bohr magneton is ~10% as large
as the nuclear magneton, the o-p conversion due to the nuclear spin tends
to be ~10°% as slow as that due to the electron spin. This interaction was
considered for the o-p conversion due to interaction of magnetic impurities,
magnetic materials, and solid Hs.

The magnetic dipole moment was usually treated as a point dipole. Elec-
trons are however spatially extended as expressed by wavefunctions. The
effect of the extended feature of electrons on the dipole interaction was the-
oretically examined, and was shown to possibly enhance the o-p conversion
rate [133, 134].

i -
" =

Fermi contact interaction

When there is a finite electron density at the nucleus position, there occurs
the Fermi contact interaction. With the electron spin density operator (5(7))
and one electron density operator (p(7)), the Fermi contact interaction of the
electron with the two nuclei of Hy is described as

. 8 N
H = = 120.8,9.8{8(F,) -+ S(Ry) - 7))
2 d b d —
2008098 {5 - (i + ) Hp(R) + p(Fo))

{5 (la = 1) Hp(Ra) — p(Bo)}], (17)

where g. and . are the electron g-factor and Bohr magneton, respectively
[21]. Since the surface electron wavefunction spills over from the surface ex-
ponentially as schematically shown in Fig. 8, Hs in the physisorption well
suffers from the Fermi contact interaction. As the magnetic dipole interac-
tion, the electron density difference in the second term of the Hamiltonian
can be approximated as the first term of the Taylor expansion with respect to
the position vector as B-Vp(R,) [21, 135]. Then, it is shown that the pertur-
bation is significant when the electron density is inhomogeneous containing
both R and i, — i;, and mixes the ortho and para states.
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In addition to the direct Fermi contact interaction, the overlap between
the surface electron orbital and Hs orbital was shown to be significant for
the Fermi contact interaction leading to enhancement of the o-p conversion
rate [135, 133]. Furthermore, the intramolecular Fermi contact interaction
becomes important when considering higher-order perturbation through in-
teraction with surfaces, which will be described in Sec. 3.4.

Electron motion

If the electron motion is taken into consideration, there occurs an inter-
action between the nuclear spin and the magnetic field originating from the
electron motion. As is usual the case for the interaction with the electro-
magnetic field, this interaction can be described as

/ — e _), A _’_ _’. A _’_ _’. .
H = 2me§b[ A(F = Ry) + A(7 = R;) - (18)

where ff(F) is the vector potential originating from the magnetic field pro-
duced by hydrogen nuclear spins, and p and m,. denote the electron momen-
tum and mass, respectively [21]. Since /_1'(77) is described by the outer product
of the magnetic moment and the position vector, the perturbation Hamilto-
nian has a term proportional to [(iq—i3) x (RB-V)D]-p with D = (F—R)/|F—R|?
[21]. As in the cases above, it mixes the ortho and para states. This interac-
tion was named ”spin-orbit interaction” in the paper by Yucel [21], because
the interaction between the nuclear spin and electron orbital motion is taken
into account. Nevertheless, it should be noted that this is not the ordinary
spin-orbit interaction that appears as a relativistic effect [136].

Quadrupole interaction

The deuteron nucleus has a quadrupole moment ), as shown in Table
4, which interacts with the electric-field gradient V,, [137, 138, 139]. The
interaction Hamiltonian of Dy with the electric-field gradient is expressed in
the spherical representation as

H = Y [VuB)Q+ Vi(B)Q))]
u=0,+1,+2
1 -
= 5 Z [Vu(Ra>
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Figure 16: Schematic illustration of the quadrupole interaction with an electric-field gra-
dient. The electric-field gradient is expressed by four point charges, and the ellipsoidal
charge distribution aligns the spin direction lowering the energy of the ¢, = +1 state.

Table 4: Nuclear g-factor and quadrupole moment (Q) of proton and deuteron.

g— factor Q (e-fm?)

proton +5.6 0
deuteron +0.86 +0.28

As the above treatments, the second term in the summation is approxi-
mated as [R - VV,(R,)](Q} — Q%) in the first term of the Taylor expansion.

Since Eq. 19 contains R and Q- Q’ZL has non-vanishing matrix elements
between the y, (I = 1) of p-Dy and x,,(I = 2) of 0-Dy [139], the quadrupole
interaction induces the para-ortho (p-o) conversion of Ds.

The quadrupole interaction is qualitatively understood by Fig. 16. While
the nuclear-charge distribution is spherical for the proton, the deuteron has
a non-spherical charge distribution and the spin direction is aligned to the
major axis of the nucleus due to the relative motion of the proton and neutron
in the nucleus. If there is an electric field gradient as represented by the
charge distribution shown in Fig. 16, the electrostatic energy depends on the
spin direction leading to lifting of the degeneracy.

3.83.2. Transition probability

Wigner law
Following the time-dependent perturbation theory, the amplitude of a
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p-H, state, C,,, changes as [136]

dcC
ihd—tp = (p|H'|0) exp(—iwpt). (20)
Here, hw,, represents the energy difference between the initial ortho (|o)) and
final para (|p)) states, which is denoted by the o-p energy. By integrating
the above equation, the probability to find the para state at time ¢t can be

expressed as
|(p| H'|0)|? sin® (wopt/2)
h’ (wop/2)?

When H'’ is the dipole magnetic field due to a paramagnetic impurity with
a magnetic moment of p, as schematically shown in Fig. 15, H' Vﬁ(ﬁc)
is proportional to a™* (a = |R,|).

To evaluate the transition probability, it is assumed that the perturbation
is present within a finite time. Wigner assumed that a corresponds to the
interaction region around a paramagnetic impurity, and that the converting
hydrogen molecule moves across this region with a thermal velocity of v [140].
The duration time ¢ of the perturbation is then expressed as t = a/v, which
leads to the transition probability P as

Ha(9nBn)* K
3h2pdas Myv?

Col* = (21)

P = (22)
Here, K = M,R?/2 is the moment of inertia of the molecule, and the kinetic
energy is taken as M,v? = 3kgT with the proton mass of M, and temperature
of T. This conversion rate is proportional to u2/a®, which is referred to as
the Wigner law. This was later applied to a heterogeneous physisorption
system [141].

Spectral density

In the Wigner formalism, the o-p energy was simply assumed to be ac-
commodated by the kinetic energy of the molecule. This energy dissipa-
tion/excitation can be more rigorously treated by considering the transition
from an energetically discrete state to a continuum state with a density of
states. The transition probability can be described on the basis of the time-
dependent perturbation theory as [136]

P = T )T (). (23)
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Here, J(hw,,) represents the density of states with an energy of hw,,, and
|i) and |f) are the initial ortho and final para states including the degrees of
freedom for energy dissipation.

The density of states was theoretically treated by taking account of the
time evolution of the molecule position, where the correlation of the molecule
position gives rise to a spectral density. In addition to the translational
motion of the molecule, the paramagnetic spin correlation was also taken into
consideration implying that the spin system absorbs/emits the o-p energy
via spin waves. These were first discussed by Leffler [142] by fixing the
two-nuclei position without considering the rotational motion [143]. On the
same ground, the o-p conversion was dealt with in terms of the nuclear-
spin relaxation [144]. However, the rotational motion is essential for the o-p
conversion, and must be taken into consideration.

The energy dissipation/excitation upon o-p conversion was later more
accurately discussed by Ilisca, and the relative importance of the translational
motion and spin waves was compared in detail [145, 146]. Petzinger and
Scalapino then gave the absolute conversion rate on the same ground [132].
The idea of the o-p energy transfer to the spin system was further discussed
for the o-p conversion on magnetic surfaces. It was pointed out that the
spin relaxation time gets shorter above the phase transition temperature of
magnetic surfaces and becomes significant for the energy transfer thereby
enhancing the o-p conversion [147, 148, 14]. In relation to the o-p conversion
on magnetic surfaces, it is known that there are significant effects of the
external magnetic field on the o-p conversion, which acquired much attention
and was reviewed in the article by Ilisca [10]. After publication of the review
article, theory for the magnetic-field effect was developed in terms of the
efficiency of the o-p energy transfer into the electronic system [15, 16].

On the basis of Eq. 23, Motizuki and co-workers calculated the probabil-
ities of the o-p conversion of Hy and p-o conversion of Dy when the molecules
are solidified by taking account of the phonon density of states [149, 139].
The perturbation Hamiltonian was expanded in powers of the displacement
of the molecule center of mass, which allowed evaluation of the phonon emis-
sion/absorption matrix elements. By treating the lattice vibration within
the Debye approximation and calculating the phonon density of states, the
o-p transition probability was obtained, which corresponds to the o-p energy
dissipation into the lattice phonon. The calculated conversion rate for Hy, was
1.9 % per hour [149], which was in good agreement with the experimental
results [150]. The experimental p-o conversion rate of Dy, on the other hand,
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is 5.5x107* /h [151, 152]. The theoretical study showed that the conversion
rate due to the magnetic dipole interaction is the same order as the rate due
to the quadrupole interaction [139].

In a high pressure condition, the phonon density of states of solid hydro-
gen changes as compared to those at low pressures, and the rotational sublevel
splitting is caused by the anisotropic potential due to the electric quadrupole—
quadrupole interaction [3]. These effects modify the energy dissipation chan-
nel significantly influencing the conversion rate [153, 154, 155, 156, 157].
The dependence of the conversion probability on the magnetic sublevel is
discussed in relation to the NMR spectrum [158].

When H; is in a fixed position with a distance of a from a paramagnetic
spin, the o-p conversion rate is expected to be proportional to |(p|H’|0)|*
a~® in contrast to the Wigner law of a=® where H, is assumed to move
across the interaction region of a paramagnetic impurity. This was recently
confirmed by a sophisticated experiment for Hy encapsulated in Cgo [159].
Figure 17(a) shows a schematic of their samples. A paramagnetic spin cata-
lyst was covalently linked to Cgp with spacer molecules (distance a) between
the encapsulated Hy and the paramagnetic molecule. For various spacer dis-
tances, the para to ortho conversion time was measured at room temperature
with NMR after thermalized at 77 K, which showed a clear a=® dependence
of the conversion time as shown in Fig. 17(b) [159]. The interaction time
was treated by the coherence time of the impurity spin [146].

For the physisorbed Hs, Yucel calculated the o-p conversion probability
by taking account of the two-dimensional phonon of the adsorbed H, layer as
the o-p energy dissipation channel [21]. As the perturbation, the magnetic
dipole, Fermi contact and orbital motion of metal surface electrons were con-
sidered. The calculated conversion time is shown in Fig. 18 as a function of
the Hs-surface distance. Here, the surface was assumed to be diamagnetic
without any paramagnetic ions. This study was motivated by the experi-
mental findings of possible o-p conversion on diamagnetic metal surfaces of
Cu and Ag as detailed below. Although the surface is diamagnetic, the mag-
netic dipole and Fermi contact interaction become significant due to thermal
fluctuation of the metal electron.

3.4. Second-order perturbation

When H, is in a physisorption well, the second-order perturbation can
also be important as well as the first-order term. This was first proposed
by Ilisca and Sugano [160, 161], who recognized the experimentally observed
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Figure 17: (a) Schematic illustration of Hy encapsulated in Cgp. A paramagnetic molecule
of NO is linked to Cgg at a distance of a with various spacer molecules. (b) Para to ortho
conversion rate of Hy in Cgg induced by the paramagnetic molecule at room temperature.
The conversion rate is shown to be proportional to a~®. Adapted by permission from

[159].
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Figure 18: The ortho-para conversion times as a function of the metal-molecule distance
zp on a Cu surface for different processes of the magnetic dipole (7p), Fermi contact (7p¢)
and electron motion (7g0) calculated by Yucel. Reproduced by permission from [21].
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conversion rate on oxide surfaces was around two orders of magnitude larger
than the value estimated on the basis of the first-order perturbation. Ac-
cording to the perturbation theory, the second-order transition probability
via intermediate states is expressed as [136]

27T|Z f|H/|I I‘H/| >|2J(Ef:Ei)- (24)

Ilisca and Sugano considered two interactions: Coulomb interaction (H¢)
expressed as Eq. 25 and Fermi contact interaction (Hpc) described by Eq.
17 as H' = Hc + Hpc.

47T€ ZZ

Here, r; and R; represent the electron and nucleus positions including sur-
faces, and Z; is the atomic number of the j nucleus. They showed that the
o-p conversion occurs as a two-step process following eq. 24 where H¢o vir-
tually induces excitation to an electronically excited state of the Ho-surface
complex and Hpc causes nuclear-spin flip through interaction of the elec-
tronic spin in the virtually excited state. Following the original paper by
I[lisca and Sugano, this second-order process is called ”"two-step process” in
this article.

Figure 19(a) schematically shows the electronic and spin state of the sur-
face paramagnetic ion and hydrogen molecule in the o-p conversion process.
The paramagnetic ion is shown to possess a spin 1/2, which does not lose
any generality. Since the hydrogen molecule is physisorbed, the electronic
state of the molecule is assumed to be retained. The 1so, and 1so, orbitals
of Hy are denoted by g and u in the figure. With the Coulomb interaction, an
electron in the 1so, orbital is excited to the surface and the electron in the
surface is excited to 1so, while the total electron spin of the system is kept at
1/2. This corresponds to excitation of the molecule to the first excited state
of b33 1 in the intermediate state. Because the orbital wavefunction of the
b3+ is ungerade, the matrix element between the initial and intermediate
states has an antisymmetric character with respect to the permutation of the
two nuclei as shown in Table 3. This leads to a selection rule of even-odd
transition (AJ=odd) [160].

In the second step, on the other hand, the matrix element of the Fermi
contact interaction over the intermediate b*%} and final X'XF states leads

£ ) (25)

’“ j| i, (i)
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CEiHpel'S)) = Apo(51— 8) - (ia — i) (26)
Aire = / Dreo, (P — o) brao (P

Here, the coefficient A;p¢ is described by the integration over the molecular
orbitals (see Appendix B), therefore this is called the intra-molecular Fermi
contact interaction. As discussed in Sec. 3.2, the spin difference operator
mixes the spin triplet and singlet states, which means that the electron spin
triplet and nuclear-spin triplet state can be mixed with the electron spin
singlet and nuclear-spin singlet state. As an overall process, AJ = 1 in the
first step and Al = 1 in the second step results in o-p conversion, which
is schematically shown in Fig. 19(a). This overall process is labeled the
XY process [160]. It should be noted that the o-p conversion is significant
only when Hj is virtually excited to b3ZF through interaction with surfaces
although the Fermi contact coupling is intramolecular.

An intriguing outcome of this study was that the proposed concept could
also be applied to diamagnetic metals [162, 22, 163]. Figure 19(b) shows the
electronic state from the initial to final states in the case of a diamagnetic
metal, where the surface electrons form a singlet state in the initial state. In
the intermediate state, the surface electrons form a triplet state along with
the transition of the molecule state from 'S} to ¥} while the total spin of
the system is kept at 0. Note AJ =odd in this first step. In the second step,
the molecule undergoes the transition from the triplet to singlet states for
both electrons and nuclei implying o-p conversion.

