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ABSTRACT 

In this thesis, high resolution infrared spectrum of tetrahexacontapole 

(64-pole)-induced rovibrational 妒 transition of solid parahydrogen (pam-lh) was 

studied in samples containing -0.05% of orthohydrogen (ortho-H2) using high 

resolution near infrared diode laser spectroscopy. The rovibrational W\{0) transition 

(v = l < - 0 , J = 6 < - 0 ) has been observed at -6441.73 cm'' with resolved triplet 

structure. These components were interpreted as the splitting of the M levels in the 

V = 1, J = 6 state due to crystal field interaction. The corresponding crystal field 

parameters based on the model of localized exciton in the W î(O) transition were 

determined. The good a^eement of the corresponding parameters between the W\{G) 

transition and the previous fVo(O) transition confirms the localization of the J =6 

roton in both v = 0 and 1 states for solid para-Ui. In addition, the temperature 

dependence of the IV\{0) transition was studied in the temperature range of 2.7-8.0 K. 

The observed frequency shift has been ascribed to the change of isotropic 

intermolecular interactions as a result of molar volume change at different 

temperature. 

In an attempt at studying tunneling motions in the solid para-hh, the infrared 

absorption spectrum of matrix-isolated ammonia molecules (NH3) has been studied 
I 

using Fourier-transform infrared (FTIR) spectroscopy. The transitions of the 

ammonia molecule in the v j fundamental band were observed to exhibit very 

different pattern compared to those observed in other matrix materials. A preliminary 

analysis of the observed spectrum was also discussed based on the effect of crystal 

annealing and nuclear spin conversion of NH3. Transitions have been assigned to 
iii 



ortho and para species of NH3 based on there behavior in the presence of O2. For a 

more definitive assignment, further experiments will be necessary. 
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中 文 摘 要 
、 

本篇論文論述了利用高分辨近紅外半導體激光光譜儀，對固態仲氣（正氫 

含 量 約 0 . 0 5 % ) 多 極 感 應 躍 遷 的 研 究 。 我 們 觀 察 到 振 轉 躍 遷 

(v = 1 — 0，J = 6 — 0)�6441 .73 cm人且分辨出此振轉躍遷的三重態結構。運用 

晶體場相互作用理倫分析得出，該三重態結構是由V = 1， J = 6能級的M分裂 

所致。並且，利用最小二乘法擬合導出晶體場分裂參數與先前的轉動躍遷机(0) 

中所得之結果比較，可以推論/=6的轉動能量是定域化的。此外，我們亦研 

究 了 振 轉 躍 遷 在 2 . 7 - 8 . 0 K範圍的、溫度效應。寅驗觀察所得的頻率遷移可 

理解為固態仲a在不同溫度下的摩爾體積改變而導致同向性相互作用改變的結 

^^ 0 

為研究分子在固態仲氣的随道效應，我們利用傅立葉變換分光光譜儀，研 

究了摻雜在固態仲氫晶體中的氣分子的相關紅外吸收光譜。我們主要觀測了氛 

分子在V2振動帶内的吸收躍遷，并發現所得吸收譜線與氨分子在其他晶體中 

的吸收譜線有很大差異。基於晶體退火效應和核自旋轉化作用，我們對實驗觀 

測的光譜進行了初步分析。根據氨分子在參雜氧分子的固態仲氣晶體中的行 

為，吸收躍遷可分別指認為仲氨和正氨的能級躍遷。然而，我們需要在未來進 

行更多的實驗以進一步指認躍遷。 
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CHAPTER •• Introduction 

Study of intermolecular interactions and molecular motions in the condensed 

phased has been a challenge in molecular spectroscopy. Spectral transitions in the 

condensed phases are usually homogeneously and inhomogeneously broadened due 

to strong intermolecular interactions, formation of energy bands, and variation of 

micro environment, etc. In addition, molecular rotation and vibration may be 

quenched by the strong interactions in the condensed phases. As a result, transitions 

often exhibit spectral widths much broader than a few wavenumbers unless some 

special techniques are applied.''^ However, solid parahydrogen has been an 

exception in which high resolution spectroscopy has been fully exploited. 

Although infrared transitions of H2 in the gas phase are dipole forbidden, the 

strong infrared absorption spectrum of solid hydrogen was first observed by Allin, 

Hare, and MacDonald in 1955 and hydrogen has been known to rotate nearly freely 

in condensed phase.右‘，The sharp rovibrational transitions observed in the early years 

aroused interests from researchers to carry out extensive study. The results have been 

I Q 

summarized in a number of review articles and manuscripts. It has been known 

that H2 molecules in solid state retain their identity and thus solid H2 is dominated by 

quantum effects, which have been ascribed to the combination of small molecular 

mass, small molecular size， weak intermolecular interactions/ and large 

intermolecular separation in solid state. 
’ 、 

‘ \ ‘ 

Spectral transitions in solid H2 can be as sharp as few MHz as first illustrated in 

the microwave spectrum of orthohydrogen impurity by Hardy, Berlinsky, Harris and 

their coworkers in the early The observation of the AJ = 6 (fF-branch) 
1 



transitions of parahydrogen in the infrared region by Okumura, Chan and Oka in the 

late 1980s represented the first example that rovibrational transitions due to host 

crystal can be as sharp as �1 0 0 -pĵ jg work has renewed the interest in 

pursuing high resolution laser spectroscopy in the system of solid hydrogen. 

Following the observation of the JV transitions of para-H2, infrared spectra of a 

variety impurity species such as ortho-lh, para-D), ortho-Di, CO, CH3, and CH4 in 

para-Y\2 crystal has been s t u d i e d . I n addition, attempts at high resolution studies 

of ionic species in para-Wi have also been reported.̂ ^" '̂* 

Hydrogen molecule, composed of two protons and two electrons, is one of the 

simplest and most fundamental molecules of all.̂ ® Due to the coupling of the two 

spin-1/2 protons, hydrogen molecules have two forms characterized by total nuclear 

spin I: Orthohydrogen (or/Zio-Hi) with I = 1 and parahydrogen {para-Hi) with 1=0’ 

respectively. At liquid helium temperature (4.2 K), only the two lowest rotational 

levels are populated due to the large rotational constant of hydrogen. The relaxation 

from the J - 1 state to J = 0 state involving change of total nuclear spin is a very 

slow process in the absence of catalysts. The details of nuclear spin and conversion 

between them will be discussed in the following chapters. 

Most fundamental properties of solid hydrogen have been well summarized in a 

book by Souers and in a review article by Silvera . Here we just give a brief 

review of the properties related to our study. It has known that para-Wi is a 

hexagonal closed packed (hep) lattice as shown in FIGURE 1 when the solid is made 
/ 

from liquid to solid. ‘ The hep lattice is composed of a stacking of two hexagonal 
> 

planes a and P, with the nearest neighbor distance of 3.783 A. Due to such large 
"t 

ihtermolecular separation compared with its small molecular size and very weak 

intermolecular interactions, individual para-Hi molecules in the solid state 

2 
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FIGURE 1 For the hexagonal close-packed (hep) structure, (a) a reduced-sphere 

unit cell, and (b) an aggregate of many atoms. 
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undergo nearly free rotation and vibration as shown in various spectroscopic 

studies,, 14’ 15,18,30 The vibrational quantum number v, and the angular momentum 

quantum number J are good quantum numbers in the condensed phase as if in the 

gas phase. It should be noted that solid para-Hi has very large amplitude of 

zero-point lattice vibration. The root mean square (rms) width of the single particle 

distribution function being about 20% of nearest-neighbor distance Ro•历 As a result, 

hydrogen molecules are not sharply localized at lattice site even at T = 0 K and thus 

solid H2 has been considered as soft crystals. This phenomenon may be responsible 

for the fast diffusion of molecules and the extremely rich phases in the ultrahigh 

pressure regime for solid H2. 

Despite the absence of permanent dipole moment for H2 molecules, higher 

order multipole moments of H2 play crucial roles in the spectroscopy of ultrahigh 

pressure gas and the condensed phase. First of all，the multipole moments of H2 

molecules can induce dipole moments on the nearby molecules as discussed in 

Chapter II. In the case of high pressure gas, the two interacting H2 molecules act as a 

unit to absorb light that leads to a spectral transition. For instance, the quadrupole 

moment of molecule 1 induces a dipole moment on molecule 2 due to its 

polarizability. The induced dipole moment then interacts with the oscillating electric 

field associated with light to cause a spectral transition on molecule 1 or on both 

molecules 1 and 2，which have been known as single and double transitions, 

respectively. In the case of single transition, molecule 2 simply serves as an antenna 

for the absorption of light for molecule 1 even though molecule 2 does have the 

induced dipole moment. In the case of double transitions, both molecules change 

quantum states by absorbing one photon. 

By applying the idea to the solid state and taking into account the point 



symmetry of crystal environment, van Kranendonk established a rigorous theory to 

deal with the spectroscopic properties of solid hydrogen严 Dipole moments induced 

by multipole moments of different order are responsible for different infrared 

transitions according to the selection rules. The lowest three nonzero multipole 

moments of H: are quadrupole (4-pole), hexadecapole (16-pole)，tetrahexacontapole 

(64-pole), which give rise to g ( A J = 0) and 5 ( A J = 2 ) b r a n c h e s , U ( A J = 4) 

branch and fV(AJ=6) branch ^̂  single transitions, respectively. Compared to 

the usual multipole transitions, the multipole-induced transitions have the same 

selection rules but much stronger intensity that makes it observable in solid state. For 

instance, it can be shown that intensity ratio between a dipole allowed transition, a 

64-pole transition and a 64-pole induced transitions is 

制 : / ( 2 6 ) : / ( / 0 ~ 1 : 1 0一 6 : 1 0 -丨 6 ( I - l ) 

Recently, 128pole-induced transition with AJ = 8 has been r e p o r t e d ” It is 

interesting that the perturbation of such weak interaction can be observed. The 

observed crystal field splitting of the rovibrational transitions in the crystal 

environment is due to anisotropic long range multipole-multipole interactions. The 

narrow linewidth in solid hydrogen allows the splitting to be resolved. This opens a 

new system for direct probing of the anisotropic intermolecular interactions using 

high resolution spectroscopy. 

The remarkable work of the microwave spectroscopy of ortho-Hi impurity in 

para-Wi crystal held the promise of using para-Hi as a host crystal for high 

resolution matrix spectroscopy. Nevertheless, solid H2 was not considered as 

a good matrix material because of its high vapor pressure at 4.2 K, its softness as a 

crystal, the difficulty in growing optically transparent crystal, and the extensive 

technical requirement for its handling. The preliminary studies of 02 '^ HD^^, CHV� 

5 



and C04G in para-Hi demonstrated narrow rotationally resolved infrared spectra can 

be obtained. Following these promising results, a number of molecules have been 

extensively studied including D2, HD, CH4, CO2, cyc-(H20)6，HCl and DCl and so 

^外 18,4 丨 

on. 

Following these studied, the advantage of using para-H2 crystal as matrix 

material have been recognized and summarized.;® Because of the large 

intermolecular distance and small molecular size, para-Wj crystal provides a large 

space for a guest molecule to occupy a lattice site without seriously disturbing the 

crystal structure. Together with the weak intermolecular interaction, impurity 

molecules are allowed to undergo vibrational and rotational motion in the crystal 

with little hindrance. Furthermore, the lattice constant in solid parahydrogen is 

considerably larger than that in rare gas solids. Solid para'\\2 may thus be 

considered a soft medium (due to fast tunneling and swapping) so the relaxation of 

excited guest molecule may become much slower in para-Hi matrix compared with 

rare gas matrices. In addition, the spherical charge density at the J = 0 rotational state 

gives rise to the absence of permanent electric moment of any order that leading to 

slow relaxation and narrow homogeneous linewidth. As a result, the spectral 

linewidth of guest molecules in para'\\2 matrix is often sharp enough to resolve not 

only rotation structure and also fine structure resulting from crystal field splitting. 

To date，spectroscopic studies on solid hydrogen have been focused on its 
«i 

optical properties, relaxation processes, and matrix properties. In this thesis, we 

report our experiments to study the crystal field splitting of the rovibrational W 

transition of pcira-lh crystal and our attempts at observing the inversion tunneling 

splitting of ammonia embedded in para'W2 crystal. These studies represent the first 

step of our exploration of high resolution spectroscopy of solid H2. In Chapter II，a 
广 6 



brief theoretical background of the subject will be presented, followed by a 

description of the experimental setup in Chapter III. The results of the work for W 

transitions and NH3 will be discussed in Chapter IV and V，respectively. 