An extended version of this model was also proposed by considering an-
other intermediate state, which is shown in Fig. 19(c) [22]. Here, the inter-
mediate state is assumed to be a charge-transferred state, where Hy forms
a negative ion with an additional electron in the 1o, orbital. In the second
step from the intermediate to final states in the figure, the molecule un-
dergoes nuclear-spin conversion while the electron spin flips as it goes back
to the surface through the Fermi contact interaction. The electron config-
urations of the intermediate (|'I)) and final (|?f)) states are expressed by
(1s0,)'(k)' and (k)'(K)!, respectively, with the substrate states of k and
k', and the orbital integration (3f|Hpc|'I) has a spin antisymmetric com-
ponent of Agpe (51 — 5) - (ia — i) (see Appendix B). This was labeled the
UY process [22]. It should be noted that the electrons relevant to the Fermi
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contact interaction in this process are not exclusively those in the molecule,
implying that the interaction is not an intramolecular one. There are image
charge states on metal surfaces, which are furthermore shown to enhance the
electron transfer thereby accelerating o-p conversion [164].

The conversion times calculated on the basis of these models are shown
in Fig. 20 in comparison to those calculated in the first-order (one-step)
processes, which obviously shows that the two-step models of XY and UY
are more effective than the one-step mechanisms [22].

The electron transfer between Hy, and the substrate and the magnetic
dipole and direct Fermi contact interactions are obviously dependent on the
molecule orientation as well as the molecule distance from the surface as
intuitively understood in Fig. 8. Dependence of the o-p conversion on the
molecular orientation was theoretically examined on the basis of the one-step
process via the direct Fermi contact [165, 166] and two-step processes for the
system of paramagnetic impurities adsorbed on a surface [167, 168, 169, 170]
and metal surfaces [171, 172]. It was shown that the o-p conversion is more
efficient when the molecular axis is aligned along the surface normal direction.
This indicates that the M=0 state of J=1, which is often designated the
cartwheel-like rotation, is preferred for the o-p conversion compared to the
M = +1 states designated the helicopter-like rotation. When the adsorption
potential is anisotropic, the energy level is split depending on M as shown in
Fig. 9. When V5 < 0, Hy molecules tend to occupy the M = 0 state because
the energy level is lower, then the o-p conversion would be enhanced as
compared with the case of an isotropic potential [173]. When the anisotropic
potential is larger and the rotational motion is expressed by the hindered
rotation, the orientational dependence will be more pronounced because of
the distortion of the rotational wavefunction.

3.5. Higher-order perturbation

Although the theory based on the second-order perturbation was success-
ful, this concept may not be straightforwardly applied to diamagnetic insula-
tors. In Fig. 19(b) and (c), the final state of the substrate is an electron spin
triplet state. If the substrate were a diamagnetic insulator, transition to the
triplet state requires a band-gap energy, which is much larger than the o-p
energy. This problem was shown to be circumvented by considering further
higher-order perturbation including the Stark coupling and spin-orbit cou-
pling [33], which is called a multi-step process in analogy with the two-step
process.
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Figure 19: Schematic illustration of the electronic excitation for the two-step o-p conversion
model. From left to right, the initial, intermediate and final electronic states are shown,
each consisting of the substrate and Hs electronic levels. (a) XY process on a paramagnetic
surface, (b) XY process on a diamagnetic metal, and (¢) UY process on a diamagnetic
metal. The initial o-Hs (I=1) undergoes charge exchange with surfaces labeled C in
the first step from the initial to intermediate state, and in the second step nuclear-spin
conversion of I =1 — I = 0 through the Fermi contact interaction labeled Y.
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Figure 20: The ortho-para conversion times as a function of the metal-molecule distance
d (a. u.) for different processes on the basis of one-step (O: electron motion, W: magnetic
dipole, Yg4: direct Fermi contact, and Y;,q: indirect Fermi contact via molecular orbitals)
and two-step (UY and XY) processes calculated for an Ag surface by Ilisca. Reproduced
by permission from [22].
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Figure 21: Schematic illustration of mixing between o-Hs and p-Hs in the multi-step
process. (a) Intrinsic mixing of a3Z;' and B!} with intramolecular Fermi contact inter-
action, and enhanced spin-orbit coupling between 3II and 'II. (b) Stark mixing between
the gerade and ungerade states due to intense surface electric fields leads to an overall
mixing between o-Hy and p-Hos.

Figure 21(a) shows the excited states of Hy relevant to such a multi-
step process. As discussed in the two-step process, the intramolecular Fermi
contact interaction mixes the *3! of o-H, and 12; of p-Hy (or vice versa).
This also holds in the case of *¥} and 'Y} Since the energy levels of a®¥f
and B'XF are closer than those of b*¥; and X'XF, the mixing coefficient is
larger for a®¥} and B'Xf [174].

Another intramolecular interaction to be considered is spin-orbit coupling
between 3II and 'II with the same electron configuration as shown in Fig.
22(a). The spin-orbit interaction Hamiltonian for a hydrogen molecule with
two electrons is described as

Hsoc = §({7s7 + (355) (27)

where ¢7 and s} denote the axial components of the angular momentum and
spin of ¢ electron, respectively, and £ represents the spin-orbit coupling coeffi-
cient. Note that only the axial component of the electron angular momentum
is well-defined in the diatomic molecule. This perturbation allows mixing be-
tween the total electron spin (S) singlet and triplet states with a selection
rule of AS=1 as detailed in Appendix C. The mixing coefficient is described
as (3| Hsoc|'TI) /6;_, with the energy difference d;_, between the *II and 11
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Figure 22: (a) Electron configuration of TI and 3II states. (b) Adiabatic potentials for
3 and CMI for (1so,)(2pmy), and 1311 and RI for (1so,)(4dm,). The r and R states
are energetically almost degenerate due to weak electron exchange-correlation.

states. This indicates that the mixing is larger as d;_, gets smaller.

The d,_4 value is essentially determined by the Coulomb repulsion of the
two electrons. In a high Rydberg state where the electron orbital has an
extended feature, d;_, is expected to be small, i.e. weak electron exchange-
correlation enhances the spin-orbit coupling. As shown in Fig. 22(b), the
adiabatic potentials of the r*II, and R'II, states are almost degenerate with
an energy difference of ~0.1 meV [175, 176]. Although the spin-orbit interac-
tion strength is small for light elements like H, the mixing can be significant
in highly excited states due to the small energy difference.

These mixing properties are schematically shown in Fig. 21(a). The
mixing of a’¥¥ and B'X} with IFC and r*II, and R'II, with SOC is an
inherent property of the molecule. Nevertheless, the o-p conversion is not
induced without external perturbation because the ground state XlEgr is not
mixed with the relevant excited states.

When Hj is under an electric field, there occurs Stark coupling between
the electronically excited states of Hy. The perturbation Hamiltonian (Hg)
is equivalent to Eq. 9. The matrix element of this perturbation is non-
zero between gerade and ungerade states. Simultaneously, the molecular
rotational states of even and odd are mixed as the Coulomb interaction in
the two-step process. This situation is displayed in Fig. 21(b), where the
ortho and para states are mixed via intrinsically coupled B — a and r -R
states. The overall selection rule becomes AS = 0, AJ =1, and Al =1,
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and o-p conversion can be an allowed process [33].

3.6. Isotope effect

The isotopes of Hy and Dy have particular differences for the nuclear-spin
conversions. This section summarizes the key factors governing the isotope
dependence of the nuclear-spin conversion. While the electronic structure of
Hy; and Ds is essentially the same, the nuclei of proton and deuteron have
different masses, nuclear spins, nuclear g factors, and nuclear quadrupole
moments as shown in Table 4.

The mass difference leads to the difference in the rotational and vibra-
tional energies. Whereas the rotational energy is different by a factor of 2,
the difference in the vibrational energy is v/2. For the nuclear-spin conver-
sion, the rotational-energy has to be dissipated into other degrees of freedom.
Since the rotational energy of Dy is smaller than that of Hy, the rotational-
energy dissipation of Dy might be more efficient than Hy (Sec. 5.1.2). For
the conversion of solid hydrogen, in fact, the rotational energy of Dy is con-
sidered to be dissipated into the phonon system as a one-phonon process,
whereas that of Hy requires two-phonon creation [149, 139]. In addition to
the efficiency of the rotational-energy dissipation, the rovibrational energy
is important for the level matching. In the two-step and multi-step conver-
sion processes discussed in Secs. 3.4 and 3.5, intra-molecular coupling in the
excited state is important, and the coupling strength is enhanced when the
energy levels of the relevant states are near-degenerate. On the same adi-
abatic potential, the level matching might be different between Hy and Dy
because of the difference in the rovibrational energy.

The nuclear g factor, on the other hand, affects the magnetic interaction.
As shown in Eqgs. 15 and 17, the magnetic interaction Hamiltonian is propor-
tional to the nuclear g factor (g,), which is a common feature for both the
magnetic dipole and Fermi contact interaction. Since the total nuclear-spin
quantum number is different for Hy and Do, the degeneracy of the initial and
final states in the nuclear-spin conversion is different for the two molecules
as detailed in Figs. 3 and 4. The matrix element between the initial and
final states, furthermore, depends on the spin quantum number and the z
component of the spin. The square of the matrix element, when averaged
over the initial states and summed over the final states, is calculated to be
proportional to % and 2g2 for Hy and D, respectively, reflecting the initial
and final state degeneracy [21]. Considering g,= 5.59 for proton and 0.857
for deuteron, both magnetic dipole and hyperfine contact interactions are
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larger for Hy than Dy by a factor of 7.1, and the conversion time is expected
to be shorter for Hy. In addition to the magnetic g factor, the quadrupole
interaction is significant for Dy as deuteron has a non-zero quadrupole mo-
ment.

When intermolecular interaction is significant, the magnetic field due to
the nuclear spin and rotational moment of molecules contributes to the mag-
netic interaction. While o-Hy (I = 1,J = 1) has both nuclear-spin and
rotational moments, p-Hy (I = 0, J = 0) has no magnetic moments. On the
other hand, both p-Dy (I =1,J = 1) and 0-Dy (I = 2,J = 0) contribute to
the magnetic dipole interaction. This difference leads to the difference of the
conversion kinetics: the Hy o-p conversion follows the second-order kinetics,
while the Dy p-o conversion is expressed by the first-order kinetics as demon-
strated for solid hydrogen where the intermolecular magnetic interaction is
responsible [149, 139].

4. Surface-sensitive experimental technique

The experimental technique that is capable of distinguishing o-Hs and
p-Hs is classified into two classes, one probing the nuclear spin of Hy and
the other probing the rotational state of Hy. The only technique of the
former class is the nuclear magnetic resonance (NMR) [177]. While only
o-H, with /=1 can be detected by NMR, the spin-lattice relaxation time is
dependent on the ortho concentration in a Hy solid [178, 179], which allows
for estimation of the o-p ratio of samples. The problem at the present stage
is its sensitivity: the number of hydrogen atoms on ordinary well-defined
surfaces is 10'®, which is too small for the NMR measurement.

All other methods used for the distinction of the ortho and para species
are based on the fact that the two species have different rotational states
shown in Fig. 6. A traditional method used for o-p separation and conver-
sion studies was the thermal conductivity measurement [1]. A wire in the
measurement cell was heated to 100 — 180 K, and the wire resistance was
measured at a certain Hy gas pressure. Since the specific heat derived from
the partition function of Eq. 5 is different between the ortho and para species,
which is intuitively understood from the different rotational levels shown in
Fig. 6, the thermal conductivity is different between the two species, and
the resistance data gives the ortho concentration in the sample gas. This
type of measurement can be performed with Pirani gauges. [180, 181]. A
typical procedure of the experiments is as follows: H, gas is introduced in a
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reaction chamber containing sample surfaces. From time to time, a part of
the Hy gas is extracted from the reaction chamber and introduced into the
measurement cell, where the o-p ratio is evaluated by the thermal conductiv-
ity measurement. Here, a large amount of Hs is required for the study and a
large amount of surface area as the sample is necessary, which is not suited
to the study on well-defined single-crystal surfaces.

As described in Eq. 3, the internal energy of molecular hydrogen orig-
inates from the electronic, vibrational and rotational degrees of freedom.
Since there is coupling of the rotational motion with the vibrational and
electronic states, rotational spectroscopy can be achieved by vibrational
excitation and electronic excitation accompanied by ro-vibrational excita-
tion as well as pure rotational excitation. As Hs has no permanent electric
dipole moment, pure rotational and vibrational spectroscopy can be carried
out by inelastic scattering of light and particles, such as Raman scattering
spectroscopy (Raman), Inelastic Neutron scattering spectroscopy (INS), and
Electron energy loss spectroscopy (EELS). In a particular situation, induced
infrared absorption spectroscopy (IRAS) can be used as exemplified below.

The schemes for rotational and vibrational excitations are schematically
shown in Fig. 23(a) and (b), respectively, and the excitation energies for
H, and Dy are listed in Table 5. While AJ=2 transitions are observed in
pure rotational excitation of Raman and EELS because of the total-nuclear-
spin conservation, INS can probe AJ=1 excitation, because a neutron has
a nuclear spin 1/2 and spin-flip scattering occurs through the nuclear force
[182]. In the vibrational excitation, on the other hand, Av=1 excitation is
observed. Since the rotational constant depends slightly on the vibrational
level because of the stretch of the mean intra-molecular distance, the excita-
tion energy is different between the J states as schematically shown in Fig.
23(b), which allows us to distinguish ortho and para species. The excita-
tion energy difference is, however, small as listed in Table 5, therefore the
vibrational spectroscopy is achieved by Raman and induced IRAS with high
resolution. In EELS, on the other hand, vibrational excitation accompanied
by rotational excitation is observed, which distinguishes the ortho and para
species.

As to the sensitivity, the scattering cross section of Raman and INS is
small and the probing depth is long, hence these techniques are not suited
to the study on well-defined surfaces. INS has been applied to bulk or pow-
der /porous materials such as oxides [183, 77, 78], carbon [184, 185, 186],
metal-organic framework [187] to date. Raman has also been applied to bulk
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Figure 23: Schematic energy diagram of the rotational-energy levels in (a) the XlZ;]" state

(v=0), (b) v=1 and 0 states of X'¥7, and (c) X'E} (v=0) and E,F'S] (v=0) states.

Solid (blue) and dashed (green) arrows denote excitations of the J=0 and J=1 states used
in rotational-state spectroscopy. AJ=0 transitions are shown in (b) and (c). (c) is used
for (241)REMPI (two-photon resonant excitation followed by one-photon ionization).

Table 5: Energy (meV) for pure rotational (J) and pure vibrational (v) excitations of Hy
and Do calculated by Eq. 3 using the constants listed in Tables 1 and 2. Wavelengths
(pm) for corresponding photon energies are also shown in parentheses.

v 0-0 0-1
J 0-2 1-3 00 11
H, 439 727 5157 5149
(28.2) (17.0) (2.41) (2.41)
D, 222 369 3709 370.7
(55.9) (33.6) (3.34) (3.35)
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or powder/porous materials such as Si [188, 189], oxides [190] and carbon
(191, 192, 193]. In EELS in a low-energy regime at a primary energy of 1-
10 eV, electrons reflected from surfaces are detected after energy analysis.
Hence, compared with the rather long probing depth of INS and Raman,
EELS detects only surface-adsorbed molecules, which allows for rotational
spectroscopy on well-defined surfaces. In the gas phase electron scattering
experiments, it is known that there occurs a temporal negative-ion resonance
at a primary electron energy of 3 eV, where the scattering cross section shows
a maximum [194]. A similar resonance feature was also observed on the ph-
ysisorbed Hy [195], therefore, the EELS experiments for Hy on surfaces have
often been done at a primary energy of about 3 eV.

It should be noted that AJ=2 and Av=1 radiative transitions are induced
via the quadrupole moment of molecular hydrogen, which can be realized as
infrared-light absorption and emission. Since the transition probability is
small, however, IRAS due to the quadrupole transition is not utilized for
detection of molecular hydrogen in laboratory experiments.