CHAPTER II. Theoretical Background 

Hydrogen is one of the simplest molecular systems that have been extensively 

studied by theorists and experimentalists. Physical and chemical properties of H2 are 
c I 

well documented. As a homonuclear diatomic molecule, H2 possesses no infrared 

spectrum as a result of the absence of dipole moment. The rovibrational transitions, 

however, can be observed due to the presence of intermolecular interactions for 

molecules under ultrahigh pressure (on the order of 100 GPa) and in the condensed 

phases. In this chapter, a brief review of the symmetry properties of H2 molecules 

and solid H2 will be presented in order to provide a theoretical background for 

spectroscopic purpose. In addition, the theory of intermolecular induced infrared 

transitions will also be outlined. For more detailed discussion of the subject, there 

are a number of excellent reviews available?� 

11.1. Symmetry Properties of H2 Molecules 

Symmetry (or invariance) is the most fundamental property of a molecular 

system. Symmetry consideration of a physical system provides qualitative yet 

rigorous arguments to classify its eigenstates, to visualize nonzero multipole 

moments and polarizability, as well as to predict the selection rules for transitions. 

Molecular symmetry group constructed based on molecular symmetry properties has 

been widely used in spectroscopy for this purpose. According to the geometric 

symmetry of molecules, molecular point group has long been used. Because of 

certain geometry is required for a molecule, the application of geometric symmetry 

8 



is limited to systems whose geometry is only slightly changed by molecular motion, 

i.e. semi-rigid molecules. By considering the symmetry properties of the molecular 

Hamiltonian under the permutation-inversion (PI) operations of identical particles, 

one can set up molecular symmetry group (MSG) that includes all feasible PI 

operations, i.e. operations can happen under the given experimental conditions. It 

can be shown that for semi-rigid molecules, each feasible PI operation corresponds 

to a finite rotation of the whole molecules in space. In addition, the MSG of a 

semi-rigid molecule is isomorphic to the corresponding molecular point group based 

on the symmetry. On the other hand, PI operations assume no geometry for the 

molecular system. PI group is therefore applicable in systems with or without 

definite geometry. This makes MSG a more rigorous and general approach to 

consider molecular symmetry. 

The point group symmetry of H2 molecule is well documented and will not be 

discussed here.^^'^^ We will only consider the symmetry of H2 molecule based on the 

idea of PI operations. It can be shown that hydrogen as homonuclear diatomic 

molecules belong to a molecular symmetry group with four PI operations: E，(I2\ 

E* and (72)*, where E is the identity operation, (72) is the permutation of the two 

protons, and operations with asterisk indicate that an additional space inversion is 

followed. The corresponding character table is given in TABLE 1. The rovibrational 

levels of H2 can therefore be classified according to the irreducible representations of 

the corresponding MSG 

According to the Pauli principle, the total wavefunctions of H2 should belong to 

either representation with positive parity or S ; representation with negative 

parity. By expressing the total wavefunctions as products of electronic (including 

spin), vibrational, rotational, and nuclear spin parts under the Bom-Oppenheimer 

9 



TABLE 1 The character table for molecular symmetry group of H2 molecule 

Q.(^) E {12) E* (]2Y 
> 

A 1 1 1 1 

1 1 - 1 ‘ - 1 

辟 1 - 1 - 1 1 

1 -1 1 -1 



approximation, one may ‘ classify the symmetry properties of each factor wave 

functions in the MSG Since the ground state electronic wavefunctions and 

vibrational wavefunctions are totally symmetric in MSG, we only need to consider 

the symmetry of rotational and nuclear spin wavefunctions. 

Molecular H2 is composed of two protons and two electrons. In the ground 

electronic state, the two electrons are in opposite spin and thus the overall electronic 

spin is zero. On the other hand, the two protons with spin can combine to have 

nuclear spin 1 or 0，corresponding to spin parallel or anti-parallel, respectively. It can 

be shown that the nuclear spin wavefunction either belongs to Z; for total nuclear 

spin / = 1 or E: for total nuclear spin / = 0. In order to satisfy the requirement due 

to Pauli principle for total wavefunctions, rotational wavefunction with ZJ 

symmetry {i.e. spherical harmonics with even rotational quantum number J) should 

combine with 7 = 0 nuclear spin while those with symmetry (/. e. spherical 

harmonics with odd J) should combined with I = 1 nucleat spin. For each I value, 

there are (2/+1) M/ projections. As a result, I = 1 species should be 3 times as 

abundant as / = 0 species at room temperature. 

11.2. Nuclear Spin Modifications of H2 Molecules 

Since the conversion between different nuclear spin is facilitated by magnetic 

interaction that has positive parity, it is only operative between levels with the same 

parity. In the case of H2 molecules in the ground electron ground, however, rotational 

levels associated with different nuclear spin possess opposite parity arising from the 

factor ( - 1 ) � As a result, the conversion between 7 = 0 and / = 1 species of H2 is 

extremely slow due to the parity symmetry which is broken down only as a result of 
11 



the breakdown of Bom-Oppenheimer approximation. In fact，it takes a few months 

for a sample of para-H! (J = 0) gas to convert to normal H2 gas. In other words, H2 

molecules whit nuclear spins 1 and 0 can be considered as different molecules that 

are commonly referred as nuclear spin modifications. 

When a sample of H2 equilibrated at room temperature (so-called normal H2) is 

cooled to T —> 0 K, excessive amount of metastable I = 1 species is obtained as a 

result of slow conversion between nuclear spin modifications. Nevertheless this 

conversion can be accelerated by the presence of paramagnetic materials that provide 

an inhomogeneous magnetic field. As discussed later, the parahydrogen used in our 

experiments was produced based on this principle. 

11.3. Molecular Symmetry in Solid H2 

For molecules in the gas phase, the surrounding is isotropic so that the spatial 

orientation of molecules is irrelevant to the energies of rovibrational levels. On the 

other hand, molecules in the solid state are in an environment of finite symmetry. As 

a result, the rovibrational energies are perturbed by the anisotropic surroundings. In 

considering the symmetry of molecules in the solid state, as pointed by Miller and 

Decius’ both molecular symmetry and crystal symmetry should be taken into account 

in considering the symmetry of the whole system，。The appropriate symmetry group 

(G) can be constructed by combining the pure permutation operations in the MSG 

(M ) with pure rotational operations in the crystal point group (S) and the 

permutation-inversion operations in M with those involving reflection in S. These 

combinations are done to avoid changing only the crystal environment from 

right-handed system to left-handed system or vice verse. The appropriate 

combination is schematically shown below: 

12 
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M = 4- and 5 = S(P) + S(P*), (II - 2) 

where P stands for a permutation and P* stands for a permutation inversion. Then 

the appropriate extended group G consists of products of operations in S and M 

expressed as: 

G = M{P) 0 S{P) + (g) S(P*) (II - 3) 

In the following we will apply this approach to the system of solid hydrogen. 

To construct the appropriate group, we consider a single H2 molecule in the 

hexagonal-close-packed {hep) crystal environment. As discussed above, the MSG of 

H2 molecule is composed of four operations: 

= („ . 4) 

The point group of the hep crystal is D-^h symmetry group composed of twelve 

operations: 

5 = (II - 5) 

As a result, the group G is constructed as: 

G = {£,2C3 ,3C2 } + *}<E> {a, 

EE,2EC, ,3EC,，(12)£，2(12)C,，3(12)C, 

The character table of group G can be constructed using standard procedure in group 

theory based on the character tables of S and M . Once the character table of G is 

established, the rovibrational states of central H2 molecule can be classified 
\ 

accordingly. 

If the central H2 molecule is replaced by a guest molecule (i.e. O2, NH3, CO, 

etc.) in the case of matrix isolated molecules, the symmetry group is constructed in 

the same fashion except that the M should be replaced by the MSG of the guest 

13 



molecule. 

11.4. Multipole Moment and Polarizability 

The non-spherical charge distribution of H2 molecules leads the existence of 

multipole moments. According to electrostatic theory, the electric potential cD(^) at 

a distance R produced by an arbitrary charges distribution (continuous or discrete 

source) can be expressed power series of R: 

/m R (II _ 7) 

where is the spherical harmonic and 2/m is defined the spherical 

component of the multipole moment of order / of the system. For discrete charge 

distribution, we have 

‘ (II _ 8) 

where n is the position of charge Ci measured from the origin of reference. Q,̂  

corresponds to I pairs of opposite charges positioned in certain arrangement in space. 

For the zeroth-order (/ = 0)，Qqq = is the net charge (also known as monopole). 
/ 

The first-order term = is denoted as the dipole moment and the second-, 
i 

third-, etc. order terms are denoted as quadrupole moment, octupole moment，etc. 

Correspondingly, for continuous charge distribution with charge density p ( r ) , the 

multipole moment can be defined as: 

= lp(fyC,„{OJ)dr (119) 

where dr - r^ sinO-drdGd(j>. 
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The multipole moment Q,̂  of a charge distribution has 21+\ quantities, 
一 

corresponding to w = / , / -1’ ...，-/. In the case of H2 molecules, an axially symmetric 

charge distribution requires only one independent component along the molecular 

axis for each non-vanishing multipole moment. In ^ other words, in the 

molecular-fixed frame, all the components vanish except Q\q which is then 

called the multipole moment Q('� 

‘ (11-10) 

The value of Q,̂  in a space-fixed frame is related to Q ( � b y 

( I I 1 1 ) 

where are the polar angles of the molecular axis in the space-fixed system. 

Under the adiabatic approximation, the permanent multipole moment of 

rovibrational s t a t e � v J | g ( ' ) | v J � i s evaluated form the first principles by 

�V…2(' ) |vJ�= j M … ( ' ) M r W r (H _ 12) 

where Uyj denotes the radial part of the rotation-vibrational wavefunction specified 

by quantum numbers v and J. It should be noted that the inversion center of H2 

molecules requires permanent moments with odd I to be zero. The transition 

multipole moment between states Uvj and Uvj- can be evaluated similarly. 

As discussed in the next sectron, the permanent and transition multipole moments of 

H2 are of fundamental importance in understanding the rovibrational spectroscopy of 

solid hydrogen. 

In the presence of external electric field E, the charge distribute of molecules is 
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distorted to generate induced moments according to equation 

“ (II- 14) 

where / and j indicate the Cartesian components of the corresponding vectors, oc” 

% 

is defined as the components of the polarizability tensor, a second rank Cartesian 

tensor. For H2 molecules, the axial symmetry requires once again that there are only 

two nonzero independent components referred to the molecular-fixed frame, i.e. the 

one parallel {a„) or perpendicular (a丄)to the molecular axis. It is obvious that 

(O = W = and 仅：•:.⑷=议〃(厂) (11.15) 

More commonly, polarizability tensor is expressed in the form of isotropic 

1 1 
polarizability a{r) = -{a^ 4-a^ + a::) = 一 (2a丄 + a„) and the anisotropic 

3 3 

polarizability y{r) - (or" 一 丄 ) . A n d also, polarizability tensor can be expressed in 

terms of spherical components as discussed by Van Kranendonk.^^ 

Similar to the case of multipole moments, the components of polarizability 

tensor can also be evaluated theoretically according to standard procedure in 

quantum mechanics. 

11.5. Long-range Intermolecular Interactions 

Intermolecular interactions play a crucial role in the rovibrational spectroscopy 

of solid parahydrogen. In this section, a brief overview of intermolecular interactions 

will be presented. More detailed discussion of the subject can be foimd elsewhere.]� 

The total energy of a system composed of two molecules separated by a finite 

distance R can be written in the form 

• E丨。丨(X, R) = E,o丨(X, 00) + ViX, R) =�(r,) + �( r : ) + R) 
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where 义=(广》，广2’ 没1’ 没2，灼 represents the set of variables to describe the relative 

position between the two molecules as shown in FIGURE 2, r\ and r j denote the 

nuclear coordinates for the molecule 1 and 2，respectively, is the energy of 

* $ 

an isolated molecule /，respectively. Since the extra contribution to the total energy 
、 

arises from the interaction between the two molecules, the intermolecular pair 

potential is defined as � 
•w 

厂(兄R) = E如{X,R) - q ( r , � • j7) 

The pair energy V{X, R) vanishes when the two molecules are infinitely separated. 

Equation (11-16) indicates that intermolecular energy depends on the intermolecular 

separation and relative orientation as well as the internal coordinates of each 

individual molecule. In other words, the internal energy of the molecules themselves, 

i.e. vibrational and rotational energy, also contributes to the intermolecular pair 

potential of the system. 