On solid surfaces, however, molecular hydrogen might be polarized par-
ticularly on ionic substrates owing to the strong electric field present on
the surface. This induces a dipole moment in H,, which causes infrared
light absorption due to vibrational excitation as depicted in Fig. 23(b).
This was observed on porous NaCl, ice and glass having a large surface area
(196, 197, 198, 199, 94|, and has been applied to porous and bulk materials
such as carbon materials [200, 201, 202], Si [203], metal-organic framework
204, 205, 206], and oxides [207]. An experimental progress has enabled to
probe o-Hy and p-Hs physisorbed on single-crystal surfaces [208, 209].

The other type of techniques capable of rotational-state-resolved mea-
surements utilizes electronic excitation of molecules as shown in Fig. 23(c).
Here, excitation to the E 12; state is shown as an example. Similarly to the
vibrational excitation in Fig. 23(b), the rotational constant in the E 'XF
state is different from that in the Xlzg state as shown in Tables 1 and 2.
Then, the excitation energy corresponding to the J=0 and J=1 molecules
is slightly different, thereby allowing the rotational-state-resolved detection.
Two experimental approaches to probe such electronically excited molecules
are ionization and fluorescence, which are designated as resonance-enhanced
multiphoton ionization (REMPI) and laser-induced fluorescence (LIF). The
typically used resonant excitation is X'¥7 — E,F 'S¥ and X'¥F — B'S}.
The excitation, ionization and fluorescence processes are shown by arrows in
the adiabatic potential (Fig. 24).
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Figure 24: Resonant excitation, ionization and fluorescence processes used for REMPI
and LIF. (a) Two-photon excitation to E,F 12; and subsequent ionization are shown by
solid arrows, whereas the dashed arrow denotes fluorescence due to E,F 12;‘ — B},
(b) One photon excitation to B'X: and subsequent ionization are shown by solid arrows,
and fluorescence due to deexcitation to XlZ;}‘ is denoted by the dashed arrow.
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Due to the symmetry restriction, excitation to the E,F IZ; state by one-
photon absorption is forbidden, and therefore can be achieved by two-photon
absorption. In this excitation scheme, the selection rule for the rotational
state is AJ=0, £2 [210, 211, 212]. On the other hand, the B!} state is
accessible by a single-photon absorption due to its dipole-allowed nature with
respect to the X'X ground state [213, 214], and the selection rule for the
rotational state is AJ==1.

The excited molecule in these E,F 12; and B!YF states can be ionized by
absorption of another photon [210, 211, 212, 213, 214]. While fluorescence
due to the B'X} — X'¥F transition is dipole-allowed [215], the E,F'Sf
— XlE; transition is dipole-forbidden. However, the E,Flzlg+ state can be
quenched through a dipole transition to the low-lying B! state [216, 217,
218], and the rotational-state resolved E,F — B fluorescence was recently
achieved [37, 219]. REMPI and LIF have been applied to dynamics studies
of hydrogen on surfaces as reviewed in Refs. [220, 221, 222].

A typical LIF data via the E state taken for Hy at 300 K is shown in Fig.
25. Four distinct maxima are observed in the excitation wavelength range
of about 202 nm. By comparing the energy levels for the X and E states
calculated following Eq. 3, these maxima are assigned to the J=0, 1, 2, and
3 states.

The REMPI and LIF are essentially gas-phase spectroscopic techniques.
REMPI can actually detect Hy in the pressure range as low as 10~ Pa.
However, both techniques have not been directly applied to Hy physisorbed
on a surface, because the electronic level of Hy is modified and substantially
broadened in a physisorption well, which hampers the resonant excitation in
an internal-state-resolved manner.

To compromise this situation, the REMPI technique was combined with
desorption methods where adsorbed Hy was desorbed from the surface fol-
lowed by REMPI detection. Two desorption schemes were applied, photo-
stimulated desorption (PSD) [25, 223, 224, 225], and TPD [26, 33, 226].
The experimental setup of our group is schematically shown in Fig. 26.
Well-defined sample surfaces prepared in UHV are exposed to Hy or Do, and
REMPI detects molecules upon TPD or PSD with another laser beam of
2.3 - 6.4 eV (not shown). An important factor for this experiment is the
desorption probability of the ortho and para species. Figure 27 shows the
time of flight spectra of Hy photodesorbed from Ag, which was obtained by
changing the delay time of the REMPI laser from the pump desorption laser
[25]. The spectra of J = 1 and J = 0 both reveal a maximum at a time

50



400 1 1 1 1

— o
i
‘c 300+ ) -
o
2
8 2004 ( -
Py
= (
[
9 100 — ‘“ 3 =
£ ‘

O D 0 o6 o ' Q e 4 - o

201.6 201. 202.0 202.2 202.4

Wavelength (nm)

Figure 25: Typical LIF data measured for He via the X — E two-photon excitation followed
by fluorescence via E;F — B [37]. The fluorescence intensity is plotted as a function of
the excitation laser wavelength, and the four maxima correspond to resonant excitation
of Hs in the J=0, 1, 2, and 3 states.
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Figure 26: Schematic illustration of the experimental setup for REMPI detection used
in the group of University of Tokyo. The molecules either photodesorbed or thermally
desorbed from the sample surface are ionized with the REMPI laser focused in front of the
sample, and detected by a microchannel plate (MCP) through an ion lens. Tunable laser
light for (241) REMPI via E at ~201 nm is generated by second-harmonic generation
(SHG) and sum-frequency generation (SFG) of YAG-pumped dye laser at ~603 nm (line
width: 0.15 em™1).

of flight of 22 us. It was argued that the desorption mechanism is the same
independent of the rotational state, thus the desorption intensities probed by
REMPI-PSD are expected to be proportional to the Hy coverages on surfaces
25, 223]. Figure 28 shows typical REMPI-TPD results [33]: thermally des-
orbed Hy was rotational-state selectively measured during sample heating,
which corresponds to the sample temperature of 10 — 30 K. By integrating
the desorption signals, the coverage of the ortho and para hydrogen can be
estimated. In the PSD method, only a small portion of adsorbed Hs is pho-
todesorbed followed by REMPI detection, which allows coverage estimation
of the ortho and para species in real time. In the TPD method, on the other
hand, the total amount of adsorbed Hy is thermally desorbed from surfaces,
hence repreparation of the sample is necessary to examine the time evolution
of the ortho and para coverages.
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Figure 27: Time of flight spectra of Hy in (a) J = 0 and (b) J = 1 states photodesorbed
from an Ag surface at a pump laser wavelength of 193 nm (6.4 eV) as measured by
REMPI-PSD. The spectra were collected by varying the delay of the probe REMPI laser
pulse from the pump desorption laser. The solid curves denote fits with the Maxwell-
Boltzmann distribution. Reproduced by permission from [25].
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Figure 28: REMPI signals for Hy during adsorption and desorption from amorphous ice
surfaces in the J = 0 (blue open circle) and J = 1 (red cross) states. (a) n-Hs was
introduced at a pressure of 1.5x10~7 Pa into the chamber at t= 0 — 14 s, and subsequently
the sample temperature was raised from t= 35 — 40 s. (b) the sample temperature was
raised at t= 598 s after the n-Hy dosage. Adapted by permission from [33].

5. Physisorption and ortho-para conversion on various surfaces:
experimental studies

When hydrogen molecules are physisorbed on a surface, as shown in Fig.
9, the molecule is trapped in the well with a binding energy of about 30 meV,
which is realized at a low temperature of about 10 K, and the rotational level
is split due to the potential anisotropy. At this low temperature, all o-H,
(p-D2) molecules are in the ground state of the J=1 state, while all p-Hy
(0-D3) molecules are in the J=0 state. While trapped in the physisorption
well, o-Hy (p-D2) interacts with the electronic and nuclear (phonon and spin)
systems of surfaces and neighboring molecules, and undergoes o-p (p-0) con-
version relaxing to the J=0 state of p-Hy (0-Ds), which is accompanied by the
nuclear spin flip (A7=1) and rotational-state transition (AJ=1). The ques-
tions on the conversion mechanism are (1) the origin of the perturbation and
(2) the energy dissipation channel. As described in Sec. 3, possible origins
of the magnetic interaction are the magnetic dipole, external and internal
Fermi contact and electron motion. In combination with these interactions,
electron Coulomb interaction, Stark and Spin-orbit interaction may be taken
into consideration when two- or multi-step processes are considered. On vari-
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ous surfaces, the origin of the perturbation has been discussed on the basis of
surface electronic properties. On the other hand, possible energy dissipation
channels are the substrate phonon/electron, overlayer Hy phonon, localized
H, vibration in the z direction, kinetic energy in the parallel direction (sur-
face diffusion), and magnon. While theoretical studies examine the energy
dissipation channel so as to fit the experimental conversion time as exem-
plified for solid Hy [149, 154, 157], little experimental information has been
reported on the energy dissipation mechanism, which should be the subject
in the future.

As introduced in Sec. 4, EELS and REMPI studies have clarified the
physisorption and o-p conversion of hydrogen mainly on clean and impurity-
adsorbed diamagnetic surfaces. The experimental studies on these surfaces
are reviewed in this section. As compared to diamagnetic surfaces, fewer
papers have been published on well-defined magnetic surfaces prepared in
UHV with an exception of CroO3(0001) [227], although a number of stud-
ies by using traditional methods were reported on the o-p conversion on
magnetic materials until 60’s, which are comprehensively reviewed by Ilisca
[10]. One reason for this might be that the conversion mechanism was be-
lieved to be understood by the Wigner model. Nevertheless, the surface
magnetic structure of magnetic materials has only been clarified by the re-
cently developed surface-sensitive probes such as spin-polarized photoemis-
sion, spin-polarized STM, magnetic circular dichroism, spin-polarized LEEM
and grazing-incidence nuclear resonant scattering. Therefore, the o-p con-
version on various spin structures will be an interesting subject in the future.

5.1. Diamagnetic metal surface

5.1.1. Clean Cu surface

Andersson and Harris performed EELS experiments for Hy, Dy and HD
physisorbed on a single-crystal Cu(100) surface, and succeeded in observing
the rotational and ro-vibrational excitation of molecular hydrogen [18]. The
Cu(100) surface was cleaned by surface-science-based techniques in UHV, and
exposed to normal Hy, Dy or HD at 12 K. Figure 29 shows the EELS spectra
taken for Hy, HD and D, at several experimental conditions. Taking account
of the EELS cross section, the adsorbed hydrogen was considered to be in
a monolayer regime. In the EELS spectra, in addition to the substrate Cu
phonon at 28 meV (later assigned to contamination of water), loss features
were observed at 45 and 72 meV for Hy, 22 meV and 37 meV for D5, and 33
meV for HD. The features for Hy were assigned to the transitions of J=0 —
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Figure 29: EELS spectra for Hy, HD and Ds physisorbed on Cu(100) at low temperature.
In addition to the elastic peak at a loss energy of 0 eV, loss features due to rotational
excitation are observed at 45 meV (J=0—2) and 72 meV (J=1—3) for Hy, 22 meV
(J=0—2) and 37 meV (J=1—3) for Ds, and 33 meV (J=0—2) for HD. Reproduced by
permission from [18].

2 of p-Hy and J=1 — 3 of 0-H;. Furthermore, vibrational excitations of v=0
— 1 were recognized at around 500 meV for Hy and 350 meV for Dy as shown
in Fig. 30. In addition to the pure vibrational excitation at 518 meV for
H, and 372 meV for D, combined excitations of vibration and rotation were
also observed in the spectra. It is noted that the ortho and para species were
not resolved in the pure vibrational excitation peak because the difference of
the vibrational excitation energy between the ortho and para Hy is smaller
than the EELS resolution (Fig. 23(b) and Table 5).

The rotational excitation energies observed by EELS are close to the gas
phase values (Table 5). If the potential is anisotropic, the rotational level
degeneracy is lifted as discussed in Fig. 9, which is reflected in the EELS
spectrum. Svensson and Andersson analyzed the spectral shape of the J=0
— 2 feature in detail to decompose it into two components as shown in
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Figure 30: EELS spectra for Hy and Dy physisorbed on Cu(100) in the loss energy
range for vibrational excitation. Loss features are observed at 518 (v=0—1), 560
((v=0—1)+(J=0—2)), and 587 meV ((v=0—1)+(J=1—3)) for Hy, and 372 (v=0—1),
393 ((v=0—1)4+(J=0—2)), and 407 meV ((v=0—1)4+(J=1—3)) for Dy. Reproduced by
permission from [18].
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Figure 31: Analysis of the EELS spectra for Hy and HD physisorbed on Cu(100). The loss
peaks at 45 and 33 meV (J=0—2) are decomposed into two components corresponding to
the rotational sublevels of M = +2 and M = 0 in J = 2. Reproduced by permission from
[73].

Fig. 31, which were ascribed to excitation to the (J=2, M=0) and (J=2,
M==2) states [73], the latter being more stable. From the obtained values,
the anisotropic potential was evaluated to be +1.4 meV.

The EELS results definitely showed that both ortho and para species
are present on the surface. The observed intensity ratio of the loss features
corresponding to ortho and para Hy obviously deviates from the gas-phase
degeneracy of 3. This was initially attributed to the J-dependent sticking
probability [99]. Nevertheless, the J-dependence of the sticking probability
was later found to be small by a molecular-beam resonant sticking study
[100, 53] and theoretical studies [104, 103]. The other point that should be
clarified is the EELS cross section. The EELS cross section for the ortho and
para Hy was examined in detail by changing the relative coverage of ortho
and para hydrogen on Cu(001) [73]. The cross section difference was then
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not sufficient to explain the deviation of the J=1/J=0 intensity ratio from
3 observed in EELS. Therefore, it was concluded that o-p conversion takes
place on the Cu(001) surface.

In the first publication by Andersson’s group, it was reported that the
intensity ratio corresponding to J=1 and J=0 does not change on the exper-
imental timescale suggesting that the o-p conversion rate is smaller than 1
%/min. In a later publication, on the other hand, the conversion time scale
is reported to be 1 ML in 5 min [73]. They suspected that some unidentified
non-controllable active sites for o-p conversion are present on the surface.

In recent work, Svensson and Andersson investigated o-p conversion of Hy
on a stepped Cu(510) surface and compared with a flat surface of Cu(100)
[228]. Figure 32 shows the EELS spectra taken for Hy adsorbed on Cu(510)
at different temperatures and Hs background pressures. On this stepped
surface, two adsorption states are clearly present as identified by the EELS
features at 31 and 46 meV in Fig. 32(a). These loss features were attributed
to the J=0 — 2 transition of p-Hs in a strongly hindered-rotor state at a
step site and nearly-free-rotor state at a flat terrace [59, 60]. Excitations
corresponding to o-Hs in the two rotor states are also observed at 61 and 79
meV in Fig. 32(b). Although they are designated 2D and 3D rotor states in
the paper, respectively, we call them hindered-rotor and nearly-free-rotor in
this article as mentioned in Sec. 2.2.1.

As seen in Fig. 32(b), the loss intensity of o-Hs was enhanced as the
temperature and Hs pressure were increased. By assuming that adsorption
from gas phase, desorption from the specific site of the surface and o-p con-
version were in equilibrium, the o-p conversion time of Hy at the step site
was estimated to be as short as 1 s. Compared with a flat terrace, Hy at a
step site is more strongly bound at a shorter distance with a large potential
anisotropy. The reason for the fast conversion was discussed that the short
H,—Cu distance enhances the interaction between Hs and substrate electrons.
They also extended their analysis to Hy on a flat terrace and argued that the
conversion mainly takes place at a special active site, which is likely to be
step atoms.