Since the intermolecular forces have an electromagnetic origin, the potential 

energy surface for a two-molecule system must have at least two contributions from 

the long-range attraction and the short-range repulsion corresponding to the large 

and small intermolecular separation R. The short-range repulsive part can be easily 

interpreted by large overlap of the electron clouds of the molecules at the short 
t 

separation R, The electron density m this region thus reduces due to the Pauli 

Exclusion Principle and the positively charged nuclei of molecules are incompletely 

shielded from each other resulting in a Coulomb repulsive force on each other. The 

theoretical treatment of the short-range repulsive forces between molecules at small 

distances of separation can only be done using high level ab initio calculations 
similar to the case of chemical bonding. To date, there are various approaches to « • 

• . -
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FIGURE 2 The standard set of variables for a pair of homonuclear diatomic 

molecules. 丨 
\ 

、 18 



theoretically evaluate short-range repulsive forces. Conversely, the long-range 

attractive part of the intermolecular force, corresponding to the region with little 

overlap of electron clouds, arises from the interaction of one molecule with the 

multipole fields created by the other molecule. 

The mathematical account of the long-range intermolecular interaction is 

rendered by perturbation theory. If the classical perturbation energy is V(X’ R)，the 

change of the ground state energy of molecules is given by 

�rs|[^(A\/?)|00�2 

Ers _ Eoo (II- 18) 

where r and 5 is a set of quantum numbers representing the excited electronic energy 

for molecule 1 and 2, respectively and = £•�（r,) + £�（r�）. The first term in the 

equation above corresponds to the interaction between permanent multipole 
% 

moments of one molecule in the multipole fields of another molecule. Without 

significant distortion of the electron distribution, this permanent multipole-multipole 

interactions term gives rise to the first order correction in energy. On the other hand, 

the second term with either r = 0 or 5 = 0 corresponding to the polarization of one 

molecule by the permanent multipole fields of the other molecule. The multipole 

moments induced by polarization interact with the original field of permanent 

multipoles to give rise to an energy correction, which is known as the induction 

interactions. With both r and s the second term corresponds to interactions 

between momentarily fluctuating multipole fields of the two molecules. This 

interaction is known as the dispersion energy which is always present regardless of 

the nature of the pair of molecules involved. It is the dominant long-range attraction 

energy for molecules with no permanent electric dipoles. Both induction and 

dispersion interactions contributes to the second-order correction of energy. 
19 



The detailed form of y(X, R) can be understood based on classical electrostatic 

interactions. According to the expression of electric potential Equation (II-6) due to 

multipole moments，we can determine the corresponding electric field E = - V O . 

The spherical components E^ of the field at a distance R = (R，Q) from a 

multipole of order / are expressed as 

D/+1 
K (11-19) 

where is multipole moment giv评 by Equation (11-10). Using the expression of 

、 
the gradient formula,^' E^ can be rewritten as 

EaW=(-1 广 [ ( / + 1 X 2 / + + 
K (II - 20) 

where C(l,/,/ + \;arn) is Clebsch-Gordan coefficient in which only the maximum 

value / ' = / + ! is allowed by the triangle condition A(l//,). The interaction energy 

between two multipoles of order li and h can be obtained by 

厂 = � 2 ( 及 ) ， / 2 ’ A + ; 脈 ( Q , (Q, ) 
(11-21) 

where �，（/?) = (-1)' 
(2/丨+2/,)!  

(2/,)!(2/,)! 

1/2 

QA 

By choosing the axis system with the z axis along R � �� • the interaction energy 

F/山 can be simplified as 

‘ « (II - 22) 

In solid hydrogen molecules, the permanent quadrupole-quadrupole interaction is the 

most dominant fist order energy correction between J = 1 molecules, whereas the 

qiiadrupole-(induced dipole) and (induced dipole)-(induced dipole) are the most 

20 



dominant contribution between molecules with J = 0. This mathematic framework 

will be applied in dealing with the crystal field splitting of rovibrational energy. 
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CHAPTER 111. Experimental Details 

A new experimental setup has been built from scratch to pursue the 

spectroscopic studies of solid parahydrogen. The system is composed of two major 

parts, namely the gas handling system for the production of solid parahydrogen 

crystals and the spectrometer system for recording the spectra. In this chapter, the 

details of these parts will be described. 

III.1. Gas Handling System 

In order to build a gas system that can be accommodated to different 

experiments, we incorporated various components with different functionality. The 

overall schematic of the system is shown in FIGURE 3. In a typical run, normal 

hydrogen («-H2) from commercial gas tank was first converted to para-Hi gas in an 

inline ortho/para converter (C). The para-enriched H2 gas from the converter was 

then stored in a stainless steel vessel (A). For the W transition studies，the gas from 

the storage vessel was directly used whereas in the matrix studies the para'\{2 gas 

will be mixed with impurity gases in another stainless steel vessel (B). The solid 

sample was prepared by depositing the gas/mixture gas from vessel (B) to the sample 

holder (D) cooled at liquid He temperature. In the following sections, each part of 

the gas handling system will be discussed. 

III.1.1. Ortho/para hydrogen converter 

As mentioned in Chapter II, the ratio of ortho-Hi to para-Wi in normal 

hydrogen gas is 3:1 at room temperature. Due to almost identical physical properties 
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FIGURE 3. The vacuum system for the pcim-hh crystal preparation. The 

para-enriched H2 gas was converted from the normal H2 gas in the conversion (C) at 

14-20 K, and then it was rushed into the storage chamber (A) and (B). After that, the 

para-Wi crystal was grown in the cryostat cell (D) for study of spectroscopy. 

denotes the vacuum valve used in experiments, i.e. V\. 
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between the two species, the conversion from ortho to para hydrogen cannot be 

achieved simply by physical method, such as cryogenic distillation. However, the 

ortho/para conversion rate can be greatly increased by using a suitable catalyst (such 

as APPACHI catalyst)衡at provides an external inhomogeneous magnetic field 

around the absorbed hydrogen molecules.^^ Such a magnetic field can result in fast 

equilibrium between the ortko-H� and para-Hj concentrations by controlling the 

temperature of the catalyst. Based on the design of Sibener and coworkers, an inline 

ortho/para converter filled with paramagnetic ferric oxide (Fe^Ch) from C*CHEM 

was built for our experiments to produce para-enriched H2 gas from normal H2 gas.^^ 

The schematics of ortho/para converter is shown in FIGURE 4. A cylindrical 

stainless steel container with 5 cm in diameter and 8 cm in length was used to house 

the Fe203 catalyst (in the form of fine powder in order to maximize its surface area 

for the adsorption of H2 gas). Two concentric stainless steel tubes of diameters 3/8 

and 1/8 inch with relief valves are connected to the container as the gas inlet and 

outlet lines, respectively. As shown in the figure, the outer tube was soldered on the 

top cover of the catalyst container while the inner tube fitted with gas filter at the 

bottom to prevent the catalyst powder from entering the vacuum system was 

positioned at the lower cover of the container. The temperature of catalyst container 
I 

was monitored using two diode sensors (Lakeshore Cryotronics) installed on its top 

and bottom covers. The whole container system was kept in a custom-designed 
等 

liquid helium Dewar (Cryofab, Inc.), cooled with liquid Helium. During conversion, 

the temperature of the converter was controlled by its distance from the liquid He 

level. The catalyst was initially activated by heating to a temperature range of 150 to 

170 °C for a few hours while passing through hydrogen gas to remove impurity gas 

molecules adsorbed on the surface of the catalyst. After this process, the converter 
24 
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FIGURE 4. Schematic diagram of the normal H2 to para-Wi converter 
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was evacuated for 24 hours before used. 

In the preparation of /?“ra-H2 gas, the Dewar was filled about 1.5 inch liquid 

Helium while the container was raised above the liquid He level to reach a 

temperature of M 4 K. Normal H2 gas was then slowly added into the container while 

maintaining the temperature at 14-16 K. In order to maximize the mount of adsorbed 

gas, temperature fluctuation of the container was kept as small as possible. After the 

adsorption of H2 gas was essentially complete as shown by the constant temperature 

sensor reading, the gas input valve was closed and the container was held at about 14 

K for at least one hour to let the absorbed H2 gas to reach thermal equilibrium in the 

presence of an inhomogeneous magnetic field. The efficiency of the conversion from 

ortho to para H2 through catalysis is limited by the conversion temperature. In order 

to maximize the efficiency of conversion, the conversion temperature should be 

above the triple point to ^low greater mobility of H2 molecules. Since the 

equilibrium ortho-lh concentration varies from around 0.004% to 0.2% in the 

temperature range of 14 to 20 K, it is crucial to control the temperature in this range. 

To release the adsorbed gas after conversion, the container temperature (catalyst 

temperature) was raised to about 15 K (measured by the bottom sensor). The valve 

of output was opened to allow the flow para-enriched H2 gas to the storage container. 

Special care should be taken in controlling the temperature at this stage to avoid back 

conversion between para and ortho species due to rapid increase of temperature. The 

typical orthO'Ui content obtained following this procedure was about 0.05%. 

The actual or//zo-H2 content was determined quantitatively from the 

experimental integrated intensities of the 0 i ( l ) transition based on the theoretical 

value of a (in cmVs) defined as 
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a ^ ^ h n ^ d v / ^ ( I I I . l ) 
nL J [ /(v). / V ' ^ 

which is related to the common integrated absorption coefficient a’ (in cm"^) 

expressed as 

a,=丄 fin 丨（V) dv. (Ill - 2) 
/ ( V ) 

by a factor of c/n. In these expression, n is the number density of molecules, c is the 

speed of light, L is the absorption path length, v is the frequency in cm"', /o(v) and /(v) 

are the intensity of incident and transmitted light, respectively. The number density 

of orthO'Hi in the crystal of length L can then be determined from the experimental 

integrated intensity of Q\{\) transition and the corresponding theoretical value of 

III.1.2. Gas mixing for matrix spectroscopy 

In pursuing spectroscopy of trace impurity molecules embedded in solid 

para-lh matrices, a pre-mixture of dopant gas (e.g. ammonia) and /7ara-enriched H2 

gas was prepared at room temperature. In order to isolate dopant molecules in 

para-Wi matrix as much as possible, the typical dopant/ para-Wi ratio is about 

10-5�10*^ Gas mixture of any planned ratios was prepared using the two stainless 

steel vessels (A) and (B). The mixing procedure is described below. The two vessels 

were initially evacuated prior to experiments. Vessels (A) and (B) were then isolated 

by closing the valve (Vi). Vessel (A) was then filled with freshly prepared para-Wi 

gas to about 40 kPa as described above. Vessel (B) was then filled with dopant gas, 

whose pressure (in the range of 0.1-20 pa) was measured by a low-pressure 

membrane manometer shown in FIGURE 3. Parahydrogen gas from vessel (A) was 

then allowed to flow to vessel (B) by opening the valve (Vj) until the desirable 
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pressure (on the order of 20 kPa as measured by a high-pressure membrane 

manometer) was reached. The gas mixture in vessel (B) was then ready for use in 

producing matrix samples. Due to the much higher pressure in vessel (A)，the mixing 

was completed in seconds and the diffusion of dopant gas from (B) to (A) is 

expected to be minimal. This procedure effectively minimizes the error in calculating 

mixing ratio. 

III.1.3. Cryostat and sample holders 

All the solid hydrogen samples were grown in a cryostat modified from a 

commercial liquid helium Dewar (Infrared Laboratories, HD-5). It is a double jacket 

type with a radiation ^iiield heat-sunk to a liquid nitrogen tank enclosing the 

liquid-helium-temperature compartment. All the interior Dewar surfaces were 

covered with aluminum foil in order to provide additional shielding. The sample 

cells were mounted on the cold surface of the cryostat to maintain close to liquid He 

temperature for crystal growth and subsequent experiments. Two optical windows 

(CaF2 or ZnSe) of 1 inch in diameter were sealed by o-ring and installed along the 

optical axis of the Dewar to allow the passage of infrared radiation. The schematic 

diagram of the Dewar is shown in FIGURE 5. The hold time of the Dewar is close to 

30 hours to allow long-hour experiments. 

Two different sample cells were used in the work presented here. In studying 

the W transition of para-Hj crystal, a cylindrical sample cell made of OFHC copper 

with length of 3 cm and diameter of 15 mm was used. Both ends of the cell were 

sealed with sapphire windows of 22 mm in diameter using indium gaskets. A 1/16 

inch O.D. thin wall stainless steel tube is soldered on the cell as gas inlet/outlet tube. 

It was then directed to the outside of the Dewar through vacuum feedthrough. A 

diode temperature sensor (Lakeshore Cryotronics 670-SD) was installed on the cell 
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FIGURE 5. Liquid helium Dewar that accommodates the samples. 
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to monitor the temperature of the sample. Because of the good thermal conductivity 

of solid hydrogen, sapphire windows, and OFHC copper, their temperature 
4 

difference is expected to be less than 0.5 K. The cell temperature was measured to be 

-4.5 K with liquid He bath under atmosphere due to the absorption of heat through 

the windows from the surroundings. ^ 

In studying the matrix-isolation spectroscopy in solid pam-H� , an OFHC 

copper holder of 5 mm thickness with 20 mm clearance was installed on the cold 

surface of Dewar. Either BaF2 or sapphire windows of 1 inch in diameter were glued 

to the holder using cryogenic conductive epoxy. Similarly, the sample temperature « 

was measured by a diode temperature sensor (Lakeshore Cryotronics 670-SD) 

installed on the copper holder. The typical temperature of the cell was about 4.8-5.0 

K. 

III.1.4. Solid sample preparation 

The solid samples were deposited from gas onto the sample holders at a 

temperature range of 4.5 to 8 K. The solids obtained under this condition appeared to 

be visually transparent with reproducible optical and spectroscopic properties. 

In filling the 3-cm cell with solid para-Wi, the main difficulty is to minimize the 

temperature fluctuation of the cell during the growth process. Since the volume 

contraction of solid H2 is about 20% when cooling from 14 to 4.2 K, cracks of the 

solid results in case that solid H2 is prepared at melting point followed by cooling. 

An empirical approach to get around this difficulty is to fill the cell by applying 

successive gas pulses so that its temperature is maintained at around 7 K throughout 

the growth process. After the growth has been completed,'the cell was cooled down 

to liquid He temperature. This approach is applicable because the volume change of 

solid H2 from 7 to 4.2 K is much less. In practice, however, it has been found that the 
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sensor reading of 10.5 to 11 K produces para-Uj crystal with the best optical quality 

without visual defects. At higher temperature, the solid cracked during cooling 

process. -

The depositipn of matrix samples was carried out by flowing mixture gas 

through a 200 fim diameter nozzle at the end of the gas supply tube (1/16 inch O.D.), > , 

which was directed to outside of the Dewar by vacuum feedthrough and connected to 

vessel (B). In order to produce matrix film with uniform thickness with high 

transparency and reproducible optical quality, the deposition should not be too high. 
、》v 

In practice, we found that placing the nozzle about 1.5 cm from the optical window 
» . 

with a gas flow rate of 12 seem (controlled by a mass flow meter) gave the best 

results. Under these conditions, the deposition only raised the temperature of the 

holder by about 0.2 K. \ 

III.2. Spectrometers 

Two infrared spectrometers ha\% been used ‘ in the work presented here. A 
‘ ‘ � • 

home^built high resolution near-infrared diode laser spectrometer was assembled 

from scratch to study the rovibrationfil W transition and a commercial 

Fourier-transform ipfrared spectrometer was used in studying the matrix 

spectroscopy in solid Hi. The details of these two spectrometers will be discussed 

below. 

III.2.1. Diode laser spectrometer 
. > ‘ , 

‘ The basic principle of diode laser can be found in a number of excellent 
4 

reviews39�and will not be repeated, Kere. The block diagram of our home-built diode 

laser spectrometer is shown in FIGURE 6. The light source was a commercial 
I « • 

tunable diode laser (Newport, 2010M) centered at 1500 nm with an external 
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FIGURE 6. Schematic diagram of the experimental setup for near infrared diode 

laser spectrometer 
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Littman-Metcalf cavity, in which a diffraction grating is used to diffract the output 

beam of a laser diode into a tuning mirror driven by a piezoelectric transducer (PZT) 

to achieve a spectral purity of a few MHz. The laser beam is split into two parts: 

about 5% of the laser beam was used for laser frequency calibration while the main 

beam was used for spectroscopic studies. 

The laser output frequency was calibrated using a wavelength meter (Burleigh, 

WA1500) at a resolution of 0.001 cm'' and a spectrum analyzer (Thorlabs Inc.) with 

a free spectral range of 1500 MHz. In order to examine the practical frequency 

accuracy of the laser spectrometer, CO2 gas was used as a reference and its 

absorption frequencies were measured and compared with the values from Hitran 

database. As a result, it was found that repeating scans have an uncertainty of -0.001 
/ 

cm''. 

The main beam was loosely focused on the samples using a CaF: lens. The exit 

beam was then tightly focused using a CaF: lens on an InGaAs detector (Thorlabs 

Inc. Det410). The absorption signals were processed using phase sensitive detection 

by either amplitude modulation or frequency modulation of the laser output. In the 

former, a mechanical chopper at a frequency of 6 kHz was used to modulate the laser 

beam in front of the detector to achieve a sensitivity of A I/I ~ 10'^. In the latter, a 

sinusoidal voltage at 1 kHz from a generator (Stanford Research System, DS345) 

was sent to the laser controller to modulate the ramp voltage (for frequency tuning) 

of the piezoelectric driver. This modulation corresponds to fast switching the laser 

output frequency back and forth at a frequency of 1 kHz. The detected signals were 

then demodulated using a lock-in amplifier (Stanford Research System, SR830) 

referenced at the modulation frequency of 1 kHz. Using this demodulation scheme, 

the first derivative-type line shape can be observed using 1/ detection and second 
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derivative-type line shape was observed using If detection. The effective resolution 

of frequency modulation was determined by the modulation depth, i.e. the 

peak-to-peak voltage of the sinusoidal function. The resolving power is improved by 
t » 

reducing the modulation depth. The typical sensitivity achieved by frequency 

modulation is about of AI/I � 1 0 " ^ to 10'^. Compared to amplitude modulation, 

frequency modulation provides a better effective resolution as well as better 

sensitivity. It was found that at, a modulation depth corresponding to a laser 

frequency shift of 士40 MHz and below, clear splitting was observed in both 1/and 2 / 

spectra of the W transition of solid H2. Therefore, most spectra reported in our 

studies were recorded using a frequency modulation corresponding to 土40 MHz 

unless specified. An in-house data acquisition program for frequency calibration and 

data averaging, processing, and storage was written using Labview programming 

language. 

III.2.2. Fourier-transform infrared (FTIR) spectrometer 

Fourier-transform infrared (FTIR) spectroscopy is based on the Michelson 

interferometer, in which two coherent optical beams of equal intensity but different 

optical path generate interference pattern that is a unique function of optical path 

difference. A frequency spectrum can then be obtained by performing the Fourier 

transformation. FIGURE 7 shows the schematic diagram of a Michelson 

interferometer. Light beam emitted from the infrared source was split into two equal 

components by a beam splitter. A component is reflected to a mirror fixed in position 

while another component transmits through the beam splitter to reach the movable 

mirror whose separation from the beam splitter varies periodically. The two beams 

from the mirror then combine to produce interference pattern as a function of optical 

path difference. In case a broad band light source is used, different interference 
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FIGURE 7 Schematic diagram of Michelson interferometer. Optical path difference 

is produced by moving of movable mirror. 
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pattern is obtained for different frequency. The overall signal detected will give a 

unique spectrum as a function of optical path difference, i.e. the interferogram. The 

frequency spectrum can be obtained by performing Fourier transformation of the 

interferogram. 

Compared to a conventional grating spectrometer, Fourier-transform infrared 

spectrometer greatly improves the sensitivity and resolution. These improvements 

are achieved due to the following advantages of FTIR spectroscopy: 

(a) The first advantage of FTIR is known as the Fellgett advantage based on the 

multiplex principle. In FTIR spectroscopy, all frequencies are measured 

simultaneously at all time by a single detector whereas in conventional instruments 

only a very narrow spectral region selected by the grating/prism is detected. As a 

result, the signal-to-noise ratio (S/N) for a given resolution and observation time 

using FTIR can be improved by a factor of ，where N is the number of spectral 

elements selected by grating. In other words, FTIR achieves the spectrum of the 

same quality as grating spectrometers in much shorter time. In fact, an FTIR 

spectrum can be obtain in less than a second. 

(b) The second advantage of FTIR is known as the Jacquinot advantage. FTIR 

spectrometer has a much higher optical throughput because of the absence of 

frequency selection. Thus，it results in much lower noise levels, and again, a higher 

S/N compared to conventional infrared spectrometers. 

(3) The third advantage of FTIR is known as the signal averaging. The fast 

scans in FTIR spectrometer enable co-addition of many spectra in a short time. By 

repeating the measurements, random noise in the measurements is averaged out to 

give better S/N in FTIR spectroscopy. 

(4) The forth advantage of FTIR is known as the Connes advantage. FTIR 
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spectrometer provides much better absolute frequency calibration. By employing a 

frequency-stabilized He-Ne laser as an internal wavelength calibration standard, the 

frequency uncertainty of 0.001 cm"' can be achieved. 

The development of fast personal computers makes modem FTIR spectrometers 

more affordable since the complicated mathematical procedures involved in Fourier 

transformation can be completed in seconds using lost cost powerful pc，s. The 

detailed discussion of FTIR spectroscopy can be found in a number of excellent 

textbooks.53 

The commercial FTIR spectrometer used in this work was a Bruker Vertex 70 

FTIR spectrometer. By using different combii^tions of source, beam splitter，and 

detector, the frequency coverage of 400 to 25000 cm'' can be realized. The highest 

resolution of 0.2 cm'' can be obtained. 

Due to the large size of our cryostat, the light source of FTIR spectrometer was 

directed out of the instrument and external detectors were used. A block diagram of 

the optical layout of our experiment is giv«n in FIGURE 8. Since light beam was 

focused to a 0.5 mm spot on the sample, different parts of the solid samples could be 

examined. A typical spectrum was recorded at 0.2 cm'' resolution with 1000 

co-additions. In order to perform measurement in the different spectral region, two 
% 

combinations of optical components in Vertex 70 FTIR spectrometer have been used. 

In recording spectra of solid H2 in the region of 3000-10000 cm"', a tungsten lamp, a 

CaFi beam splitter and an external liquid N2 cooled InSb detector was used. On the 

other hand, a globar source, a KBr beam splitter and external liquid N2 cooled 

HgCdTe detector was used for recording the spectra of NH3 in solid H2 in the 10 nm 

region. In order to minimize the. effect due to atmospheric absorption, the complete 

optical path was purged with dry N2 gas. * 
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FIGURE 8 Schematic diagram of the experimental setup for Bniker Vertex 70 

FTIR spectrometer 
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CHAPTER IV. Tetrahexacontapole-induced 

Rovibrational IV Transition of Solid Parahydrogen 

•V.1. Background 

The JV (AJ = 6) transition of solid hydrogen was attributed to the dipole 

moment induced by the tetrahexacontapole (64-pole) moment. The observation of 

both pure rotational lVo(0) transition and rovibrational W\(0) transition of solid 

parahydrogen was first reported in 1989 using Fourier-transform infrared 
« 

spectroscopy at moderate resolution of 0.02 cm"'.''* Due to the small vibrational 

dependence of 64-pole moment, the W\(0) transition is weaker than the Wo(0) 

transition by a factor of � 3 . Applying high resolution difference frequency laser 

spectroscopy, the pure rotational Wo{0) transition was resolved into a triplet whose 

relative intensity varied depending on the laser polarization.^^ This triplet structure 

was then interpreted as the splitting of M sublevels in the J = 6 manifold by 

anisotropic crystal field interactions. The observed splitting was quantitatively 

accounted by assuming that the excitation energy is focalized on the central molecule 

for extended time. This localization of the J = 6 roton was realized by considering 

the fact that the dissipation of the excitation energy from the central H2 molecule to 

the surrounding molecules is very slow because (a) the resonance hopping between 

H2 molecules requires the very weak 64pole-64pole interaction with dependence 

that drops off quickly with increasing intermolecular separations and (b) the energy 

mismatch between the Debye frequency and the excitation energy leads to slow 
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roton-phonon energy tr^sfer. While the localization of the exciton energy has been 

observed in the high resolution spectra of pure vibrational transitions of isotopic 

impurities such as ortho-lh, ortho-Di^ para-Dj, and HD in solid para-Hj to give 

important information on intermolecular interactions with unprecedented accuracy, 68 

the localization of the J = 6 roton represents the first case in which excitation energy 

was localized on the host molecule in the solid state. 