Since Cu is a diamagnetic metal, no apparent magnetic moments are
present on the surface except for nuclear spins. Since the magnetic moment
due to nuclear spins is small, the conversion time due to nuclear spins is
expected to be ~10° s. Yucel considered fluctuation of the electron spin
density in the surface, and theoretically calculated the o-p conversion time
of Hy on Cu within a first-order perturbation on the basis of the magnetic
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dipole, Fermi contact and electron orbital motion, which is shown in Fig. 18
[21]. The calculated conversion time is longer than 10 h at an adsorption
distance of 3 A[75, 173], which does not seem to be consistent with the
experimental results. On the other hand, the conversion time calculated on
the basis of the two-step XY and UY processes is 100 — 1000 s at a distance
of ~2.5 A(Fig. 20), which might explain the experimental results. The
conversion time of 1 s at step sites is, however, too short as the XY and UY
processes, and further discussion is necessary for elucidation of the conversion
mechanism on Cu.

5.1.2. Clean Ag surface

The EELS study for Hy and Dy physisorbed on Ag surfaces was performed
by Avouris et al. [17]. Two samples, single-crystal Ag(111) and an in-situ
evaporated Ag film, were prepared in UHV, and EELS spectra were taken
after various dosages of Hy and Dy at ~10 K, which are shown in Fig. 33.
Three distinct energy loss features were observed at 49, 518 and 562 meV
after Hy dosage of 1 L, which were assigned to the rotational excitation of J=0
— 2, pure vibrational excitation of v=0 — 1, and rovibrational excitation
of (v=0 — 1)4+(J=0 — 2), respectively. With increasing Hy dosage, these
peaks were found to slightly shift to lower energies, and another loss feature
was observed at 70 meV, which was attributed to the J=1 — 3 rotational
excitation of 0-Hy. These values are close to those of the gas phase Hy (Table
5). It was also shown that the spectra taken for the Ag film and Ag(111)
are similar. As for Dy, energy loss features were observed at 25, 370, 395,
and 410 meV. These values are similar to the excitation energies of J=0 —
2, v=0 — 1, (v=0 — 1)+ (J=0 — 2), and (v=0 — 1)+ (J=1 — 3) of Do,
respectively. On this basis, it was argued that both Hs and Dy adsorbed
on Ag surfaces are in the nearly-free rotor state. On the other hand, the
loss feature observed in the EELS spectra was broader than 10 meV. It was
argued that this broadening is caused by rotational sublevel splitting [229],
which suggests potential anisotropy as shown in Fig. 9. The broadening,
however, might be caused by combined excitation of rotational states with
the surface-molecule vibration (n=0 — 1 in Fig. 9(a) and Fig. 10).

In the work by Avouris et al., the sticking probability of molecular hydro-
gen was considered to be unity, and a condensed multilayer was considered
to be formed at a larger Hy dosage. However, the sticking probability of
molecular hydrogen is generally low as discussed in Sec. 2.2.3. Considering
the vapor pressure of Hy at 10 K [230, 231], furthermore, multilayer forma-
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Figure 32: EELS spectra for Hy physisorbed on Cu(510) taken at temperatures and Hy
pressures of (a) 14 K and 1.5 x10~® Torr, (b) 16 K and 1.5 x10~7 Torr, (c¢) 17 K and 5
%107 Torr, and (d) 14 K and 4x10~7 Torr. Two adsorption states are indicated by 2D
and 3D, which correspond to the hindered rotor and nearly-free-rotor physisorbed at step
and flat terrace sites, respectively. The rotational transitions relevant to the loss features
are also shown in the figure. The relative intensities of the J = 0 and J = 1 states depend
on the pressure and temperature reflecting the gas-phase exchange and o-p conversion
kinetics. From the experimental data, the o-p conversion time is analyzed to be 1 s at
step sites. Reproduced with permission from [228].
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tion is unlikely to occur at 10 K in the UHV condition. Therefore, the EELS
spectra correspond to those in the monolayer region. On the basis of the
rotational excitation energy, the possibility of the contraction of the inter-
atomic distance was discussed. Recent theoretical studies, however, showed
that contraction of the interatomic distance is small in the physisorbed state
(75, 173].

Similarly to Cu, both J = 0 and J = 1 corresponding to para and ortho
species are present on Ag surfaces. Nevertheless, the intensity of J=1 — 3 is
considerably smaller than that of J=0 — 2, indicating that the adsorbed Hy
is mostly in p-Hs. Avouris et al. suggested that o-p conversion takes place
within 1-2 min on the surface or upon adsorption. Since the o-H, intensity
is only recognized at a larger Hy dosage, the o-p conversion time might be
coverage-dependent [17].

The o-p conversion was later investigated by the REMPI-PSD method
25, 223, 224, 225]. Normal Hy and Dy were adsorbed on an Ag film surface
prepared in UHV at 7 K, and the evolution of the ortho and para coverages
were monitored by REMPI-PSD. Figure 34(a) shows the intensity ratio of
Hy in J =1 and J = 0 as a function of time after Hy dosage. This reflects
the coverage loss of o-Hy due to o-p conversion [25]. The intensity ratio
decreased almost exponentially with increasing time, which suggests that o-
p conversion takes place on the surface as a first-order reaction. From the
analysis of the data, the o-p conversion time of Hy, and p-o conversion time
of Dy on Ag were evaluated to be ~700 and ~1000 s, respectively [25, 224].

It was furthermore recognized that there are photoexcitation effects on
the o-p conversion, which is displayed in Fig. 34(b) and (c). Here, the o-p
ratio was monitored at a higher PSD laser fluence. As the PSD laser fluence
of 193 nm (6.4 eV) was increased, the (J = 1)/(J = 0) ratio decreased
faster. This suggests that photon irradiation accelerates the o-p conversion.
Wavelength dependence of this photoexcitation effect is demonstrated in Fig.
35. While irradiation of photons at 6.4 eV accelerated the o-p conversion of
Hy on Ag (Fig. 35(b)), no significant effects were observed with irradiation
of 2.3 eV photons (Fig. 35(c)) [224].

The surface of deposited Ag films contains defects such as vacancies and
steps, which might affect the o-p conversion kinetics. As described above,
however, the spectral features and intensities of EELS representing o-Hy and
p-Hy were similar between on a single-crystal surface of Ag(111) and an
Ag film surface [17]. The o-p conversion time measured for the Ag(111)
surface with REMPI-TPD also showed the conversion time of about 700 s in
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Figure 33: EELS spectra for Hs physisorbed on Ag surfaces at ~10 K after various Hg
dosages. Loss features develop at 49 (J=0—2), 70 (J=1—3), 518 (v=0—1), and 562 meV
((v=0—1)+(J=0—2)) with increasing Hy dosage. The loss intensity corresponding to
J=1 is apparently smaller than that of J=0. Reproduced with permission from [17].
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Figure 34: The (J=1)/(J=0) ratio of Hy on an Ag surface at 7 K as a function of time
probed by REMPI-PSD with a pump laser wavelength of 193 nm at laser fluences of (a)
10, (b) 150, and (c) 250 pJ /em? / pulse. The (J=1)/(J=0) ratio decreases exponentially
due to the o-p conversion, and the solid curves are fits with an exponential function.
Filled squares denote the (J=1)/(J=0) ratios measured 600, 1200, and 2400 s after the
H> dosage on a nonirradiated sample to avoid the laser irradiation effect. Reproduced
with permission from [25].
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Figure 35: The (J=1)/(J=0) ratio of Hy on an Ag surface at 6 K as a function of time
probed by REMPI-PSD. (a) Probed every 250 s, (b) probed under laser irradiation at 193
nm with a fluence of 120 pJ/cm? /pulse and a repetition rate of 10 Hz, (c) probed under
laser irradiation at 532 nm with a fluence of 120 pJ/cm? /pulse and a repetition rate of 10
Hz. While the laser irradiation of 193 nm accelerates the o-p conversion, that of 532 nm
has little effect on the o-p conversion. Reproduced with permission from [224].
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Figure 36: Electronic structure of Hy physisorbed on Ag, and electronic processes for the
two-step UY process. An electron in Ag is virtually excited to the 1o, orbital through the
Coulomb interaction (C) forming H; . The electron is transferred back to Ag through the
Fermi contact interaction (Y) along with the nuclear-spin conversion.

agreement with the value obtained for the deposited film [96]. These results
suggest that the defect sites formed on an Ag film surface do not play a
major role in the o-p conversion on Ag surfaces, which is also supported
by the experiment on Xe-covered Ag(111) as mentioned in the next section.
This is in contrast to the fact that the step site is active for the conversion
on Cu surfaces [228].

On the basis of the experimental data, the o-p conversion mechanism
was discussed in terms of the two-step process (Sec. 3.4). Since Ag is an
sp-metal with a diamagnetic character as Cu, where the d-band is fully filled
with the Fermi level located within the sp-band, the o-p conversion time
can be compared with the values calculated for Cu on the basis of the one-
step process shown in Fig. 18 [21]. The values calculated on the basis
of the interaction with substrate electrons are considerably larger than the
experimentally obtained conversion time of ~700 s by REMPI-PSD. On the
other hand, the conversion times predicted by the two-step model are close
to the experimental values as shown in Fig. 20 [162, 22].

The excitation energy for the intermediate state in the XY process (Fig.
19) is ~10.5 eV considering the lowest neutral *3 state of Hy is b3%F [232].
The excitation energy for the UY process, on the other hand, was estimated
to be ~6 €V, because the Fermi level (Ef) of Ag is located at ~4.6 eV below
the vacuum level [233] and the affinity level of Hy is lowered from 2.3 eV
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above the vacuum level in gas phase [194] by about 1 eV due to the image
charge effect [234, 10], which is shown in Fig. 36.

Of these two processes, the two-step UY mechanism was furthermore
rationalized by the results of photoacceleration. The experimental results
showed that the o-p conversion is accelerated by 6.4 eV photons, but not at
2.3 eV. As discussed above, the intermediate state for the UY process (the Hy
state) can be formed at a photon energy of 6.4 eV, while it is not accessible
by photons at 2.3 eV. The neutral 33 state in the XY process, on the other
hand, can be excited by photons at neither 6.4 eV nor 2.3 eV. Therefore, the
intermediate state responsible for the o-p conversion was argued to be the
ionic H; state.

The isotope difference between Hy and Dy was also discussed. The con-
version time of Dy is longer than that of Hy by a factor of 1.7 [224]. The elec-
tronic structure is essentially the same for these two isotopes, which means
the electron transfer process in Fig. 36 is expected to be similar for Hy and
Dy. On the other hand, the Fermi contact (Y) process for Hy is more effi-
cient than that of Dy by a factor of 7.1, as described in Sec. 3.6, which is
significantly larger than the experimental result of 1.7. This apparent dis-
crepancy is discussed to be ascribed to the efficiency of the rotational-energy
dissipation. The rotational energy of 7.1 meV for Dy can be more efficiently
accommodated by other degrees of freedom as compared to 14.7 meV for H,
[224].

An important discussion was given on the energy dissipation mechanism.
Whereas the o-p conversion time was derived by the REMPI-PSD method,
the results showed no increase of the p-Hy on the surface even after o-p
conversion [25]. This suggested that the converted Hy was desorbed from
the surface upon o-p conversion. As shown in the previous section, the o-p
conversion is accompanied by the rotational-energy release. A possible inter-
pretation was that the rotational energy was transferred to the motion of the
molecule center of mass, either the Ho—substrate vibration or Hy translational
motion in the surface parallel direction, and that desorption of the molecule
was subsequently promoted. It is noticed, however, the rotational energy of
o-Hs in J =1 is smaller than the typical physisorption energy, which means
the rotational-energy transfer is not sufficient to induce desorption of Hs.

For such energy transfer, coupling between the rotational and transla-
tional (vibrational) motion is necessary, which originates from the potential
anisotropy of physisorption. A recent theoretical study showed that the ro-
tational sublevel splitting due to the anisotropy imposes steric effects and
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accelerated o-p Hy conversion [173, 172]. In the original two-step model, on
the other hand, the rotational energy is expected to flow into the electronic
system of the substrate causing electronic excitation. The mechanism of
the o-p energy release is obviously the subject of further experimental and
theoretical studies.

5.1.3. Impurity-adsorbed surface

Xe

Sakurai et al. investigated Hy adsorbed on Xe-covered Ag(111) with
EELS [20]. The substrate was kept at 6 K and exposed to a certain pressure
of Hy while measuring the EELS spectrum. Thus, the adsorbed H, layer
at the surface was expected to be in equilibrium with the gas phase Hs,
where the desorption rate is balanced with adsorption rate from the gas
phase. The EELS spectra revealed energy loss features corresponding to
rotational excitations and rovibrational excitations of Hy. From the analysis
of the experimental data on clean Ag(111), the o-p ratio was estimated to
be 0.2 — 0.4 at a low Hy pressure and increase to 1.3 — 1.5 at a higher
Hy pressure. On the basis of this observation, it was concluded that o-p
conversion takes place on Ag(111). Since the o-p conversion was suspected
to occur on local active sites such as defects, the o-p ratio was examined
on Xe-covered Ag(111) where Xe atoms were expected to occupy the active
sites prior to Hy adsorption. However, the o-p ratio did not change with and
without the Xe preadsorption, which would rule against the o-p conversion
mechanism originating from defect sites. The results suggest that the o-p
conversion on Ag(111) takes place via the direct interaction with the flat
substrate Ag.

N,

The rotational spectrum was observed with EELS for H, co-adsorbed
with Ny on Ag(111) at a temperature of 20 K by Gruyters and Jacobi [235].
While Hy was not adsorbed at 20 K on bare Ag(111), an appreciable amount
of Hy was adsorbed on the Ny-precovered surface. The loss peaks due to
rotational excitations of 44 and 73 meV were observed in the spectra for H,
of 2 L adsorbed on No—precovered Ag(111). The loss peak intensity at 73
meV corresponding to J=1 of o-Hy was about a quarter of the J=0 intensity
of p-Hs, which suggested o-p conversion on Ag(111). Although the precise
conversion time was not given in the work, the o-p conversion seems to have

68



1389

1390

1391

1392

1393

1394

1395

1396

1397

1398

1399

1400

1401

1402

1403

1404

1405

1406

1407

1408

1409

1410

1411

1412

1413

1414

1415

1416

1417

1418

1419

1420

1421

1422

1423

1424

1425

proceeded with the time scale comparable with the EELS acquisition time. It
is also suggested that the o-p conversion takes place via the direct interaction
with the substrate Ag as discussed for Xe-covered Ag.

O,

The electronic term of the ground state O, is 32;, which means that
O, is paramagnetic with an electron spin of 1 in contrast to Xe and Ns.
When O, is chemisorbed on a surface, possible electron transfer between
O, and the substrate changes the magnetic property of O;. When O, is
in the physisorption state, however, little electron transfer occurs, and the
electronic spin state is expected to be unchanged. Such an electronic state
of O, on metallic surfaces was identified on Cu and Pt by Near-edge X-ray
absorption fine structure (NEXAFS) spectroscopy [236, 237]. Although the
electronic spin of Oy is retained on metal surfaces, the Kondo effect could
screen the spin at low temperature [238]. On Ag surfaces, O, is physisorbed at
low temperature [239], and the adsorption structure and magnetic property
of Oy were studied experimentally and theoretically [240, 241, 242]. Even
in the chemisorbed state, dissociated O might have a magnetic moment as
pointed out by a recent theoretical study [243].

Sakurai et al. investigated the effect of Oy on the o-p ratio of Hy ph-
ysisorbed on Ag(111) in equilibrium with gas phase by EELS [20]. The o-p
ratio of Hy measured on O5/Ag(111) was smaller than that on clean Ag(111),
which was attributed to the magnetic effect of adsorbed Os,.

The effect of adsorbed Oy on the o-p conversion of Hy and p-o conver-
sion of Dy was investigated on Ag surfaces at 7 K by REMPI-PSD [225].
Figure 37 shows the change of the (J=1)/(J=0) ratio as a function of time
on Oy-adsorbed Ag surfaces with various Oy coverages. As the Oy coverage
was increased, the decay rate of the (J=1)/(J=0) ratio was found to be en-
hanced. A similar tendency was also observed for Dy. Adsorbed O, obviously
promoted the Hy o-p conversion and Dy p-o conversion. Figure 38 shows the
variations of the decay time constants for Hy and Dy as a function of the O,
coverage. The time constants decreased with increasing O, coverage.

Because the Oy coverage was in a submonolayer regime in the experi-
ments, the o-p (p-o) conversion of adsorbed Hy (Dy) was postulated to take
place via two independent mechanisms: one near the paramagnetic Oy and
the other on the bare Ag surface. The conversion mechanism on Ag is, as
described in Sec. 5.1.2, likely to be the two-step UY process with conversion
times of ~700 and ~1000 s for Hy and D,, respectively. In the vicinity of
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Figure 37: Time evolution of the (J=1)/(J=0) ratio of Hy physisorbed on Os-adsorbed Ag
surfaces probed by REMPI-PSD at 7 K. With increasing Os coverage from 0 (open circles)
to 0.01 ML (open triangles), the (J=1)/(J=0) ratio decreases faster, which indicates the
o-p conversion is accelerated by adsorbed Oy. Reproduced with permission from [225].

the adsorbed Os, on the other hand, the o-p conversion can be promoted by
the Oy paramagnetic spin. When such two mechanisms are operative, the
entire conversion kinetics is governed by the diffusion of hydrogen molecules
on the surface as was also discussed for o-p conversion in solid Hy contain-
ing Oy impurities [244, 245, 246]. The diffusion might proceed via quantum
tunneling as well as thermal activation [247]. With the aid of Monte Carlo
simulations, the hydrogen diffusion time between the adsorbed O, and bare
Ag sites was found to be much faster than the o-p conversion time at either
bare Ag site and in the vicinity of O on the basis of the single-exponential
feature observed by the experiments in Fig. 37. Figure 38 demonstrates the
change of the relative contribution of the two conversion mechanisms. From
the analysis of the data, the conversion times in the vicinity of adsorbed O,
was estimated to be 8.3 £ 1.2 s and 53.4 £ 9.3 s for Hy and Dy, respectively
[225].

As discussed in the beginning of this section, adsorbed O, is expected to
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Figure 38: Decay time of the (J=1)/(J=0) ratio (nuclear-spin conversion time) of (a) Hy
and (b) Dy on Oz-adsorbed Ag surfaces at 7 K estimated by REMPI-PSD as a function
of the Oy coverage. The o-p (p-0) conversion of Hy (Ds) is promoted by adsorbed Os.
Reproduced with permission from [225].
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possess paramagnetic electron spins. In the vicinity of Og, there exists an
inhomogeneous magnetic field as illustrated in Fig. 15. The magnetic dipole
interaction in Eq. 15 then yields the nuclear-spin and position difference
operators, which induce o-p conversion as a one-step process. As well as
the magnetic dipole interaction, the direct Fermi contact interaction might
also be important for the o-p conversion, because adsorbed O, has a finite
electron density at the Hs position. The o-p conversion time due to the
magnetic dipole and Fermi contact interactions was theoretically evaluated
by a recent study by Kunisada et al. [248]. Figure 39 shows the o-p conversion
time calculated as a function of the Hy distance from the Ag surface at
two adsorption sites of Oy on-top and beside O,. The conversion time is
strongly dependent on the Hy-Ag distance at both adsorption sites, and the
conversion time at an distance of 3.5 A is about 10 s at the on-top site of
O, for both interactions. This is consistent with the experimentally observed
value, suggesting that the conversion mechanism in the vicinity of O is the
one-step process via the magnetic dipole and/or Fermi contact interactions.
It should be noted, however, that the contribution of the two-step XY process
via the Coulomb and Fermi contact interactions (Sec. 3.4) could be operative
competing with the one-step process as pointed out by Ilisca and Sugano
[160].

Compared with the conversion through direct interaction with Ag (Sec.
5.1.2), the isotope dependence of the conversion time in the vicinity of ad-
sorbed O, is larger with a relative ratio of 6.4. As described in Sec. 3.6, the
magnetic interaction, either magnetic dipole or Fermi contact, is larger for
Hy than Dy by a factor of 7.1, which is similar to the experimental result
of 6.4. In contrast to the conversion on bare Ag, the overall conversion rate
is mainly governed by the strength of the magnetic interaction and the effi-
ciency of the rotational-energy dissipation seems to be similar for Hy and Dy
[225].

5.1.4. Graphite

Compared with metallic surfaces, the graphite surface is inert and is likely
to be free from contaminations as demonstrated by STM atomic imaging
in an atmospheric condition. Moreover, the graphite sample can be easily
cleaved providing a large surface area. Well-defined graphite surfaces are,
therefore, expected to be prepared in an ordinary vacuum apparatus without
UHV, and traditional non-surface-sensitive methods may be used for the o-p
conversion study. The o-p conversion data on charcoal surfaces obtained in
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Figure 39: O-p conversion time calculated for Hy on Oz-adsorbed Ag(111) as a function of
the Hy distance from Ag(111). Oq is adsorbed at the bridge site of Ag with its molecular
axis parallel to the surface, and the O atom is calculated to have a magnetic moment of
0.52 B¢ (Be: Bohr magneton). The o-p conversion time is evaluated on the basis of the
one-step process with the magnetic dipole and Fermi contact interactions at (a) on-top
of Oz and (b) near O sites. At the on-top Og site, the conversion time is about 10 s.
Reproduced with permission from [248].

a traditional manner are available in literatures [1], which may be compared
with the studies described below.

Kubik et al. investigated the Hy layer physisorbed on graphite in order
to examine the rotational ordering [249]. They prepared a stack of Grafoil
sheets sandwiched with Teflon and Cu foils to ensure cooling of the sample,
on which enriched o-H, and p-Ds with a concentration of ¢>0.98 were ad-
sorbed, and the relative ortho concentration on the sample was measured by
NMR below 4.2 K. The absolute concentration o-Hy and p-Ds before adsorp-
tion was determined with Raman by probing the J=1 — 3 and J=2 — 4
transitions. The o-p conversion of Hy was found to be a first-order process
and the conversion rate was as slow as 0.4 %/h, although the raw data are not
presented in the paper. The Dy conversion was much slower than that of Ho,
and the conversion rate was estimated to be 0.069 %/h on the assumption
that the conversion is the first-order process. It is also reported that the o-p
conversion during the adsorption process is much faster than these conversion
rates. The authors suspect that there are some paramagnetic sites, which
can be active for o-p conversion when Hj is mobile on the surface during
adsorption. According to the phase diagram of Hy on graphite, a fluid phase
exists above 10 — 20 K, where H, is mobile on the surface [250, 251].
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Figure 40: EELS spectrum for Hy physisorbed on highly ordered pyrolitic graphite at 10 K.
Loss features are observed at 47 (J=0—2), 513 (v=0—1), and 565 ((v=0—1)+(J=0—2)).
No features originating from J = 1 (0-Hs) are observed. Reproduced by permission from
[19].

Palmer and Willis investigated Hy on highly ordered pyrolitic graphite
(HOPG) at 10 K by EELS in UHV, which is shown in Fig. 40. Prior to the
measurements, the sample was heated to 1300 K to remove contaminants.
After adsorption of n-H,, a loss feature was observed at 47 meV correspond-
ing to J=0 — 2 of p-Hy and no loss feature corresponding to o-Hs was
identified. The shoulder at 80-100 meV was assigned to double excitation
of J=0 — 2, and the loss features at 513 and 555 meV were attributed to
the pure vibrational excitation of v=0 — 1 and ro-vibrational excitation of
(v=0 — 1) + (J=0 — 2). On the basis of the data, it was concluded that
H, is in a nearly-free-rotor state and that the o-p conversion occurs on the
graphite surface on a time scale of 1 min. The authors argued that there are
paramagnetic spins on the surface and the mechanism is the one-step process
via the magnetic dipole interaction as the Oy impurity on Ag.

Yucel et al. investigated p-o conversion of Dy on Grafoil at various tem-
peratures by the thermal-conductivity method [252]. The grafoil disks were
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sandwiched in copper foils to efficiently cool the sample. The p-D, concentra-
tion decreased exponentially against time indicating that the p-o conversion
proceeds as a first-order reaction. The measured conversion time was almost
constant up to a certain coverage followed by a linear increase with increas-
ing Dy coverage. This coverage was regarded as completion of a monolayer.
In a monolayer regime, Dy forms either a dense incommensurate layer or a
relatively nondense commensurate layer. The temperature dependence of the
conversion time was measured for these two phases, which are shown in Fig.
41. In the temperature range of 10 — 20 K, the conversion time was almost
constant, and they increased below 10 K. No significant conversion was ob-
served at 6.4 K. They argued that there are paramagnetic sites of less than
0.01 and the increase of the conversion time is due to limited diffusion of Do
on the surface. Furthermore, the conversion time was theoretically estimated
in terms of the energy dissipation into two-dimensional solid phonon and lat-
eral vibration in the two-dimensional lattice gas, which were in a reasonable
agreement with the experimental results. No unusual conversion during the
adsorption process was observed in this work [252].

The three studies on graphite shown above all suggested presence of para-
magnetic impurity sites on the surface promoting o-p conversion of Hy or p-o
conversion of Dy. Compared with metal surfaces, a graphite surface possi-
bly has an edge site. The edge state of graphite was theoretically shown to
possess a localized magnetic moment [253], which is being confirmed experi-
mentally [254]. Such edge states could produce an inhomogeneous magnetic
field and promote o-p conversion as O on Ag. The o-p conversion data might
provide information about the magnetism of the edge state of graphite. On
the other hand, graphite is a zero-gap semiconductor, and there is a finite
density of states near the Fermi level within the o-p energy [255]. This in-
dicates that the two-step XY or UY mechanism may be operative as Cu
and Ag. Nevertheless, the slow conversion rate when H, is solidified on the
surface at lower temperatures suggests that the two-step mechanism is not
effective possibly because of the low density of states near the Fermi level.
It is noted that the electron density near the Fermi level of the graphene
(single layer of graphite) can be controlled by the gate bias as demonstrated
by the electrical conductivity measurement shown in Fig. 42 [255]. The band
structure of graphene is described by the Dirac cone and the electron density
at the Fermi level increases with increasing and decreasing bias with respect
to the Dirac point. This suggests the two-step conversion process can be
enhanced by applying the gate bias enabling us to electrically control the o-p
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Figure 41: The p-o conversion time of Dy on Grafoil measured by the thermal-conductivity
method as a function of sample temperature. (a) High Hy coverage incommensurate phase
(open and solid symbols: first and second series) and (b) low Hy coverage commensurate
phase (circle and triangle symbols: low and high coverages). Reproduced by permission
from [252].
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Figure 42: Electric conductivity of a graphene as a function of the gate bias voltage.
Insets show the Dirac cone band structure and change of the Fermi level at different bias
voltages. Reproduced by permission from [255].

conversion.

5.2. Diamagnetic insulator surface

5.2.1. Ice surfaces

The o-p conversion proceeds on diamagnetic metal surfaces via the two-
step process accompanied by virtual electronic excitation. On diamagnetic
insulator surfaces, on the other hand, the two-step process seems not oper-
ative. As illustrated in Fig. 19(b) and (c), the final state of the surface in
the two-step process is a spin triplet state. Whereas a diamagnetic metal
requires no excitation energy for the transition from the electron spin singlet
to triplet, a large energy corresponding to the band gap is necessary for the
transition on a diamagnetic insulator. O-p conversion was investigated on
some oxides and a DyO-covered oxide in a traditional manner, where the
conversion was clearly recognized [256]. While the fast conversion on oxide
surfaces was attributed to paramagnetic impurities due to oxygen vacancies,
the origin of the conversion on a D,O surface was discussed to originate from
an induced dipole moment, although detailed physical mechanism was not
given [256].
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As stated in Sec. 6, amorphous solid water (ASW) is a dominant inter-
stellar medium, and a diamagnetic insulator. Hy, on ASW was investigated
with IRAS by Hixson et al. [198]. Microporous amorphous ice with a thick-
ness of 2 — 4 um was formed on a substrate at 12 K, and H, was admitted in
the ASW sample either during the water deposition or by exposure of ASW
to Hy gas after ASW formation. Figure 43 shows the IR spectra taken for
Hs adsorbed on amorphous D,O at 12 K under a high vacuum environment.
Two absorption features were observed at 4132 and 4141 cm™!. After care-
ful examination of the spectra, the two features were ascribed to vibrational
excitation of o-Hy and p-Hs, respectively, which are slightly shifted from the
gas phase values of 4153 and 4159 cm ™! listed in Table 5. As stated in Sec.
4, these signals are induced absorption due to the surface electric field. As
the adsorption time was increased from 10 to 600 min, the absorption in-
tensity corresponding to o-Hy decreased whereas that due to p-Hy increased
noticeably. This suggests o-p conversion on the ice surface, and the effective
conversion half-life time was estimated to be ~40 min. It was also noticed
that the absorption intensity due to o-Hy was recovered upon annealing at
16 K, which was ascribed to enhanced mobility of Hy in ASW. It was argued
that there are several binding sites for Hy, some of which are active for in-
duced IR absorption [198]. Upon annealing, unconverted o-Hs migrated to
such active sites. Hixson et al. also theoretically examined the binding site
of Hy in the amorphous ice. There were several binding geometries identified
and the estimated vibrational frequencies of Hy were in agreement with the
experimental observation. As to the kinetics of the o-p conversion in ASW,
the purity of the sample was questioned in this work, and the conversion
was suspected to be induced by some paramagnetic impurities incorporated
during the ice sample preparation [198].

The o-p conversion on ASW was recently investigated by the REMPI
technique. While the p-o conversion rate of Dy was found to be slow and
negligible [26], Watanabe et al. suggested o-p conversion of Hy taking place
on an ASW surface [257]. Sugimoto and Fukutani investigated the o-p con-
version of Hy and p-o conversion of Dy on ASW in a UHV condition. ASW
films of sixty layers were grown on a clean Ag(111) single-crystal surface at
13 K by dosing D,O molecules. Prior to the conversion experiments, the
ice film was annealed up to 55 K to avoid any structural changes during the
conversion experiments and to confirm the sample is free from Og, which des-
orbs below 50 K [258]. After exposing the ASW film at 10 K to n-Hy (Dy),
the coverages of the ortho and para species were measured by REMPI-TPD.
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Figure 43: Infrared absorption spectra of Hs on porous amorphous ice at 12 K as a
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Figure 44 shows the time evolution of the Hy and Dy in J=0 and J=1. As the
residence time on the ASW surface increased, the intensity of J=1 decreased
and that of J=0 increased. Fitting a single exponential function to the J=1
data gave decay time constants of 370190 s for Hy and 12207255 s for Dy
(the numbers in the subscripts and superscripts denote the upper and lower
limits of uncertainty). In contrast to the conversion on a flat Ag surface [25],
the sum of the intensities of these two species was constant within the ex-
perimental accuracy. This is probably because the ASW sample was porous:
even if the converted Hy was desorbed from the surface of ASW pores, the
H, was readsorbed on the pore surface. The conversion time of Dy is also
reported to be as slow as 15 %/h [226], which is in rough agreement with the
above value.