Based on the localization of the J = 6 roton in the IVq(0) transition, it is expected 

that the rovibrational Wi{0) transition of solid para-Hi also exhibit the same splitting 

pattern similar separation. Nevertheless, splitting of 妒i(0) transition has never been 

observed in the previous studies. Applying near infrared diode laser spectroscopy, in 

the samples containing 2% of ortho-Hi^ the W\(0) peak was observed at around 6441 

cm"' with an overall width of 0.014 cm"^ together with a bush of satellite lines by 

Oka and coworkers.^^ The electric quadrupole-quadrupole (EQQ) interaction 

between an excited para-Wi molecule (v = 1，�/ = 6) and a nearby J = 1 ortho-Hj 

molecule was considered as the main intermolecular effect for these satellite lines. In 

addition, using high-resolution FTIR spectroscopy, Steinhoff et al. observed the Wi{0) 

transition with a linewidth of 0.036 cm"' in 99.93% para'H2 solid samples.'^ The 

plausible reasons for hot observing the fine structure in the lVi(0) transition in the 

previous experiments may be ascribed to: (a) line broadening due to high ortho'H2 

content in the sample, (b) insufficient resolution of instruments, and/or (c) the 

breakdown of the localized exciton model in the rovibrational W transition due to 

mixing with double transitions as in the case of rovibrational 5v(0) transitions/� 

The goal of our study is to clarify the model of localized exciton in the W\(0) 

transition of solid pora- l i�. Taking advantage of high resolution afforded by near 

infrared diode laser spectroscopy together with the highly pure para-Hi (�99.95%) 



generated from our converter, the M splitting of the W\{(y) transition of solid para-Hi 

has been observed. The corresponding crystal field parameters, determined using 
> • 

least-squares fitting, provide unambiguous evidence to support the localization of the 

J = 6 rotons in both Pfo(O) and IV\(0) transitions. Furthermore, the temperatur， 

dependence of the absorption frequencies has been studied in the range of 2.7 to 8.0 

K. The details of these studies are presented in this chapter. 

IV.2. Theoretical Aspects 

IV.2.1. Crystal field splitting 

In this section, the crystal field splitting of an excited molecule (v = 1, J = 6) 

surrounded by ground state hydrogen molecules arranged in hep symmetry 

(FIGURE 9) will be considered. Since there is no significant overlap in electron 

clouds between the excited molecule and the crystal, the main interaction to be 

considered is the long-range electrostatic interaction. Moreover, there is no 

permanent dipole and higher order multipoles for J = 0 hydrogen molecules due to 

the spherically symmetric rotational wavefunction, interactions due to permanent 

multipole-multipole do not exist and thus have no contribution to the crystal field 
% 

splitting. In other words, the first-order interaction in Equation (11-17) is zero. On 

other hand, a variety of intermolecular interactions by second-order perturbation, 

such as induction and dispersion, are responsible for producing the crystal field 

splitting. According to the expression of interaction potential mentioned in Chapter 

II，the general form of anisotropic interactions between H2 molecules 1 and 2 

regardless of the nature of interaction, can be expanded as 
$ 

^ WC丨、„ (co, (co,) 
/•./�,� (IV- 1) 
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FIGURE 9 Crystal structure of an excited H2 molecule (v = 1, J = 6) in the hep 

crystal environment consisting of the ground state hydrogen molecules (v = 0 , 7 = 0). 

The filled circles indicate the v = 0, J = 0 nearest neighbor H2 molecules and the 

small empty circles indicate a v = 1 ,7= 6 excited H2 molecule. 
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where R is the separation between the molecules 1 and 2，ty, and co�stand for the 

polar angles with respect to the pair axis, the coefficient is the expansion 

coefficient which is a function of intermolecular separation R only, and Qm are the 

spherical harmonics 3�. Due to the symmetry of hydrogen molecules, the values of l\ 

and h are limited to even integers. For both H2 molecules in the ground state of J\ = 

J2 = 0，the anisotropic effect of the extra binding energy is zero due to all the 

vanishing matrix elements in Equation (IV-1). Assuming molecule 1 in the v = 1，J = 

6 state while molecule 2 in the v = 0, J = 0 state, the matrix elements in Equation 

(IV-1) is nonvanishing only when / � =w = 0. The anisotropic interactions is thus 

reduced as 

/=0,2,4... ( I V . 2 ) 

Here we drop the index for the rovibrationally excited molecule 1. Terms with / = 0 

again corresponds to an angle independent interaction that is absorbed in the 

vibrational energy shift. By summing the effect of all the surrounding J = 0 

molecules, the total anisotropic crystal field interaction of molecule 1 is given as 

'=2 /=»2,4… ( I V - 3 ) 

where Ri and tw, specify the distance and orient^ion of the vector connecting the /th 

molecule and the central J - 6 molecule. With respect to the crystal frame and taking 

into account the D-^h symmetry for hep crystals, we have 

1=2 /•2,4.,. m=-/ 

= z i > / ( W o ( ^ w � ( Q ) 
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/-2,4.•‘ (IV - 4) 

where the angle Q and Q, are the orientation of the central molecule and the 

vector Ri in the crystal frame. Considering the two lowest order terms, an effective 

anisotropic crystal field interaction can be written as 

K ( � = : � � 2 �( O ) + 仏 。 ( O ) (IV . 5) 

Including the angle-independent transition frequency vq, the Hamiltonian of the 

transition frequency can then be expressed in the form 

/ / = v �+ f 2cC20 (Q) + ( ^ ) (IV • 6) 

with three experimentally determined parameters. According to ab initio calculations 

by Mulder et alP and the corresponding modification by van Kranendonk^^, e-̂ c 

assumes the form 

, „ � ^ , 1 . 3 6 8 2 5 50.53 2 7 1185.0 2 � 

'=2 凡/ (IV _ 7) 

where dispersion interaction (the BT̂  term) becomes the main contribution in the 

crystal field parameter ^ j c In order to determine the value of Sj^, the lattice sum is 

performed. By considering the first 20 shells of the moleucles, e^c was determined 

to be -0.0022 cm"'. It was so small because the lattice sum from the first two layers 
I 

accidentally vanishes in D^h symmetry. Similarly, crystal field parameter e^^ was 

determined to be -0.1124 cm' ' using the expression 

/ n � " ^ � 2 . 4 4 2 7 46.3 2 / r ^ � 

1-2 穴 / K, (IV - 8) 

In contrast to the case of crystal field parameter ^jc，both dispersion and 

» » " -

、 
induction contribute significantly to with the induction being the dominant 

1 •、 
W -r 
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effect. In this calculation, the effect of molecular vibration is not considered. Based 

on the ab initio calculations of the quadrupole moments in the v = 0 and v = 1 states, 

an increase of about 10% in s^^ is expected upon vibrational excitation. The 

renormalization due to lattice vibration is not taken into account either. It has been 

known that this correction can be as great as 10 to 20%.̂ ® 

IV.2.2. Selection Rules and Relative Intensities 
A 

The selection rules of the W transitions can be obtained using symmetry 
\ > 

considerations. As discussed in Chapter II，the appropriate extended group G for an 

excited H2 molecule in otherwise J = 0 H2 molecules in an hep crystal is composed 

only 24 feasible operations shown in Equation (II-5). As pointed out by Chan et al., 

group G is isomorphic to Deh with the character table shown in TABLE 2.25 In this 

table, the symmetry classifications of the crystal-fixed components of the dipole 

moment ^ and the polarizability tensor a are also given. The symmetry classification 

of the rotational levels of H2 molecules in group G were then obtained by 

considering their transformation under the operations of group G as discussed by 

Chan et al?^ The results are summarized in TABLE 3. The thirteen M sublevels of 

the J = 6 rotational states that are degenerate in isotropic space split into seven levels. 

Based on the results of TABLE 2 and TABLE 3，the symmetry of HoiAi') and n±{E") 

gives the selection rules AM = ±3 and AM = 士2，土4，respectively. In other words, 

only levels with \M\ = 2, 3, and 4 in the J = 6 manifold are allowed by the selection 

rules. When the light polarization is parallel to crystal c axis (i.e. the C3 rotational 

axis), only the \M\ =j 3 transition is expected. On the other hand, perpendicular 

polarization gives rise to transitions corresponding Xo \M\ - 2 and 4 levels. A 

schematic of energy levels and the M splitting of W\(0) transitions is illustrated in 

FIGURE 10，which for convenience is not drawn to scale. 
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TABLE 2 Character table of extended group G 

C3 

C3 

5 

I 

I 



TABLE 3 Classification of the rotational wavefunction in the group G 

Rotational quantum number Symmetry 

/even 5 
J o d d a 

A f = 0 /even s A \ 

/odd a A 

A f ^ O > ) a A 

M \ = l (mod( 
jLf — 7 rmnH f 

) ) E ” 

iwM — JL、！noa i 
|Af| = 3 (mod< 

J/ XL 

A/|=4(mod.< ) ) E ' 

A/| = 5 (mod< 
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v=0 
J=0 

FIGURE 10 Schematic of energy levels with crystal field splitting for the W]{0) 

transitions of solid hydrogen. The vertical solid arrows indicate the allowed 

transitions for light parallel to the c axis and the doted perpendicular to the c axis. 
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Quantitative elucidation of the intensities of crystal field split components will 

help the assignment of transitions. Depending on the vth (v = 0，士1) component 

(64-pole)-induced dipole moment, the relative intensity of each M component can be 

calculated by the formula of B^lasubramanian et al. expressed as' 73 

V15 R 
^ ^ 沙 617;m 船 一 

(IV - 9) 

where S 一 
R. 

*(Q ) is the dimensionless lattice sum with respect 

to the crystal frame, ago 三�v = 0’ J = 0|£r|v = 0，J = 0〉is the isotropic polarizability 

of the y = 0 molecules in the ground state, Qi? =(v = l , J = 6|0(6)| v = 0’ J = 0 �i s 

the transition 64-pole moment, all the angular dependence is referred to the crystal 

frame. Once again，the operator in Equation (IV-9) represents dipole moment 

induced in the surrounding molecule through its isotropic polarizability by the 

64-pole moment of the central molecule. The intensities can be calculated from 

�J,，M,|/iJ J，A/�|2 using Equation (IV-9). 

The invariance of the lattice sum based on the limitation of group symmetry 

requires that m + v = ±3 • As a result, fxo gives rise to the transition with \M\ = 3, so 
t 

that the intensity should be expressed by squares of matrix elements�6，3|/i�|0，0� 

and �6，-3|/io|0，0�.,On the other hand, give rise to transitions with \M\ = 2 or 4， 

thus we determine the intensity of |A/| = 2 transitions by squares of matrix elements 

(6,-2|/i^,|0,0) and (6,2|//.,|0,0) whereas the intensity of = 4 transitions by 

squares of matrix elements (6,-4 |/i_,| 0,0) and (6,4|/i^,|0,0) . Evaluating the 

lattice sum in Equation (IV-9), the ratio of the relative intensity of* the three M 
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components is given as: 

I(M = 2 ) : / ( M = 3 ) : / ( A / =4) = 4 5 : 4 0 : 6 " 、 ， ， 八 、 

(IV - lU) 

for depolarized light. Our assignment of the observed spectrum was based on this 

polarization dependence. 
IV.2.3. Thermal effects 

One of the most interesting observations in the spectroscopic study of solid 

hydrogen has been the extremely narrow spectral linewidths. This observation has 

led to the question “Is the observed linewidth homogeneous? If not, what is the 

homogeneous linewidth?". The temperature effect of the absorptions provides a 

wealth of information to shed light on our understanding of this issue. Since the 

observed transition frequency is shifted from the temperature independent gaseous 

value by a so-called matrix shift, i.e. the energy correction due to intermolecular 

interactions, the change of temperature will change the matrix shift as a result of 

changing the intermolecular separation. In other words, the absorption frequency is 

expected to have temperature dependence in solid H2. In addition, the changes in 

temperature also change the phonon-exciton interaction that will affect the relaxation 

rate and hence the linewidth and line shape. 

In the case of solid hydrogen，the molar volume change at different temperature 

has been ascribed to the change of the observed temperature effects of absorption 

features. As measured by Krupskii^'* and his colleagues and also reported in the book 

of Souers26，the observed molar volume expansion/shrinkage of solid hydrogen 
p 

yielded an empirical simple power law with the typical temperature dependencies: 

5V{T) = V{T) - F(0) = 2.233 x 1 / mol (IV • 11) 

Where SV{T) is the temperature variation of molar volume of solid H2. Similarly, 
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this power law can be used for the thermal variation of frequency shifts, which 

should be expressed as: 

(dv^ Sy(T) = v(T)-y(0) = 
dV 

SV(T) = const'X r … 
(IV- 12) 

dv 
where the factor ——should be a constant, which depends on the intermolecular 

dV P 

potential (as a function of intermolecular distance R) that gives rise to the deviation 

of the energy levels of solid hydrogen from those of the isolated molecule. It is seen 
I 

that the frequency shifts upon variation of the temperature are due to thermal 

contraction of the crystal and thus intermolecular forces. The above equation was 

first confirmed in the study of electric field induced Q\{0) transition of solid 

hydrogen, in which a power of 4.096 was o b s e r v e d . ” The observed frequency 

shifted up by 4.2 GHz from 4.9 to 13.5 K together with an increase of linewidth by a 

factor of � 3 . In addition, a clear Lorentzian linewidth was observed at �1 3 K 

suggesting the homogeneous broadening was dominant while the Gaussian line 
k 

shape observed at 4.2 K may be inhomogeneously broadened. The power law in 

frequency shift (Equation (IV-12)) was also observed for a number of transitions 

using high resolution FTIR spectroscopy.^^ On the other hand, the temperature effect 

of the Raman Q\(0) transition of solid H2 measured under the condition of constant 

molecular density reported by Kuroda et al. has revealed that vibron-phonon 

interaction that is responsible for the relaxation process give rise to the T^ and T^ 

dependence of the frequency shift and linewidth, respectively.^^ Furthermore, the 

observed Lorentzian line shape in the range of 5.7 to 12 K strongly suggested the 

homogeneous broadening mechanism. In the case of iV\{0) transition, it will be 
4 « 

interesting to see if the additional roton-phonon interaction may give rise to a faster 

relaxation process and how this process changes the temperature effect of the 
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transitions. 