A possible mechanism for the o-p conversion of Hy and p-o conversion
of Dy was discussed in detail [33]. On an ice surface, there exists a strong
electric field originating from the electric dipole moment of HyO (1.85 D).
When water molecules are condensed in a solid, the dipole moment is possi-
bly enhanced to about 3 D [259, 260], which would also enhance the electric
field on the surface of ASW. The electric field on an ice surface was simulated
to be ~101° V/m [261, 262], which could produce an electric field gradient of
10?9721 V/m?. Since the deuteron nucleus has a quadrupole moment (Table
4), the nuclear quadrupole interaction can be significant for the p-o con-
version of Dy. Under an electric-field gradient, as discussed in Sec. 3, the
spin-state transition and rotational-state transition can be induced as a one-
step process. With this electric field gradient, the quadrupole interaction
energy leads to ~1071! eV. This value was compared with the theoretical
estimation for solid Dy [139]. In solid Ds, there exists an electric field of
~10% V/m and field gradient of ~10'® V/m? at a neighboring site due to the
quadrupole moment of hydrogen molecules (0.48 au) [3]. With this electric
field gradient, the p-o conversion time was theoretically evaluated to be ~108
s [139]. If the electric field gradient is 102! V/m?, the conversion time is
expected to be ~10% s, which is in agreement with the experimental value on
ASW.

The effects of nuclear spins should be considered, as hydrogen (deuteron)
of HoO (D20) has a nuclear spin, which produces an inhomogeneous mag-
netic field causing the conversion as a one-step process. The conversion time
due to the nuclear spins, however, was roughly evaluated to be the order of
10 and 10® s for Hy and Ds, respectively [149, 139]. Therefore, the mag-
netic interaction with nuclear spins of water is not significant for the Hy o-p
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Figure 44: Time evolution of the intensities of J=0 and J=1 and the sum of them mea-
sured by REMPI-TPD. (a)H; and (b) D2 on the porous amorphous ice at 10K. The J=1
intensity decreases, while that of J=0 increases with the sum kept constant. Reproduced
by permission from [33].
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1643 conversion and Dy p-o conversion on ice surfaces observed in Fig. 44.

1644 Since proton has no quadrupole moment, on the other hand, the quadrupole
145 interaction is not responsible for the o-p conversion of Hy on ASW. As a pos-
166 Sible conversion mechanism, a multi-step process has been proposed [33]. As
167 mentioned in Sec. 3.3.2, different I states are intrinsically mixed with each
1as  Other through the intra-molecular Fermi contact interaction in the electron-
149 ically excited state. It should be noted that the mixed state is the electron
0 spin triplet (S=1) state with the same rotational state. For the o-p con-
151 version, both the electron spin state and rotational states must be changed.
162 When the spin-orbit coupling (SOC) is taken into consideration, the S=0
1653 state can be mixed with the S=1 state as shown in Fig. 21.

1654 Without external perturbation, the ortho and para states are not mixed
1655 with each other. Under the surface electric field, however, the Stark coupling
156 mixes gerade and ungerade states leading to AJ=1. With these multi-step
1657 processes, the ortho and para states can be mixed. As described in Sec.
wss 3.3.2, SOC is considerably enhanced for the near-degenerate r*II, and R'II,
19 States because of weak electron exchange-correlation. The intra-molecular
160 Fermi contact strength was also shown to be enhanced when the vibrational
61 level was taken into consideration for the a?’Z; and B! states: the energy
w2 levels of a (v=6) and B (v=8) are near-degenerate, which results in strong
163 0-p coupling of these states [263]. On the basis of a possible electric field
wee  Of as large as 101971 V/m on the ice surface, the overall conversion time
wes  of Hy was roughly estimated to be 10? s, which were in agreement with the
166 experimental results of REMPI-TPD. It was also pointed out that the SOC
17 may be enhanced with an external electric field [33]. As discussed in Sec. 3.6,
s the magnetic interaction is weaker for Dy because of the smaller nuclear g
1660 factor. It is discussed that the conversion time due to the multi-step process
10 for Dy is comparable or longer than the conversion time evaluated on the basis
6 of the quadrupole interaction described above [33]. Therefore, the dominant
162 channel of the Dy p-o conversion on ASW might be the one-step process via
13 the quadrupole interaction.

1674 As another form of a solid water, clathrate has ice-like frameworks com-
1irs posed of HoO molecules having a regular array of cages, in which small
1i7e - molecules can be encapsulated. O-p conversion of Hy encapsulated in clathrate
167 was examined at 20 K by NMR [264]. The NMR signal due to o-Hy was mon-
1e7s  itored as a function of time over 200 h, which revealed a slight decrease in in-
1679 tensity. Although the conversion kinetics was not unambiguously determined
1so because of the small intensity change, the conversion rate was evaluated to
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be 6x107* /h on the assumption of the first-order kinetics. O-p conversion
of Hy in clathrate hydrates was also investigated with Raman at 20 K [265],
which revealed the conversion rate of ~ 7x1073 /day. These values are much
smaller than the value reported on an ASW surface described above. Since
the cage has a symmetrical structure, the electric field at the inner surface
of the clathrate might be weakened, and the electric-field induced conversion
mechanism is not operative. Dependence of the conversion on the ice surface
structure will be an important future subject.

5.2.2. Si

Although the o-p conversion has not been studied on well-defined Si sur-
faces, recent studies with Raman [188, 266, 189] and IRAS [203] reported the
o-p conversion in bulk Si, which is briefly described in this section. In the
work by Hiller et al., Hy was admitted into Si with the RF plasma treatment
at 220 °C where Hy was incorporated into the interstitial site of Si. The o-p
conversion rate at 77 K was evaluated to be 0.015 /h, and p-o back conver-
sion time at 300 K was evaluated to be 0.18 /h. By comparing the samples
with different oxygen concentrations and dopant concentrations, it was con-
cluded that these impurities were not responsible for the o-p conversion in
Si. On the basis of the experimental findings, the origin of the o-p conversion
was attributed to the nuclear spin of 4.7 % abundant ?°Si, and the conversion
mechanism was considered to be the one-step process via the magnetic dipole
interaction (Sec. 3.3). Since the Hy diffusion at 77 K is negligibly slow, the
o-p conversion kinetics was analyzed by considering the distance distribution
of Hy from the magnetic moment of 2Si, and the o-p conversion time in the
nearest neighbor site was evaluated to be 65 h [188]. On the other hand,
Peng et al. investigated the o-p conversion of Hy and p-o conversion of Dy
with TRAS. While the o-p conversion time at 77 K and p-o back conversion
at 300 K of Hy were 229 h and 8.1 h, respectively, the p-o conversion time
at 77 K and o-p back conversion time at 300 K of Dy were 213 h and 25
h, respectively. In contrast to the multi-component exponential decays ex-
pected from the mechanism proposed by Hiller et al., the conversion kinetics
measured by TRAS revealed a single-exponential behavior. As discussed in
Sec. 3.6, the magnetic interaction for Hy is stronger than that of Dy due to
the difference of the magnetic g factor. The experiments, however, revealed
that the conversion times for Hy and Dy are similar. The IRAS study pro-
posed a conversion mechanism where the coupling between the nuclear spins
and rotational motion of the molecule center of mass induces ortho-to-para
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conversion [203], which needs further verification.

5.2.3. Metal-organic framework

Metal-organic framework (MOF') compounds are a class of materials con-
sisting of inorganic clusters connected by organic ligands, which have a peri-
odic well-ordered structure. MOF’s have micropores, in which H, is expected
to be stored with a high binding energy. In relation to the hydrogen storage,
the binding property of Hy to the inner surface of MOF’s and the o-p conver-
sion on the surface have recently been investigated with IRAS [267, 204, 205,
although the pore surface is not characterized with surface science techniques.
As MOF’s without magnetic cations are non-magnetic insulators, the exper-
imental work performed for Zny(CsHy0O4) named MOF-74 is shown in this
section [204].

The MOF-74 sample has a periodic array of micropore with a diameter
of 1.1 nm and parallel channels. The inner surface of the pore is lined with
Zn** ions, and the Zn-O electric dipole is exposed at the pore surface. After
the powder sample was fixed to a cold head and Hy, was introduced into the
chamber at 30 — 50 K, the (ro)vibrational spectra for Hy physisorbed on
the sample were obtained with IRAS. Figure 45 shows the time evolution
of the IRAS spectrum taken for Hy on MOF-74. Two pairs (labeled 1° and
2°) of absorption bands corresponding to v=0—1 are observed. Each pair
consists of two distinct peaks, which were attributed to Q(1)(J=1—1) of
o-Hy and Q(0)(J=0—0) of p-Hs. As described in Sec. 4, o-Hs in J=1 and p-
Hs in J=0 are clearly distinguished. The two pairs with different vibrational
frequencies are Hy bound to different sites. The spectral change shown in
the figure, furthermore, represents time evolution of the IRAS. Evidently,
Q(1) of o-Hy is reduced in intensity, while the intensity of p-Hy increases
with increasing time indicating o-p conversion. The o-p conversion time is
estimated to be the order of minutes. As the o-p conversion mechanism, the
authors suspect presence of magnetic impurities, which induce o-p conversion
as the one-step process via the magnetic dipole or Fermi contact interaction
(Sec. 3.3). The authors also point out that the o-p conversion time on a
different type of MOF (MOF-5) is 25 %/h much slower than that on MOF-
74. No further analysis and discussion are given in the paper at present. It
should be noted that the Zn-O electric dipole is exposed at the pore surface,
which is similar to the amorphous ice surface. Therefore, the multi-step o-p
conversion process as discussed for the ice surface might be operative on the
MOF surface.
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Figure 45: IRAS spectra taken for Hy physisorbed on the pore surfaces of MOF-74 at
30 K. The absorption bands labeled 1° and 2° are assigned to different adsorption sites.
Q(1) and Q(0) correspond to o-Hy and p-Ha, respectively. Traces from green to brown
are collected at t=55, 95, 135, 175, 280, 600, and 2700 s after Hs loading. Q(1) is reduced
in intensity, while the intensity of Q(0) increases with increasing time. Reproduced by
permission from [204].

The TRAS spectra also revealed absorption bands corresponding to the
S(0)(J=0—2) and S(1)(J=1—3) transitions. These bands are observed to be
split due to the lifting of the rotational-state degeneracy under the anisotropic
potential. The number of the splitting and relative absorption intensity are
not consistent with the theoretical formula of Eq. 7, which are ascribed to
possible AM selection in the IRAS observation [204]. The IRAS data for
MOF-5 are compared with the recent theoretical work based on the first-
principles calculations [65, 206].

5.2.4. Impurity-adsorbed Ice surfaces

Chehrouri et al. investigated o-p conversion of Hy and p-o conversion of
Dy on an amorphous solid water (ASW) surface co-adsorbed with Oy at 10
K by the REMPI-TPD method [226]. ASW samples were prepared by two
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Figure 46: Time evolution of Dy in p-Dy (J = 1) and 0-Dy (J = 0) on porous ASW with
0.012 ML of co-adsorbed Oz measured by REMPI-TPD. The J=1 intensity decreases while
the J=0 intensity increases with increasing time. Adapted by permission from [226].

steps: the initial condensation of 250 ML of water on a Cu block at 120 K
leading to compact non-porous ice film formation, and subsequent 12 ML
porous ASW deposition at 10 K. After exposing the sample to Oy at 25 K
allowing sufficient diffusion of Oy in porous ASW, n-H, was dosed to the
sample at 10 K.

Figure 46 shows the time evolution of the J=0 and J=1 of Dy on ASW
with Oy of 0.012 ML. The J=0 intensity increased while the J=1 inten-
sity decreased with increasing residence time. By fitting a function of A +
Bexp(—t/7), the p-o conversion time of Dy and o-p conversion time of Hy at
this Oy coverage were estimated to be 600 + 50 and 220 4 50 s, respectively.
Since the effective surface area of the ASW sample is larger than the flat
surface by a factor of >5, the Oy concentration was estimated to be as low
as 0.2 %. The conversion times were similar to those observed on an O,-
adsorbed Ag surface [225], suggesting that the mechanism originating from
the Oy spin, as discussed in Sec 5.1.3, is operative on the Os-adsorbed ASW.

It was pointed out that the asymptotic value (A) of J=1/J=0 for D,
might be higher than the thermal-equilibrium value in gas phase (3x107%).
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The origin of this difference was discussed to be the rotational-sublevel split-
ting of the J=1 state as shown in Fig. 9. The energy separation between
the J=1 and 0 states gets smaller in the adsorption state compared to that
of the gas phase due to the potential anisotropy, which results in enhanced
population in J = 1 in thermal equilibrium compared to the gas phase. This
is an interesting suggestion, and more accurate estimation of the asymptotic
value is strongly required. On the other hand, the asymptotic value for H,
was recognized to be too high and its possible origins were discussed to be
either backconversion during TPD, presence of non-converting species, and
background adsorption. At a low Hs coverage, some molecules are trapped
at a large-binding site because of a distribution of binding energies on ASW
[55, 268], which suppresses the diffusion of Hy /Dy to the neighboring site and
hinders the spin conversion.

6. Astronomical relevance

Hydrogen is astronomically important, because it constitutes a significant
fraction of the Universe, which includes stars and interstellar media (ISM).
While the stars are hot and dense, ISM are cold and dilute with a typical
density and temperature of 1 cm™3 and 100 K, respectively. The density and
temperature of ISM are not uniform but dynamically changing spatially and
temporally. Density fluctuation might cause further gravitational contraction
eventually leading to star formation. Therefore, spatially-resolved observa-
tion of the density and temperature of ISM is of considerable importance for
astronomical physics [27, 28].

6.1. Hydrogen in Molecular clouds: importance of surface processes

ISM consists of gas and dust, and the original main constituent of gas is
atomic hydrogen. Figure 47(a) shows the main three steps of the evolution
of hydrogen. As the first step, atomic hydrogen undergoes recombinative
reaction forming molecular hydrogen on dust surfaces. This eventually leads
to formation of molecular clouds with a temperature of about 30 K as the
second step, which are regarded as a precursor state of star formation [28,
269]. Although the temperature of the molecular cloud is as low as 30 K,
the surface part of the cloud is heated up to ~103 K by either radiation or
particles incident to the molecular clouds in the astronomical environment
as schematically shown in Fig. 47(c).
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Figure 47(b) schematically illustrates the molecular processes taking place
on the dust surfaces. It is worth emphasizing that the reaction of H + H — H
is slow in gas phase and only occurs on solid surfaces. Two possible reaction
paths for Hy formation are the Eley-Rideal (ER) reaction where an impinging
H atom directly reacts with adsorbed H or the Langmuir-Hinshelwood (LH)
reaction where a weakly physisorbed H atom diffuses on the surface recom-
bining with another H atom either physisorbed or chemisorbed on surfaces.
Hs molecules are vibrationally and rotationally excited upon Hy formation
because of the exothermic character of the reaction. An important question
is the rotational-state distribution and OPR (ortho-para ratio) of nascent
H, formed on the surfaces [270]. These would strongly depend on the dust
surface structure, the adsorption site of H, the temperature, and so on.