IV.3. Results 

IV.3.1. Absorption spectrum 

The 炉 1(0) transition of 3-cm long samples of 99.95% para-Hj was observed at 

6441.73 cm"' with an instrument-limited width of 0.16 cm'' in the FTIR spectrum as 

shown in FIGURE 11. From the spectrum, the integrated absorption coefficient a 

defined by. Equation (III-2) was measured to be 1.02(10) x 10"'^ cm^/s, in good 

agreement with that reported by Okumura et al Applying high resolution near 

infrared diode laser spectroscopy with amplitude modulation, the spectrum using 

parallel laser polarization exhibited asymmetric absorption line as shown in FIGURE 

12(A). The absorption maximum was observed at 6441.7333 cm"' with a fractional 

absorption (A//7) of � 5 % and a width of 0.014 cm"' (FWHM). This spectral width 

was comparable to that of the Wo{0) transition under the same modulation scheme. 

By using perpendicular laser polarization, the absorption maximum was greatly 

reduced with a partially resolved peak at 6441.7189 cm"' as shown in FIGURE 

12(B). Since the anisotropy of crystal environment imposes different selection rules 

for light with different polarization, the change of relative intensity with different 

laser polarization indicated that the partially resolved lines may be the M 

components split by the crystal-filed interactions. 

In order to fully resolve the features, frequency modulation was applied to 

improve the effective resolution. Traces (C) and (D) in FIGURE 12 show the spectra 

using 2 / demodulation scheme. The modulation depth corresponded to a laser 

frequency shift of about 土20 MHz. In trace (C), the W\(0) transition was resolved 
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FIGURE 11 Overview of FTIR spectrum of -99.95% solid para-Hi samples at 0.2 

cm"' resolution. The optical path is 3 cm. The line at 6442.75 cm'' in the enlarged 

region was assigned to the W\{fd) transition. 
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(A) 
Parallel 
Polai'ization 

(B) 
Perpendiculai 
Polarization 

(C) 
Parallel 
Polarization 

<D) 
Perpendiculai 
Polarization 

I I ： I I 

6441.70 6441.72 6441.74 6441.76 

W a v e n u m b e r (cm一i) 

FIGURE 12 Laser polarization dependence of thp 阶i(0) transition of solid 

para-W2. The amplitude modulated spectra are shown in traces (A) and (B). To 

demons鄉e the effect of laser polarization on intensity, both spectra are plotted 

using the same vertical scale. The 2/ frequency modulated spectra (C) and (D) are 

plotted in the same fashion. The small peak at 6441.7438 cm"' is only observed in 2 / 

spectra with improved resolution. 
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into only two main peaks at 6441.718^ and 6441.7333 cm"' using parallel laser 

polarizatioH with an additional peak at 6441.7438 cm""丨 barely noticeable. On the 

other hand, the triplet structure was clearly shown using perpendicular laser 

polarization as shown in trace (D). The three peaks were observed at 6441.7189, 

6441.7333，and 6441.7438 cm"', respectively. A typical linewidth of about 100 MHz 

(FWHM) was observed in the If modulation scheme. It should be noted that the 

profile shown in traces (C) and (D) do not represent the true line shape of W\(0) 

transition bg,t resemble the derivates of the spectral transition observed in 

amplitude modulation because of the 2/demodulation scheme. 

The overall pattern of the }V]{0) transition was very similar to the PFo(O) 

fc 一 I 

transition with the Observed splitting also around 0.01 cm" . The three transitions 

were assigned to the \M\ = 2, 3, and 4 levels in the 7 = 6 manifold according the 

polarization dependence and relative intensity as discussed in Section IV.2.2. Since 

the transition at 6441.73 cm"' was the strongest component at parallel polarization 

and its intensity decreased significantly at perpendicular polarization, it was assigned 

to the = 3 transition. On the other hand, the components at about 6441.72 and 

6441.74 cm"' gained intensities at perpendicular polarization as predicted for |A/| = 2 

and 4 transitions. Based on the predicted relative intensity, they are assigned to |A/| = 

2 at 6441.72 cm"' and = 4 at 6441.74 cm"'. These assignments are consistent 

with the analysis of 机(0) transition as well as the crystal field parameters which are 

negative due to attractive van der Waals interactions. 

A total of four samples of solid para'l{2 have been examined. The ortho'H2 

contqjts in these samples were -0.05%. The observed frequencies of the W\(0) 

transition are listed in TABLE 4. As seen in the table, a variation on the order of 

0.001 cm~' in absorption frequency was observed. This variation may be due to (a) 
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TABLE 4 Observed frequencies of the W î(O) transition for different samples. The 

results of least-squares fitting are also listed with the corresponding uncertainty in 

parenthesis 

Sample Assignment Transition frequency 

Observed Cal. — Obs. 

I
 

I
 

IV 

!i\ 

iIV 

2
 

C
O
 
4
 2
 

C
O
 
4
 2

 3

 4

 2

 3

 4
 

I
I

 -
I
 I

 一
 

I

I
 1
1

 
1

1
 I
I

 =
 

I
-
 
=

 一一

 一一
 

6441. 

6441. 

6441. 

6441. 

71.?9 

7333 

743S 

717S 

6441.732 

6441, 

^441, 

6441, 

(3441, 

6441, 

6441, 

6441, 

7441 

71S5 

7333 

7449 

IISS 

7332 

74o6 

-0.0005 

-0.0002 
+0.0008 

+0.000(3 

+0.0004 

+0.0005 

+0.0001 

+0.0002 

-0.0003 

+0.0001 

-0.0001 

-0.0010 

Fined Paramerers (cni' 

V ariance 

6441.7256(14) 

-0.02861 S3) 

-0.104S(95) 

0.0006 
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the instrumental uncertainty of frequency measurement and/or (b) slightly different 
. \ 

crystal defects in the samples ^ a result of small variation in the crystal growth 

conditions and ortho-Hi contents. Based on the assignments discussed above, the 

three parameters v �， �， a n d ê ^ in Equation (IV-6) were determined by 

least-squares fitting using all observed frequencies in the four samples. As shown in 

TABLE 4，Vo, e^^, and s,^ were determined to be 6441.7256(14), -0.0286(83), 

and -0.1048(95) cm"', respectively, with the corresponding uncertainty in 

parenthesis. The fitted value of e^^ is about an order of magnitude greater than the 

theoretical value. This is not unexpected as its experimental values have been varied 

from -0.0562 to 0.0250 cm"' for different transitions.^^ Since e^^ was determined 

theoretically based on the fact that the lattice sum from the first two layers 

accidentally vanishes in D^h symmetry, it is very sensitive to the synunetry of the 

crystals. Therefore, the great deviation simply indicates that crystals were not 

prepared with perfect D^h symmetry. The value of e^^, which was not severely 

affected by the imperfection of crystals, is in good agreement with the theoretical 

value based on Equation (IV-8). It appears to be slightly smaller than that reported 
I ‘ , 

-

for the ffo(O) transition. However, it should be noted that reported in Ref. 25 
r � 

was fitted by fixing e^^ - -0.0058 cm"^, a presumably underestimated value based 
• . 

Aft 
on experimental observations . For a better comp^son, the }Vo(0) transition was 

• • A 
. » 

refitted by setting Cĵ  = -0.0286 cm"'. The values of v© and e^^ were determined 

- 1 _ i • to be 2410.5282 cm" and -0.09725 cm_�respectively, in the new fit. It is seen that a 

factor of � 1 . 1 is obtained by comparing the values of e^^ for the W i(0) and the 

WoiO) transitions. This ratio is consistent with the fact that there is an increase of 
* t 

about 10% in �a r i s i n g from the quadrupole moment of the J = 6 molecule in v = 
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1 state compared with that in v = 0 states.^^ This agreement further confirmed the 
V 

localization of »/= 6 rotons in both Wq{0) and IV\{0) transitions. 

Intricate satellite structure.near the W\{0) transition previously observed in solid 
* V 

samples with � 2 % ortho-H2 was not found in our samples. Since the ortho-Hi 

concentration in our samples was about ~0.05%, the chance of having a closely 

located pair of J = 6 para-Hi and J = 1 ortho-W2 molecules is expected to be very 

low. 

IV.3.2. Temperature effect 
i 

The temperature effect on the crystal field splitting of the 炉i(0) transition was 

also studied in order to obtain information to further understand the interaction. 

FIGURE 13 showis the observed frequencies and linewi'dths of solid sample (I) at 

different temperature in the range of 2.7-8.0 K. The whole absorption pattern 

exhibited a positive shift of � 3 3 0 MHz by raising the temperature from 2.7 to 8.0 K. 
r- _ 

This shift was reproducible for different samples and not affected by repeating the 
- z 々 丨 ‘ • 

temperature cycle. The observed line positions of̂  \M\ = 3 transition the transition 

were plotted versus temperature and displayed in FIGURE 14. Assuming the 
f 

temperature dependence of line position following a power law: 

y{T) = v{0) + axT' , (\V -\3) 
* 

based on the temperature effect on the intermolecular separation R as discussed 
4 

above, the parameters a, b, ancl v(0) obtained by least-squares fitting were 1.20(5) 
1 

cm'', 4.39(20), 6441.7326(1) cm"', respectively. The power dependence b of 

temperature is in excellent agreement with the predicted value of 4.424 as discussed 
» 

above. This agreement indicates that the temperature dependence of the absorption 

frequency of the IV\(0) transition is mainly due to the change of molar volume that in 
• - ‘ 

turn changes intermolecular interaction with R dependence. 
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In order to further investigate the temperature effects of isotropic and 

anisotropic intermolecular interactions on the frequency shift, the relative changes of 

absorption frequency for the M components of the W\{0) transition at different 

temperature were also examined. As shown in TABLE 5，the observed crystal field 

splitting at different temperatures remained essentially constant within instrumental 

uncertainty. In other words, as the temperature was raised from 2.7 to 8.0 K, the 

excitation energy remained to be localized on the excited H2 molecule and all the 
V 

three angle-dependent M components of the IV]{0) transition exhibited similar shift. 

This observation strongly suggests that the change of isotropic interactions is 

responsible for the temperature shift. To further verify this point, the 

angle-independent transition frequencies vq at different temperatures determined by 

least-squares fitting using observed frequencies in the four samples were plotted 

against the temperature as shown in FIGURE 15. In analogy to Equajion (IV-13), a 

power law for the temperature dependence of vq in the form of: 

v̂ oCO = v^oW + « o X ” (IV. 14) 

was obtained with the parameters ao, bo, and vo(0) fitted to 9.23(3) cm'', 4.49(20)， 

6441.7245(7) cm"', respectively. It is noted that the power dependence of 

temperature for vq was close to the empirical value of 4.424 for molar volume. It is 

therefore little doubt that isotropic interactions are the main contribution for the 

frequency shift of the W\(0) transition. The temperature of anisotropic interactions 

on frequency shift is much smaller that may not be observed with our instrumental 

uncertainty. 

The temperature variation of the linewidth was not clearly observed. As shown 

in FIGURE 13, the linewidth fluctuated around 0.0070 cm''. This observed width 

may be dominated by inhomogeneous broadening due to crystal strain produced 
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FIGURE 13 Observed temperature dependence of the Wi(0) transition of solid 

para-Hj. The figure shows the spectral lines in the temperature range from 2.7 to 8.0 

K. 
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2.5 3.0 3.5 4.0 4.5 5.0 5.5 6.0 6.5 7.0 7.5 8.0 
Temperature(K) 

FIGURE 14 Frequency shift of the W\(0) transition of solid para-Hi as a function of 
、 

temperature. The solid line shows the curve 

v(T) = 6441.7326 + 1.20*10"^父广 39|*°2�3(讲-1，which was obtained by least squares 

fitting method. 
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TABLE 5 Observed relative changes of frequencies for the M components of the 

H î(O) transition in solid sample (I) at different temperatures. 