When the Hs molecules are cooled, they possibly interact with dust sur-
faces and undergo o-p conversion, which modifies the OPR of the molecular
cloud. The time scale of the o-p conversion should depend on the magnetic
and electronic structure of the dust surfaces and the sticking probability and
residence time of Hy on the dust surfaces. During the heating process of the
surface part of molecular clouds, furthermore, Hy might undergo o-p conver-
sion again. During heating by radiation of either X-rays or far-ultraviolet
radiation (FUV)), Hy is once electronically excited and decays into the elec-
tronic ground state with simultaneous population of vibrationally and rota-
tionally excited states [271]. The electronic excitation sometimes leads to
dissociation of Hs, therefore this heated region is called photo-dissociated
region or photon-dominated region (PDR). On the other hand, particles at a
high velocity emitted from young stars and supernovae as called shocks are
incident to molecular clouds and cause collisions with hydrogen molecules in-
ducing excitation. As described in Sec. 3, o-p conversion does not occur by
simple collision with other Hs or excitation by radiation. The o-p conversion
only occurs through interaction with dust surfaces or H" (and possibly Hy)
in gas phase (Sec. 3.1). It should be noted that the chemical o-p conver-
sion process on dust surfaces described in the introduction section could be
important at high temperature as well as the physical o-p conversion.

As described in Sec. 2.1, the rotational-state distribution and OPR in a
thermal equilibrium are expressed by the partition functions. Since the line
intensity reflects the population of each rovibrational state, the temperature
of the gas can be inferred from the spectral observation. On the other hand,
the populations in the ortho and para states are not necessarily in thermal
equilibrium with the environment, because the timescale of the o-p conversion
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might be significantly longer than the timescale of the thermal change. The
OPR therefore reflects the thermal history of the astronomical object [27, 28].
Spectroscopic measurements of molecular clouds are therefore highly required
in the astronomical community, which are shown in the next section.

6.2. Astronomical observation

6.2.1. Light emission of Ho

The spectrum and line intensities of Hy serve as a probe of the density and
temperature. As detailed in Sec. 2.1, molecular hydrogen in the electronically
ground state has no electric dipole moment. Therefore, light emission or
absorption due to rotational and vibrational motion of hydrogen molecules is
not induced by the electric dipole transition but originates from the electric
quadrupole moment with a low oscillator strength. The quadrupole moment
Q. of an axially symmetric molecule is generally described as [272]

Qm(R,0,0) = Q(R)Yam(0, 0), (28)

where the angular part is expressed by the spherical harmonics Y5, with
respect to the angle of the molecular axis. By considering the matrix ele-
ment of @), with respect to two rotational states, the selection rule for the
rotational transition is obtained as AJ = 0, +2. When (@ is expressed in the
Taylor expansion of the intramolecular distance R, furthermore, the zero-th
and first terms lead to the selection rule of Av = 0 and £1, respectively. The
energies and wavelengths for these transitions are listed in Table 5. From the
viewpoint of astronomical observation, the emission due to vibrational de-
excitation (Av = —1) is transparent through air, whereas pure rotational
transition (Av =0, AJ = —2) is air-opaque.

However, the rotational-excitation energy of molecular hydrogen is as
large as 540 K (the J=0 — 2 transition energy). Most of the Hy molecules
in molecular clouds are therefore in the rotationally ground states and no
emission is expected at a typical molecular cloud temperature of 30 K. This
is in contrast to atomic H, which has a hyperfine splitting due to coupling of
the nuclear spin and electron spin. Transition between the hyperfine levels
yields emission with a wavelength of 21 c¢m, which has allowed a variety
of astronomical observation. Although H, in molecular clouds is generally
invisible, the surface part of molecular clouds at a temperature of ~10% K
shown in Fig. 47(c) yields emission of Hy. The emission spectra of Hy
originating from the rotational and vibrational levels have been reported
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Figure 47: Schematic illustration of (a) evolution of hydrogen, (b) cross-section of a molec-
ular cloud and heating of the cloud surface and (c¢) molecular processes on dust surfaces,
during formation of molecular clouds. In the first step, Hs is formed from atomic hydrogen
on dust surfaces via the either Eley-Rideal (ER) reaction or Langmuir-Hinshelwood (LH)
reaction. In the next steps, Hy is cooled to about 30 K forming molecular clouds, while
the surface part of the clouds are heated by radiation or collision. The OPR in these
processes are of interest and importance, the dust surfaces playing a role to induce the o-p
conversion.
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for a variety of heated regions of molecular clouds. The observation results
relevant to OPR are reviewed in the next subsection.

6.2.2. Observational spectra

The rotational spectra of the vibrationally excited states were first re-
ported for a molecular cloud named the NGC2023 nebula [273]. The emis-
sion lines originating from the vibrational transitions, which lie in the air-
transparent region, were detected by the ground-based infrared telescope in
Hawaii. As described in Sec. 2.1, the vibrational wavefunction of Hy does
not change its sign with respect to the two-nuclei permutation, which means
the ortho and para species can be defined in the same way as the vibrational
ground state. Figure 48 shows the Boltzmann plot of the rovibrational-state
intensities often designated as a (ro)vibrational-energy diagram, where the
intensity divided by the nuclear-spin and rotational degeneracy is plotted as
a function of the rovibrational energy. From the relative population of the
v=1 and 2 states, the vibrational temperature of 3600 K was derived. In the
v=2 state, while the relative populations of J=2 and 4 and J=3 and 5 reveal
a rotational temperature of 1500 K, the ortho (J=odd) and para (J=even)
populations are evidently not in equilibrium with each other. The OPR was
estimated to be 1.4 — 2.0, which corresponds to a nuclear-spin temperature
of 95 — 120 K in Fig. 7. If the ortho and para states were in equilibrium
with a temperature of 1500 K, the OPR should be 3. Following this work,
the OPR value was investigated for several nebulas through observation of
the S branches (AJ = =2) of v=1—0,ie. J=2—=0and J =3 — 1
transitions. The OPR values evaluated from the line intensities ranged from
1 to 2.5 [274, 275, 276, 277, 278, 279, 280, 281].

Additionally, in a dense and cold region of a molecular cloud, absorption
of the background light due to vibrational excitation (v=0 - 1) of J=0 (para)
and J=1 (ortho) was observed toward a nebula of NGC2024. The J=1
to J=0 ratio was smaller than 0.8, which is roughly consistent with the
molecular temperature of ~ 30 K [282] (Fig. 7).

In later work, however, it was pointed out that the OPR in the vibra-
tionally excited state possibly deviates from the real OPR of the molecular
cloud because of the different optical depth of the ortho and para species
[284].

To that end, the air-opaque IR emission corresponding to the pure rota-
tional transitions has been observed to probe the OPR in the vibrationally
ground state. The Orion bar region was first studied by a ground-based

91



AN SO S S B S B S B B S S R R B

NGC2023 80"S

Ty =3600 £300K

1,1=3
e
1
w
o
(=]
x

Tr=1500%200K

_I‘O.., V:W Ry -
1=234
\\
3

Pty
o
=
Pd
z
-4 -2.0F \,
I N 4
U:“ \
-3.0 | i~ b
~
Z: v=2
— J=234 5
Z -4.0 F O  PARA _
- ® ORTHO v=3 |—|—J
J=34 5
—s0 F J
[ B T R ST S
5000K 10000K 15000K 20000K

UPPER STATE ENERGY E,/k

Figure 48: Boltzmann plot of the rovibrational-level population of Hy observed for the
NGC2023 nebula by a ground-based infrared telescope. The rotational temperatures ob-
tained from the dashed lines and vibrational temperatures evaluated from the solid lines
are shown in the figure. The populations of o-Hs and p-Hs are not in thermal equilibrium
with the rotational temperatures, and the OPR is 1.4 — 2.0. Adapted with permission
from [273].

92



19 —— T

N
\ﬁ% ]
c—""t_‘é \\'\. 4
N T J
e - S{E}l
- 'P \\ -
18 % \% -
N ~ d
i, e
] I - 1
o s(1) - h
@ .
E oLl SRS 1
— * —_—
o 17 ~. S(4)
= L [ I . 4
= I " ~
= AN
o 3(3) .
] -
N
v, RS
a
16 T s
5(5)
15 PR T | PR P - PR I S T
0 1000 2000 3000 4000 5000

Upper state energy, E/k (K)

Figure 49: Boltzmann plot of the rotational-level population of Hy in J=3-7 for a Herbig
Hallo object of HH54 as observed by ISO. Straight lines show the fit for a gas temperature
of 650 K and an OPR of 1.2 [283].

93



1927

1928

1929

1930

1931

1932

1933

1934

1935

1936

1937

1938

1939

1940

1941

1942

1943

1944

1945

1946

1947

1948

1949

1950

1951

1952

1953

1954

1955

1956

1957

1958

1959

1960

1961

1962

1963

1964

infrared telescope, and the ratio of J=3 and J=4 was reported to be 0.5
— 3.6 [285, 286] though the sensitivity was limited. Owing to the infrared
astronomical satellite named the Infrared Space Observatory (ISO), which
was launched in 1995, the pure rotational emission lines of Hy in v=0 were
successfully measured with a high sensitivity [287]. An overview of the data
acquired by ISO for a plenty of heated regions of molecular clouds such as
shocked regions and PDR’s of nebulas are given in a review article by Habart
et al. [28]. Some of the typical results are briefly shown in the following.

Figure 49 shows the rotational-energy diagram observed for a Herbig
Hallo object named HH54 [283]. Herbig Hallo objects are shock-heated ISM’s
near newly-born stars. The straight line represents a rotational temperature
of 650 K. As clearly seen in the figure, the ortho and para state populations
are not on the same line, indicating that the two species are not in thermal
equilibrium with the rotational temperature. The OPR value was estimated
to be 1.2, which corresponds to a nuclear-spin temperature of lower than 90
K (Fig. 7).

A comprehensive set of the rotational and rovibrational lines in the wave-
length range of 2.4 — 45 pm was observed for the Orion molecular cloud,
OMC-1 [288], which is shown in Fig. 50(a). In addition to the Hy lines for
v=0 — 2 and J=1- 25, emission lines due to other elements such as Si, S,
and Ne were identified. Figure 50(b) shows the rovibrational energy diagram
of Hy, where the level population was well described by a sum of five Boltz-
mann distributions with temperatures of about 600 — 3000 K as shown by
the dotted curve. Since all rovibrational states are on the same curve, the
OPR of this cloud was concluded to be 3.

While another shock-heated region of HH2 was found to have an OPR
of 1.2-1.6 [289], most shocked regions are reported to have an OPR value of
3 [290, 291, 292, 293, 294]. The H, spectra were also observed for a PDR
named the p Ophiuchi molecular cloud [295]. The spectrum was measured
in a spatial-resolved manner, and revealed a rotational temperature of about
300 K. It was also shown that the OPR was significantly smaller than 3.
Smaller OPR values were similarly observed for NGC7023 [296] and galactic
center [297].

After ISO completed its mission, Spitzer Space Telescope (SST) was
launched in 2003, and has reported Hs spectral data with higher spatial reso-
lution from various molecular clouds. Figure 51 shows the rotational-energy
diagram observed towards the shock-heated regions of HH54 and HH7-11
[298]. The diagram revealed a zigzag feature indicating that the ortho and
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Reproduced with permission from [288].
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para states are not in equilibrium with the gas temperature. The rotational-
state distribution was well expressed by two components with temperatures
of 400 — 550 K and OPR of 1.5 — 2. The rotational temperature and OPR
value derived from the J=4 —7 intensities were two-dimensionally mapped for
the two directions as shown in Fig. 52(a). It is apparent that the rotational
temperature and OPR value vary depending on the position in the object.
While the rotational temperature is 600 — 1000 K, the OPR changes from 0.5
— 3. Figure 52(b) displays the correlation between the OPR and rotational
temperature obtained from two-component fits, where the OPR was plotted
as a function of the rotational temperature. The OPR values tend to in-
crease as the rotational temperature increases. The orange curve represents
the thermal equilibrium, and the black curve displays the simulated result
on the assumption of the initial OPR of 0.4 (HH54) and 0.25 (HH7) followed
by o-p conversion via the proton exchange mechanism (Sec. 3.1).

HH 7-11 are Herbig-Haro objects in the Perseus molecular cloud, and
associated with the NGC 1333 star-forming region. The NGC 1333 region
was also investigated by Spitzer in detail [299]. The measured rotational-
energy diagrams were analyzed with two components. While the obtained
rotational temperatures were 300 — 600 K and 1000 — 1500 K, the OPR’s
were 0.3 — 0.7 and 1.4 -2, respectively. The rotational temperature and OPR
were precisely mapped in detail similarly to Fig. 52. The outflows associated
with star formation were also analyzed in detail. Whereas the OPR of 1.1448,
BHR71, NGC2071, and L1157 [300, 301, 302] were significantly smaller than
3, those of IRAS 16253-2429 protostar and HH211 were found to be 3 [303,
304].

The rotational temperature and OPR were also investigated for photon-
heated PDR regions of molecular clouds. The PDR is characterized by the
strength of the radiation field, and six galactic PDR’s named L1721, Califor-
nia, N7023E, Horsehead, p Oph and N2023N at different excitation conditions
were analyzed in detail [269]. As demonstrated for shock-heated regions, the
rotational-energy diagram was expressed by two temperature components,
where the temperatures for the low-J and high-J regions were 200 — 300
K and 300 — 700 K, respectively. The OPR value of the low-J and high-J
regions was 1 — 1.6 and 2.6, respectively. The rotational temperature was
confirmed to be higher than the value expected from a model calculation,
which was also observed for a reflection Nebula of NGC2023 with a low OPR
of 1.68 [305]. The rotational spectrum was further investigated for a lower
excitation condition [306]. The next generation Herschel Space Observatory
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Figure 51: Boltzmann plot of the rotational-level population observed toward different di-
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2003 will provide us with new observation data.

2004 0.3. Ortho-para ratio of nascent Hy and ortho-para conversion

2005 As discussed for Fig. 47, the initial OPR value when Hj is formed is of
2006 particular importance. Since the formation of Hy molecules is an exothermic
207 process, part of the energy released in the chemical bond formation is parti-
2008 tioned in the internal energy of nascent H,. In recent years, the rotational-
2000 state distribution and OPR have been investigated by laboratory experiments
200 and theoretical studies, which are reviewed along with discussion on possible
2011 O-p conversion in an astronomical environment.

2012 0.3.1. Hy formation

2013 Most Hs is thought to be produced on surfaces of interstellar grains [307,
ao1a 308]. We first discuss why Hy formation is slow in gas phase. In gas phase, two
205 possible configurations when two hydrogen atoms come closer are the electron
216 spin triplet and singlet states. The triplet state of b>Y is a repulsive state,
207 and the radiative-transition to the ground state xlzg is spin-forbidden with
208 a lifetime of much longer (by a factor of 10® — 10! ) than the ordinary dipole
210 allowed transition of ~107% s [309, 307]. The spin singlet configuration, on
2020 the other hand, corresponds to a vibrationally continuum unbound state in
2021 the electronically ground state. As Hy in the XIE;r state has no electric
2022 dipole, the radiative transition probability should be small. The vibrational
223 period of ~107'* s is much shorter than the lifetime of these states, hence,
2004 the recombination efficiency becomes extremely small [310].

2025 Recombinative desorption and its reverse process of dissociative chemisorp-
2026 tion of Hy on metal surfaces have been a topic of intensive studies in the last
2027 decades in Surface Science. Hydrogen atoms are chemisorbed on most metals
2028 with a typical chemisorption energy of 0.5 eV, and the dynamics of recom-
2020 binative desorption/ dissociative adsorption was investigated on the basis of
2030 multi-dimensional potential energy surfaces. As detailed in the Surface Sci-
20m  ence textbooks and several review articles [311, 312, 313, 314, 315, 316, 317],
2032 a considerable progress has been made for the understanding of the dynamics
203 of desorption and adsorption on metal surfaces. Since the chemisorption en-
203 ergy is large, the recombinative desorption occurs at temperatures of higher
203 than 100 K, which is not of direct relevance to the astronomical condition.

2036 When two H atoms encounter, four possible nuclear-spin configurations
2037 are

1 1 1 1, 1 1, 1 1

|§> |§>> - §> +1- §>> |§> +| - §>7 |§> + |- §>~
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Very naively, it is expected that the former two configurations lead to o-H,
formation, whereas the latter two result in o-Hy and p-H, with the same
probability. When there is no particular J—selection in Hy formation and
the rotational-state is described by a Boltzmann distribution with a certain
temperature, the OPR becomes in thermal equilibrium with the rotational
temperature. If there were some tricks operative to polarize or select the
proton nuclear-spin during H, formation, the OPR would be affected in favor
of 0-Hy formation. It should be noted, however, that the electron spin of an H
atom is coupled through hyperfine interaction with the proton spin forming
either total spin singlet or triplet states. Hence, the H, formation process
should be described as the four-spin dynamics. This might strongly depend
on the adsorption state of H, because the H electron spin is retained in the
physisorbed state while it tends to form a singlet state through chemical
bond formation with substrate electrons in the chemisorbed state.

As an experimental approach, the Hy formation rate and its mechanism
on the surfaces of ISM such as graphite, amorphous ice and silicate have
been investigated as reviewed in the articles by Williams et al. [318] and
Watanabe and Kouchi [319]. Recent studies on the OPR and internal-state
distribution of Hy from physisorbed states on surfaces are briefly reviewed
below.

The OPR of the newly formed H, from spin-polarized H atoms was inves-
tigated by NMR. It is known that the NMR spin relaxation time is a function
of the ortho concentration of solid Hy, which allowed to measure the OPR
of Hy recombined on liquid He surfaces. According to this study, the OPR
formed from H atoms with random spin orientation was estimated to be 0.2,
while the spin-polarized H atoms yielded 100 % pure o-Hs [320].

By applying the rotational-state-resolved techniques, the internal-energy
distribution was measured for molecular hydrogen formed on graphite [321,
322, 323]. Atomic H and D beams were supplied to the surface at 15 — 50
K, and resultant Hy and HD molecules formed on the surface were state-
selectively detected. The product molecules were in the vibrationally excited
states of v=1 — 7. For v=1 and 2, the rotational distribution in J=0 — 4
revealed a rotational temperature of about 300 K, which was furthermore
found to be independent of the surface temperature of 15 — 50 K [321]. The
rotational temperature of higher v states was also examined experimentally,
which were similar to those of v=1 and 2 states [322, 323]. In these stud-
ies, the rotational-state distribution seemed to be described by a Boltzmann
distribution, which suggests no particular selection between even and odd J
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states. The OPR of H, formed on graphite, therefore, was considered to be
3.

The internal-state distribution of nascent Hy was also investigated on
amorphous ice surfaces [324, 325, 257, 326]. During atomic H dosage onto
amorphous ice at 8 K, Hy formed on the surface in J=1 and 0 was detected by
REMPI, and the ratio of these species was consistent with an OPR value of 3
[257]. The OPR was also examined for both Hy and D formed on amorphous
ice at 10 K [326]. In this work, either atomic H or D was supplied to the
sample surface and product Hy or Dy formed on the ice surface was detected
by REMPI. By comparing the populations in J=1 and 0, the OPR of H, and
Dy was evaluated to be 2.91 + 1.23 and 1.44 4+ 0.43, respectively. Although
the experimental uncertainty was large due to the background signal and
experimental difficulty, these OPR values were claimed to be consistent with
the high-temperature limit of 3 (Hy) and 2 (D).

Theoretically, the rotational-state distribution upon H,; formation was
first simply assumed to be in thermal equilibrium with the surface tempera-
ture or the effective temperature corresponding to the energy released in the
rotational degree of freedom [327, 328]. An interesting theoretical approach
was application of the resonance theory for atom recombination. The highest
vibrational level of Hy is the v=14 state. At high vibrational levels, the to-
tal internal energy goes beyond the dissociation energy with high rotational
states, referred to as quasibound states or orbiting resonances because of
the bound nature within the centrifugal limit [329]. The orbiting resonance
theory for atom recombination considers that two atoms are scattered into
such quasibound states followed by rotational deexcitation to bound states
(330, 331, 332]. This idea was also applied to hydrogen recombination for
physisorbed systems on Xe crystal surfaces [333], where two hydrogen atoms
were assumed to move freely on the surface and undergo collisions forming
quasibound states. The surface serves to conserve the energy and momentum
of the system while Hs falls into a true bound state. The surface corrugation
is important providing coupling between different degrees of freedom. Two
dominant resonances are the (v=14, J=5) and (v=13, J=8) states, which
correspond to the ortho and para states. The resonance probabilities then
determine the OPR of Hy formed on surfaces.

A more elaborate theoretical approach is being conducted in recent years.
As successfully performed on metal surfaces, the hydrogen recombinative re-
action is essentially governed by the multidimensional potential energy sur-
face (PES) and dynamics of atoms on the PES. Description of PES and clas-
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sical or quantum dynamics of hydrogen atoms have recently been performed
on the surface of graphite. As an LH reaction illustrated in Fig. 47(b), PES
for two physisorbed H atoms on graphite was described semiempirically or
by first-principles calculations, and the Hy formation probability and rovi-
brational state distribution in the final state were quantum-mechanically
simulated as a function of the collision energy [334, 335, 336, 337]. It
was shown that the product Hs is strongly excited in the vibrational mo-
tion and the rotational motion is moderately excited with an OPR value
of around 3. The reaction dynamics of the ER type was also investigated
in detail. The PES was obtained by first-principles density functional the-
ory (DFT) [338, 339, 340, 341, 342, 343], and model potentials were occa-
sionally used by fitting to the DFT potential [344]. On the basis of these
PES’s, the reaction dynamics was investigated at a variety of conditions
(345, 346, 339, 347, 348, 340, 349, 344, 350, 341, 351, 352, 353, 342], e.g.,
the initial state of the preadsorbed H, either chemisorbed [344], physisorbed
[350], or paired with another H on graphite [348, 341], the substrate re-
laxation effect [340], relation with other reaction paths of collision-induced
desorption and trapping as well as the ER reaction [349], and isotope effects
[347]. All these studies showed the product Hs is strongly excited vibra-
tionally, sometimes occupying a particular vibrational state. Although the
rotational-state distribution has not been thoroughly investigated as vibra-
tional excitation, the reaction probability to form ortho and para species was
similar in the ER reaction [345]. Further theoretical studies are expected to
clarify the final-state distribution and resultant OPR on various ISM surfaces
in the near future.

6.3.2. Ortho-para conversion

The Hs molecules in molecular clouds are cooled to ~30 K from the
nascent hot condition, yet the surface part of the clouds is heated by radiation
or collision (Fig. 47). Without o-p conversion during cooling and heating
processes, the OPR in the nascent condition would be retained. During the
thermal processes, however, Hy interacts with the surfaces of cosmic dusts
consisting of carbon, water, silicates and so on, and possibly undergoes o-p
conversion.

In considering the o-p conversion on dust surfaces, the collision rate ~,
sticking coefficient S; and residence time tr of Hy on the surfaces are im-
portant. Since the typical desorption temperature of Hy is lower than 30
K, tg might be shorter than the o-p conversion time 7. The number of the
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physisorbed o-Hy decreases by either desorption from the dust surface with
a probability of ¢3! or o-p conversion with a probability of 7=!. Therefore,
the overall conversion probability P is described as

7_—1

P=Sy—.
tryt? + 71

(29)
As discussed in Sec. 2.2.3, S; is typically of the order of 0.1. On the other
hand, ¢ changes exponentially as tg = tgexp(Eq/kT) (to ~107 s), and
might be as short as 107% s at 30 K and a physisorption energy of 30 meV.
As described in Sec. 5, the microscopic o-p conversion times of Hy in the
physisorption state of amorphous ice and graphite were obtained to be ~103
s or shorter (Secs. 5.1.4 and 5.2.1). Although the conversion data on oxides
like silicates are not available to date, the electric-field induced multi-step
mechanism could be operative on those surfaces. On the other hand, the
collision rate is described by the product of the dust size o, mean velocity of
H, and dust density [37]. On the assumption of the dust size of ~1071? cm?,
the mean velocity of ~10° ecm s™! | and dust density of ~1 cm™3 [269], v leads
to 107 s71, and the overall o-p conversion probability is roughly estimated to
be 10717 s7! for ASW. If some magnetic impurities like O, and H are present
on the surfaces, the overall o-p conversion probability could be enhanced
to 107! s7!. Since the physisorption energy depends on the local atomic
structure, as discussed by Bourlot [29], the overall conversion probability
is strongly temperature-dependent and might be further enhanced if Hs is
strongly bound and the residence time is longer. As these timescales are
similar to the timescale of the thermal process of molecular clouds (~10% s),
the o-p conversion on surfaces might have significant effects on the OPR of
the molecular clouds.

Another important o-p conversion channel in the heated region is the Hy +
H* reaction via proton exchange described in Sec. 3.1. The o-p conversion
rate via the proton exchange was roughly evaluated to be ~10716 s=1 for
a particular condition [354], and analysis has been performed for various
astronomical parameters [354, 355, 356, 357]. Proper modeling on the basis
of these time scales of the microscopic molecular processes would elucidate
the origin of the astronomical data and dynamical evolution of molecular
hydrogen.
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7. Concluding remarks

We have reviewed recent progress on the physisorption and o-p conversion
of molecular hydrogen along with basic concepts of the ortho-para conver-
sion of molecular hydrogen. In spite of the recent advances, experimental
data on various surfaces are still missing and quantitative verification of the
conversion theory including magnetic interaction and energy dissipation is
strongly required. We have also tried to provide astronomical observation
data relevant to ortho-para conversion, which will hopefully be understood
on the basis of the microscopic knowledge acquired in Surface Science.
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Appendix A. Matrix element of i

<xXn(I=0)] = |xn(I=1,1,=+1)>

1(<1 1 11|)<,_ )|11>
= =<z —z—-<—= =), =)=z =
V2i T2 2 2 27V 22
B 1(<1 1 11‘)<| L1 |1 1>>
V22 2 2 2 2 2 2 2
= V2 (A1)
<xn(I=0) #* |xn(I=1,1,=0)>
1.1 1 1 _ 11 11
= (<=2 —z|-<—2 =i )lz —z>H -z >
22 ( 22 fz 22 ;2 |) (Z(L Zb ) <| 22 iz _+_‘ :2 22 )
1.1 1 11,1 1 11
= (K7 —z-<—==z)(z —z>—]—"z=>
2< 2 2| 22|)(|2 2 | 2 2 )
=1 (A.2)
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207 Appendix B. Fermi contact interaction

2108 The matrix element of the Fermi contact interaction for the XY and
299 UY processes is considered. In the XY process, the intermediate and final
200 states are electron triplet (*3}) and singlet (*X) states, which correspond to
2 (1so,)t(2poy,)t and (1so,)? electron configurations, respectively. The orbital
202 part of the wavefunction is described as

‘12;> = Xe(S:0)¢g(F1)¢Q(F2)

PED) = (S = D06 () ~ 6, (). (B)
2
203 where ¢, and ¢, represent the orbitals of 1so, and 2po,, respectively, and
20 Xe(S = 1) and x.(S = 0) denote the electron spin triplet and singlet func-
205 tions, respectively.
2206 Since the Hy molecule has two electrons, the orbital integral must be done
207 for the two electron position vectors.

CEHHRl'SH) = (e (00(7)u(7) — o) bu())]

2
5 - ix8(7 — Bi)|dg(71) (7)) (B.2)

208 Among the four terms of the Fermi contact Hamiltonian, integration of
200 S§1 - 1,0(77 — R,) over 7 and 75 leads to A;jpc by using the relation of

0 {6y(F)|6(7) = 0 s

Arre = /% ro(r a)¢u(f>d7?
= —du(R)dy(Ro) (B.3)

21 On the other hand, integration of the term §;-i,0(7, — R,,) results in gbu(Rb)ngg(Rb)
212 While gbg( a) = ¢9(Rb) because of the gelade character, ¢, (R,) = —¢u(Ry)

213 due to the ungelade nature. Therefore, the sum of the two terms leads to

21 A\[FCS] - (;a — Zb) Similarly, —A;pcSs - (;a — Zb) is obtained by calculation of

215 the other two terms, hence Eq. 26 is obtained.

2216 In the UY process, the intermediate and final states are electron triplet

217 and singlet states with configurations of (1so,)'(k)! and (k)'(k')!, respec-

a8 tively, where k and &’ denote the substrate states. The orbital part of the
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»10 wavelunction is described as

') = xe(S = )—(¢k(T1)¢u(T2)+¢k(7“2)¢u(7“1)) (B.4)

Ql

Pf) = Xe(S = 1)—= (o (1) dw (72) — di(72) i (7). (B.5)

\/_

220 Although integration of the Fermi contact Hamiltonian is more complicated
2221 than the intramolecular case, the surface-molecule Fermi contact coefficient
22 Agpo proportional to the (57 — §3) - (i, — p) term is given by

Asre = —¢4(Ra) (0w (Ra) + o (F))/2
+05 (Ra) (1 Ra) + 01 (Ry)) /2 / &L (7) by (F)dF

+(|0r(Ra) | — |ow(Ry)| /2/¢ ) s (7)dr
(GL(R) b () — SR ()2 / 6. (P bu(P)dF. (B.6)

22z When this term is integrated over the rotational wavefunctions, only the first
221 and second terms in B.6 are significant by using the relation of <ij|gbk( )| Yim) =

w2 (V| Ok (B)|[Ym) a0 (Y| b (B [Yirm) = (Y| b (F0)|Yom).
2s Appendix C. Spin-orbit interaction

2027 When the two electrons in Hy are in the (1so,)*(nlm)! configuration, the
28 Tesulting state can be either a singlet (|'II)) or triplet (|°II)) state, of which
2220 orbital part of the wavefunctions are described in a first approximation as,

. ,
') = \/—(cba( 1)0x(72) + 9o (72)dr (71))
|3 > \/—(Cbo( 1>¢W<F2> - ¢G(F2)¢7T(Fl)) (Cl>
, (C.2)

)

23 where ¢, () and ¢, (7) represent the orbitals of 1so, and nlw. Since ¢, (7"
2n and ¢.(7) have the axial component of the orbital angular momentum of 0
2n and 1, (¢o|l:|d,) = 0 and (Pr|l.|¢-) = 1, which leads to

CT|6 s + G55 'TT) = 55 — 5] (C.3)
(C.4)

106



2233 As described in Sec. 3.2,
(Xe(S=1,5: =0)|s7 = silx.(§ =0)) =1 (C.5)

23 hence, the spin-orbit coupling mixes the electron singlet and triplet states.
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