Temperature 

(K) (cm-1) (cm-1) 

2.7 0.0116 0.0148 

3.0 0.0115 0.0151 

3.3 0.0122 0.0150 

3.6 0.0115 0.0147 

3.9 0.0117 0.0149 

4.2 0.0119 0.0153 

4.6 0.0114 0.0149 

5.0 0.0116 0.0154 

5.5 0.0119 0.0149 

6.0 0.0113 0.0147 

6.5 0.0118 0.0153 

7.0 0.0117 0.0152 

8.0 0.0119 0.0149 
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Temperature(K) 

FIGURE 15 Angle-independent transition frequency v � o f the W\{0) transition of 

solid para-W2 as a function of temperature. The solid line shows the curve 

Vq{T) = 6441.7245 + 9.23 * 10" x 广49±0 40亡讲-1，which was obtained by least squares 

fitting method. 
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during the growth process. As a result, the homogeneous linewidth and its 

temperature effect are completely buried in the inhomogeneous profile to exhibit 

little temperature dependence. This interpretation is consistent with the observed 

amplitude modulated spectrum that showed a Gaussian line shape with a typical 

width of -0.014 cm"'. The J - 6 roton appears to have little effect on the shift and 

linewidth indicating the weakness (64-pole)-(64-pole) interaction. It will be 

interesting to see the temperature effect under constant molecular volume. 

Experiment along this line is underway. 

IV.4. Discussion 

It was seen that all three A/'components of ^i(O) transition were observed in 

crystals of -99.95% para-Hj with both laser polarizations. The prominence of the 

= 3 transition with both laser polarizations may be explained by the fact that the 

crystal c axis is along the radial direction based on the geometry of the sample cell. 

This distortion not only gives rise to a greater e^c-, but also leads to a residual 

polarization parallel to the c axis regardless the polarization of light used in the 

experiments. In addition, the frtiite size of laser beam and the polycrystalline ng^ure 

of the crystal also deviates the ideal polarization conditions required to observe a 

clear-cut polarization dependence of the M components. 

While we have confirmed in our experiments the localized roton in the case of 

PF transition, the role of roton in the relaxation process as well as linewidth has yet to 

clarify. As discussed above, the amplitude modulated transition with a Gaussian line 

shape and a typical width of -0.014 cm'' is very likely inhomogeneous broaden due 

to crystal-strain generated during the growth process. It is known that the Q](0) 

transition exhibits a homogeneous width of <5MHz at 5:7 If the inhomogeneity 
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can be removed, it is likely to observe a similar linewidth for the IV\{0) transitions. If 

successful, the crystal field split M components may be observed without using 

frequency modulation technique in which the true linewidth and intensity cannot be 

obtained. In addition, the temperature dependence of the transition frequency, 

linewidth, and line shape will also be studied with high accuracy to provide the 

dynamic information of the J = 6 rotons. 
- * 

In summary, the crystal field splitting of the fVi(O) transition of solid para-Wj 

was observed in crystals with 99.95% = 0 molecules using high resolution near 

infrared diode laser spectrometer. The corresponding crystal field parameters ê ^ 
and together with the angle-independent transition frequency vq were 

I 

determined using least-squares fitting. These parameters are in good agreement with 

the previous studies of the PFo(O) transition to confirm the localization of J = 6 

rotons.25 The temperature dependence of the IV\(0) transition was also studied in the 

temperature range of 2.7-8.0 K. The observed frequency shift was satisfactorily 

interpreted by molar volume change at different temperature while the linewidth 

studies provide no clear cut trend due to serious inhomogeneous broadening. 
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CHAPTER V. Spectroscopic Study of Ammonia in 

Parahydrogen Matrix 

V.I. Introduction 

Ammonia, ' '^Hb , is the first polyatomic molecule observed in the interstellar 

space arid also one of the most studied species in molecular s p e c t r o s c o p y . ？岔-肌 jt has a 

trigonal pyramidal shape with the nitrogen atom at the apex and the three hydrogen 

atoms in a triangle as a base. As shown in FIGURE 16，a planar configuration of 

NH3 can be obtained by the symmetric bending motion (also known as the umbrella 

motion) of the three hydrogens and further bending leads to a symmetrically 

equivalent pyramidal configuration. The two pyramidal configurations correspond to 

the nitrogen atom located on either side of the plane formed by the hydrogen atoms. 

Since the energy of the planar configuration is about 2000 cm"' above the pyramidal 

configurations, the classical pathway of symmetric bending gives a prototypical 

symmetric double well potential energy surface for quantum mechanical tunneling 

motion. As predicted in quantum mechanics, states with energy lower than the finite 

barrier can penetrate through the classically forbidden region to reach the other well 

of the potential. In other words, the wavefiinctions in such a potential is delocalized. 

The delocalized wavefiinctions can be written as the symmetric and antisymmetric 

combinations of the localized wavefiinctions associated with the two symmetrically 

equivalent configurations, i.e. 

v 2 ( V - 1 ) 
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Structure I Structure II 

FIGURE 16. Schematic representation of the two structures for ammonia. Due to its 

inversion potential energy surface, NH3 molecule can convert between structures I 

and 11. 
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where ^^and ^"a re the symmetric wavefimction and antisymmetric waveflinction, 

respectively. The delocalization of wavefiinctions leads to splitting of energy levels, 

known as inversion splitting in the case of NH3. Due to this interesting phenomenon, 

NH3 has been long been a subject for studying quantum mechanical tunneling. 

Spectroscopic study of transitions between inversion doublets was first reported in 
a I 

the far infra-red region by Wright and Randall. They observed the splitting in gas 

phase has been found to be 0.79 cm"' and 35.7 cm'' in the ground vibrational state 

and in nWV2 = 1 vibrational excited state, respectively. 

Studies of inversion tunneling of NH3 in solid matrix of nitrogen and rare gases 

have been carried out extensively. Early spectra of NH3 trapped in argon and 

nitrogen matrices revealed no complicated absorption pattern in addition to a single 

prominent peak in the V2 region which suggested the aggregated species of ammonia 
Qyi n ^ 

without molecular inversion or rotation. ‘ However，subsequent studies in the V2 

region of NH3 trapped in argon matrix exhibited several peaks resulting from the 
Q A 0*7 

inversion and/or rotation of NH3 molecules. Hereafter, the observations of NH3 

impurities in various matrices, such as neon, krypton, xenon®®'® ,̂ and He-droplets卯， 

led to similar conclusions. Additional studies of the temperature and time 

dependence of various peaks also provided the evidences for the existence of the 

rotation and inversion of NH3 trapped in these matrix environments. Although the 
r 

motion of NH3 in matrices are similar to those in the gas phase, the inversion 

splitting of the V2 vibrational mode in rare gas matrices is decreased by about 30% 

with respect to the gas phase value as a result of smaller tunneling probability due to 

the stronger intermolecular interactions. Recent studies of Infrared9 丨 and Raman^^ 

spectra of NH3 molecule in nitrogen matrices have also revealed the evidence of 

hindered rotation. 68 



Compared to other commonly used matrix materials, solid parahydrogen 

appears to be a more suited matrix to studying the rovibrational and tunneling 

motions of NH3. The distinctive quantum properties of solid H2 have been known to 

facilitate motions of embedded molecular species. Due to its weak intermolecular 

interactions and large intermolecular separation, it allows molecular motions with 

little hindrance. In fact, it has been known that small diatomic molecules (e.g. CO) in 

solid H2 exhibit rovibrational spectrum that is similar to those in gas phase.'*^ These 

factors will no doubt favor the inversion tunneling of NH3 in parahydrogen matrix. 

In the present work, we studied the V2 fundamental band of ammonia embedded 

in para-Wi matrix in an attempt at investigating the inversion tunneling. The 

observed spectrum appeared to be very different from those observed in other matrix 

materials. Based on the effect of crystal annealing and nuclear spin conversion on the 

V2 band, a preliminary analysis has been done. The details of the study will be 

discussed in this chapter. Since the spectrum has yet to be completely understood, 

further work is underway. 

V.2. Theoretical Aspects 

V.2.1. Group theoretical considerations 

The group theory to qualitatively analyze the spectra of NH3 in para-H2 matrix 

can be established based on the framework discussed in Chapter II. Similar to the 

case of W transition, an hep crystal environment is assumed. The central molecule 

under consideration is an XY3 molecule {i.e. NH3) as shown in 

FIGURE 17. The crystal field is expected to lift the degeneracy of the rotational 

levels as well as to increase the barrier of inversion of NH3. To classify the rotational 

levels of NH3 and 
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FIGURE 17 Crystal structure of an XY3 molecule trapped in the hep crystal of 

para-Wi, The filled circles indicate para-Hi molecules and the small empty circles 

indicate an XY3 molecule. In the crystal-fixed axis system, the crystal ^ axis is 

perpendicular to the hexagonal plane and the ^ axis is in the plane. In the 

molecule-fixed system, the C3 symmetry axis of the radical is taken as the z axis of 

the molecule XY3 and xy axis is in the plane perpendicular to the z axis. 



determine the selection rules, we need to construct the appropriate extended group 

following the prescription of Miller and Decius，。 

Taking into account the inversion tunneling, the molecular symmetry group of 

NH3 is £>3办 with operations: 

^ = ^ (V - 2) 

where overbar is used on the molecular symmetry group operations as before, E 

and E* are the identity and space inversion operation, respectively, (23) is the 

permutation of the two identical particles and (123) is a cyclic permutation of 

identical particles. On the other hand, the point symmetry group of the hep crystal is 

also Dsh with operations: 

= { £ , 2 C 3 ’ 3 C 2， , 2 ^ 3 } , (V - 3) 

where the C3 axis is along the c axis of the crystal (i.e. the space-fixed f axis) and the 

symbol of each operation is written in the standard point group notation”. As 

discussed in Chapter II，the appropriate extended group G72 is constructed the 

following way: 

G72 = {EaC^，3C2} (8) {̂，2 両 ’ 3 面 } + {cr, ,2^3,3a-,} ® {^，2(123)*，3(23)* 

(V -4 ) 

The extended group G72, which is composed only 72 elements, is the subgroup of the 

direct product group of Dŷ  ® £>3 .̂ TABLE 6 shows the corresponding character 

table constructed using standard procedures in group theory. The symmetry 

classifications of the dipole moment ^ and the polarizability tensor a are also listed 

in the table. 

Using the symmetric top rotational wavefunctions, the rotational levels of NH3 
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are the functions of Euler angles {x^ft"]. that define the relative orientation between 
0 » 

the molecule-fixed axis system with respect to. the crystal-fixed axis system and 
» * 

specified by three quantum number J (total angular momentum), M (projection of J 
‘ s 

I 

along the crystal-fixed C axis), and K (projection of J along the molecule-fixed z 
* 

axis), i.e. : 
4 

I J / C M �= 知 + l)/8;r2Z)J^ ({xe^p})， （V _ 5) 

where the Wigner's rotation matrix D)^{{xO<tf]) follows the sign convention of 

Bunker and Jensen.^^ By considering the transformation' properties of Euler angles 

{xO(lf] under each operator of the extended group G72, their effect on rotational 

t K 

wavefimction follows: 

样 麗 〉 = Z Z ( x o m ' ^ ^ ^ ) | A " ( V - 6) 
M' 

where x̂ 冷 and ；if'^V'stand for the change of the Euler angles corresponding to 

the symmetry operations in extended group Gji with respect to crystal and molecule, 

respectively, and R q̂̂  ^x'of represents the equivalent rotation corresponding to 

symmetry operation. The detailed transformation properties of Euler angles under 

the symmetry operations of group Dsh are listed in TABLE 7. By applying these 
> 

transformation properties into Equation (V-6), the irreducible representation of the 
# 

rotational wavefunctions using the standard projection operator method can be easily 

worked out. TABLE 8 shows the explicit expressions for the symmetry 

classifications of the rotational wavefunctions. In addition to the splitting for K 
* • I 

sub-levels as in gas phase, the M sub-levels are no longer degenerate but split as a 

result of spatial anisotropy in the crystal. For instance, the J = 1 is split into A ^ ' ^ E 

components for M = 0 and 土 1, respectively，while the, = 2 state is 
72 

/ 



TA
B

LE
 6

 
C

ha
ra

ct
er

 ta
bl

e 
of

 g
ro

up
 G

n-

ri 
IE

 
2£

 
3E

 
2C

3 
4C

, 
6C

3 
3Q

 
9C

, 
2a

, 
3a

, 
25

, 
6S

j 
3a

, 
60

V
 

9o
v 

^7
2 

E 
(1

23
) 

(2
3)

 
E 

(1
23

) 
(2

3)
 

£ 
(1

23
),

 
(2

3)
 

E*
 

(1
23

)*
 

(2
3”

 
£

* 
(1

23
” 

(2
3)

* 
E*

 
(1

23
” 

(2
3”

 

AA
 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 
1 

1 

AA
 

1 
1 

1 
1 

1 
1 

1 
1 

1 
-1

 
-1

 
-1

 
-1

 
-1

 
-1

 
-1

 
-1

 
-1

 

1 
1 

-1
 

1 
1 

-1
 

1 
1 

-1
 

1 
1 

-1
 

1 
1 

-1
 

1 
1 

-1
 

M
2 

1 
1 

-1
 

1 
1 

-1
 

1 
1 

-1
 

-1
 

-1
 

1 
-1

 
-1

 
1 

-1
 

-1
 

1 

A
�

E
. 

2 
-1

 
0

 
2 

-1
 

0
 

2 
-1

 
0

 
2 

-1
 

0
 

2 
-1

 
0

 
2 

-1
 

0
 

A
�

E
" 

2 
-1

 
0 

2 
-1

 
0 

2 
-1

 
0 

-2
 

1 
0 

-2
 

1 
0 

-2
 

1 
0 

M
 

1 
1 

1 
1 

1 
1 

-1
 

-1
 

-1
 

1 
1 

1 
1 

1 
1 

-1
 

-1
 

-1
 

M
 

1 
1 

1 
1 

1 
1 

-1
 

-1
 

-1
 

-1
 

-1
 

-1
 

-1
 

-1
 

-1
 

1 
1 

1 

1 
1 

-1
 

1 
1 

-1
 

-1
 

-1
 

1 
1 

1 
-1

 
1 

1 
-1

 
-1

 
-1

 
1 

"z
 

73
 



6C
j 

Icj
, 

iG
, 

3o
-, 

树
 

45
, 

65
, 

3(7
, 

^O
v 

(12
1)

 
(23

) 
(12

3)*
 

T^
J 

(12
3)*

 
(1

23
)申

(l
lv

 

从
 

2 
-1

 
p 

2 

A,
E'

 
2 

0
 

2
 

E
A
：

 
2
 

2
 

2
 

E
A
：

 
2
 

2
 

2
 

£A
., 

2 
2 

-2
 

E
A
：

 
2
 

2
-

2
 

0
-

2 
1 

0 
2 

0
-

2 
1 

0
-

2 

1 
0 

0 
0 

2 
2 

0
 

0
 

0
 

-2
 

-2
 

0
^ 

0
 

0
 

2
 

2
 

0 
0 

0 
-
2 

-
2 

0 
2 

0
 2 

•
2 

1 

0 0 
2 

0 0 

1
0 

0 
0 

0 
0 

0 

0 
0 

0 

1
0
 

0
 

0 
(M

x^
M

y)
 

EE
 

•2
 

0 
-
2 

1 
0 

0 
0 

0 
•
2 

0 
-
2 

1 
0 

0 
0 

0 
^A

T'̂
Xy

 

EE
 

-2
 

0 
-2

 
1 

0 
0 

0 
0 

-4
 

2 
0 

2 
0 

0 
0 

0 
a

y
y

.a
 

X
Z^

^Y
Z 

7
4 

(C
on

tin
ue

d)
 

£ 

6C
, 

4C
3 

C3
 

£ 

23
) 

23
] 

£ 
23

) 
3)

 
£  

2  

G
n 



TABLE 7 Values of the Euler angles [x^*/"} corresponding to the symmetry 

operations of point group Djh. 

Operation X 0 (t> 

£ 0 0 0 
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TABLE 8 Symmetry classifications of the rotational wavefunctions \JKM) 

( J < 2) in group G72 

JKM) 
Symmetry 

Classification 
JKM) 

Symmetry 

Classification 

000 
A A 

202 
EA; 

100 M 210 A,E" 

101 EA'2 211 EE 

110 A,E" 212 EE 

111 EE 220 A�E' 

200 
A A 

221 
EE 

201 
EA[ 

222 
EE 
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split intoy4,'®£'0£" corresponding to A/ = 0, ±1, and ±2，respectively, in the 

Dih crystal field. 

In determining the symmetry of laboratory-fixed components of the dipole 

moment of NH3, the same procedure is applied. For simplicity in the discussion later, 

we can consider the three spherical components instead of the Cartesian components. 

It is known that the three spherical components are first-ranked 

spherical tensor operators, which behave like spherical harmonics of J = 1. Applying 

the same argument as before, one has 

� ( / ^ z ) = J2'•； (V-7 ) 

「( "a^，M =厂， （ V - 8 ) 

Once the symmetry representations of dipole moments and rotational levels are 

known, it is straight forward to determine the allowed infrared transitions. 

V.2.2. Nuclear spin modifications 

Similar to the hydrogen molecule, ammonia molecule with three symmetrically 

equivalent protons has different nuclear spin modifications depending on the relative 

orientations of nuclear spins of the protons. According to the quantum theory of 

angular momentum, the coupling of the three protons results in total nuclear spin of I 

=3/2 (prtho) and 7=1/2 (para) species. Similar to the case of H2, the Pauli principle 

requires that ortho species occupy the rotational states K = (n = 0, 1,2, ...) while 

ortho species occupy the A" = ± 1 states.94’95 At room temperature, the 

orthO'XO'para abundance ratio of the NH3 molecule is 2:1. Unlike diatomic species 

whose ortho/para conversion is extremely slow due to parity requirement, the 

ortho/para conversion of NH3 is much faster, only on the order of days in the gas 

phase. In the condensed phase, the few populated levels with smaller energy 
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differences result in a faster rate of conversion, as pointed out by Hougen and Oka.^^ 

Because of the ‘‘fast” conversion, this ratio is expected to change at cryogenic 

temperature in a time scale of hours even without the present of paramagnetic 

species. The evidence of the nuclear spin conversion of NH3 isolated in rare-gas 

matrices has been observed by Hopkins，？ He observed time dependence of 

intensities in the umbrella motion of NH3 in At matrix, and indicated that nuclear 

spin conversion was a powerful aid in discriminating rotational structure from 

structure arising from different matrix sites or agglomeration. Since the ortholpara 

conversion is catalyzed by a paramagnetic impurity, such as O2，丨�̂  the addition of 
'7 

traces of O2 should help identify species due to the ortho or para species as we will 

see below. 

V.3. Observation and Preliminary Analysis 

While there are four infrared active bands for NH3, we only studied the V2 band 

because others are either too weak or overlap with atmospheric absorptions. The V2 

band located in the 10 /um region exhibit strong transitions even with 9 ppm of NH3 

in solid parahydrogen taken as shown in FIGURE 18. As shown in the spectrum, the 

most prominent absorption was observed at 968.2 cm''(E). with five less intense 

-Sorpt ions at 961.4 cm"'(A), 963.1 cm''(B), 965.5 cm"'(C), 966.1 cm''(D) and 976.7 

cm''(F). These absorption peaks were observed with a line width at 0.2 cm"', which 

appeared to be limited by the resolution of our spectrometer. In addition，a broad 

feature was observed at �9 8 7 . 3 cm'' (G). The observed transitions are listed in 

TABLE 9. 

FIGURE 19 shows a series of spectra taken during the matrix deposition 

process. The peak at 968.2 cm"'(E) first appeared in the spectrum, followed by the 
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peaks at 961.4 cm'^(A), 963.1 cm''(B), 965.5 cm''<C), and 966.1 cm-'(D), the 

doublet at 976.7 cm"'(F) and the broad feature at 987.3 cm"'(G). It was interesting to 

note that the relative intensity between lines (C) and (D) as well as the transitions in 

the double (F) reversed during the growth process. In addition，a weak peak at 949.5 

cm"' appeared during the growth process but also completely disappeared after the 

completion of the growth. 

The annealing of the samples allows the thermodynamically lass favorable hep 

crystalline to convert to more favorable hep crystalline. In addition, it also allow the 

ortho/para NH3 to reach Boltzmann distribution at 4.8 K. Both processes will no 

doubt alter the relative intensity of the observed transitions. The effect of sample 

annealing was also studied by keeping the sample at 4.8 K for 17 hours. A series of 

spectra recorded during the process are shown in FIGURE 20. The intensities of 

peak (A), (D) and (F) decreased at the similar rate while the intensity of peak (C) 

decreased much faster. On the other hand, peaks (B), (E) and (G) increased in 

intensity. 

To accelerate the ortho/para conversion of NH3 in solid para-\{2, trace of O2 

was added to the premixed gas for matrix deposition. As shown in FIGURE 21, 

peaks (A), (D) and (F) were much weaker in the presence of O2 while (B), (E) and 

(G) became stronger. This effect was more significant at higher O2 concentration. 

Based on these observations, a preliminary assignment of the spectrum has been 

made. First of all，peak (C) at 965.5 cm"' was assigned to NH3 transition in the 

face-centered cubic (fee) crystalline, which quickly converted to hep upon annealing 

to weaken its intensity. Since infrared transitions are strictly forbidden in fee crystals 

due to the inversion symmetry of the crystal, it is very likely that peak (C) is due to a 

pure vibrational transition of NH3 accompanied by a nearby orientation change of 
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FIGURE 18 Infrared absorptions in the vi region of NH3 isolated in solid para-lh 

with mole ratio of 9 ppm. 
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TABLE 9 Observed absorptions (cm"') in the V2 region for the sample of NH3 in 

solid parahydrogen, with preliminary assignments. 

Frequency (cm'') 

Observed 

Half Width (cm]) 

FWHM 
i 

Assignment 

A 961.3540 0.23 K= 1 

B 963.0866 0.20 K = 0 

C 965.5258 0.23 NH3 in the fee H2 

D 966.0641 0.21 K= 1 

E 968.2453 0.29 K=0 

F 976.7147* 0.26 K= 1 

G 987.3680* 0.99 K=0 

(*) Spectral lines overlapping with other lines. 
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FIGURE 19 The growing process of absorption pattern in the V2 region of sample 

with 9 ppm NH3 in -99.95% para-Wi matrix. Traces (a) to (f) show the spectra of 

sample at the deposition time of 8 min, 16 min, 24 min, 32 min，40 min and 48 min, 

respectively. 
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FIGURE 20 The annealing process of absorption pattern in the region of sample 

with 9 ppm NH3 in -99.95% para-Hi matrix. Traces (a) to (f) show the spectra of 

sample after annealing about 0 hrs, 3.5 hrs, 7.0 hrs, 10.5 hrs, 14.0 hrs, 17.5 hrs, 

respectively. 
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FIGURE 21 Dependence of absorption pattern on additional paramagnetic impurity 

O2 content in the V2 region of samples with 9 ppm NH3 in -99.95% para-Wi matrix. 

Trace (a) shows the spectrum of sample without O2 impurity. Trace (b) shows the 

spectrum of sample with 110 ppm O2 impurity. Trace (c) shows the spectrum of 

sample with 550 ppm O2 impurity. 
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orthO'Hi molecule. This configuration breaks the prefect inversion symmetry offee 

crystal. 

I * t 

Based on the change in intensities of peaks(A) at 961.4 cm"，(D) at 966.1 cm" 

and (F) at 976.7 cm"' upon annealing and in the presence of O2, these peaks we^e 

likely due to para-NHs species. Similarly peaks (B) at 963.1 cm"', (E) at 968.2 cm'', 

and (G) at -987.3 cm"' were likely due to or/Zio-NHs species because of their 

increasing intensity upon annealing. The assignments were further confirmed by the 

observations in the spectra of NH3 in paro-H� matrix in the presence of O2, which 

would accelerate the ortho/para NH3 conversion. Since only J = 0 and L rotational 

manifolds are significantly populated at 4.8 K, the orr/zo-NHs species is expected to 

be y = 0, /C = 0 species or J = 1, /C = 0 species while the para-NH^ species is 

expected to be J = 1, /C = 1 species. At this stage, the strongest absorption peak (E) 

appears to be due to J = 0, /C = 0 state judging from the strong intensity. Much more 

experimental work will be needed before the definite assignment of other lines can 

be made. Nevertheless, it is certain that NH3 appears to have rovibrational motion in 

solid para-Hj. It is not clear from the observed spectrum if inversion tunneling 

occurs. 

The nature of the peak at 949.5 cm"' is not known. While peak with similar 

behavior in neon matrix was assigned to the sP{ 1,0) transitions’ 丨� its frequency, 

however, may not be consistent with the other transitions. At this preliminary stage, 

we prefer to leave it unassigned. 

In summery, the V2 band of NH3 in para-Hi matrix exhibits sharp, lines with 

pattern not resemble to other matrix system. Transitions have been assigned to ortho 

and para species based on their behavior upon annealing and in the presence of O2. 

Further experiments are underway to gather more information for more definite 
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assignment. 

V.4. Discussion 

In order to assign the transitions of the V2 band of NH3 in para-Hi matrix, one 

may. compare the corresponding spectrum of ND3，which is known to have no 

tunneling in matrix. Although the nuclear spin statistics may complicate the 

spectrum, the identification of ortho/para species should not be difficult. With this 

comparison, we may be able to tell if there is inversion sub-bands for NH3. 

High resolution Raman spectroscopy may also be applicable to clarify the 

existence of inversion tunneling. Information complementary to infrared studies is 

expected because of different selection rules applied to Raman spectrum. However, 

the much weaker Raman spectrum posts extra difficulty and challenges. Experiments 

along this line are being plann^^ 
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