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Abstract

Solid para-H; is well known as a prototypical quantum solid. There has been considerable previous
experimental and theoretical research. However, the characters of the local structure of p-H, crystal
around dopant have not been cleared yet. This research surveyed mainly four physical subjects
related to the local structure of solid p-H, around dopant molecule.

The first subject is about the nuclear spin conversion rate of 0-H, molecule in solid p-H,. The
temporal behaviors of the absorption spectrum of CH3F-(0-H,),, were observed. The spectral change
is caused by the nuclear spin conversion of 0-H, molecules in the first nearest neighbor site of CH3F.
The self-conversion rate and the catalyzed-conversion rate were estimated by fitting analysis. The
decay time of the catalyzed-conversion was estimated to be 24.4(8) hours. This is the first time to
estimate the catalyzed-conversion rate between one o-H, and one dopant molecule. From this
research, we found that the catalyzed-conversion rate of o-H, by CHsF is faster than the
self-conversion rate, but the difference between them are not so large. The effect of CHsF to the
nuclear spin conversion of 0-H, is not only to do the catalyzed-conversion, but also to accelerate the
self-conversion of 0-H, since CH3;F makes 0-H, molecules come close to it. Thus, the effects of the
dopant molecules to the nuclear spin conversion of 0-H, should be treated from some points of view.
This research could contribute not only to the knowledge of the system of CHsF in solid p-H, but
also the development of the detailed physical implications of nuclear spin conversion of o-H, with
the dopant in solid p-H,.

The second subject is about the origin of unknown peaks. New satellite series were found to the
lower energy side of each main peak of the 3 band of CH3F embedded in a p-H; crystal. All the
peaks showed a common red shouldered line profile, which corresponds to partly resolved
transitions of ortho- and para- CHsF. Some experimental results may suggest that these satellite
series originate from a family of CH3F clusters involving 0-H, in second nearest neighbor sites. A
model function assuming this idea was used to resolve the observed spectrum into each Lorentzian
component, and then the detailed features of these series were studied. The peak intervals in the
series are not as equally spaced as the main series, but there is a strong resemblance to the satellite
series. We proposed that the effect of 0-H, molecules in the second nearest neighbor site of CH3F
could not be ignored.

The third subject is about the alignment of the dopant molecule. The polarization dependence of the

vz vibrational transition of CH3F, whose rotational motion is hindered in p-H, crystal, was observed.



The experimental results were well explained by a simple six-way vacancy model and the alignment
angle in the crystal is determined. The CH3F is not aligned along the c-axis but tilted to 64° from the
c-axis. This is the first time to estimate the alignment of dopant molecule in solid p-H, by
experimentally. The method to estimate the alignment of the dopant can be used for other dopant
molecules. This research could contribute to some studies, like which use the orientation of dopant
molecules.

The fourth subject is about the structural changes of CHsF-(0-H,), by the pumping lasers. By using
two QC lasers, the processes of the structural change by the pumping beam were observed at the first
time. In order to estimate each rate for the structural change of each cluster, these pump-probe
experimental results were analyzed by using some model functions. The fitting results showed that
the local thermal energy of the p-H, crystal around CH3F increases and the resonance frequency of
the CH3F in the cluster is shifted. This research could contribute to understanding the mechanism of
the thermal relaxation in solid p-H; around dopant.

In addition, some unknown peaks (e.g. the d series and n = 3’ peak) have been surveyed. The
characters and the origins for them were proposed. Some theoretical supports are quite important for
the determination of the origins of these peaks.

From this research, some characters of solid p-H, to the dopant molecule were cleared.
Furthermore, this research developed the knowledges about the interaction between o-H, molecules
and CHgF. The characters of the local structure of solid p-H, revealed in this research are not only
for dopant CHsF. These achievements can contribute to the studies for other dopants in solid p-H,

and also the studies for the characters of solid p-H, itself.
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Chapter 1 Introduction

In Chapter 1, the background of this research is presented. Section 1.1 and 1.2 explain the hydrogen

molecules and the solid para hydrogen, respectively. Section 1.3 presents the overview of this thesis.

8§ 1.1 para-hydrogen molecule

Hydrogen molecules are distributed to two types, ortho-H; (I = 1) and para-H; (I = 0). From the
symmetry restriction of the wave function, the rotational quantum number J of p-H, is even and that
of 0-H, is odd. This fact was found at around 1927 [1-3]. At room temperature, the ortho-para ratio
is 3:1 due to the statistical weight of each nuclear spin state and that is called “normal hydrogen”. It
is known that the nuclear spin conversion between o0-H, and p-H, is almost forbidden without
paramagnetic catalysts [4]. Therefore they can be treated as different molecules. In liquid and solid,
however, the spin conversion cannot be neglected [5].

The energy levels of H, molecules are depicted in Fig. 1-1. The energy difference between their
lowest levels of p-H, and 0-H, is about 15.08 meV. The energy difference cannot be neglected since
it makes “boil-off” problem. In these days, hydrogen has been attracting attention as one of the fuels.
The possibility and scalability of this new candidate for fuels should not be discussed in this thesis.
But without this discussion, it would be easily imagined that transforming the hydrogen gas to liquid
is necessary in order to store and transport efficiently on the industry scale. The energy for

sublimation of hydrogen is about 12 meV, thus the

released energy at the conversion from o-H, to \ 1 J=3
B ~7.5meV ! 12B
p-H, is enough to sublimate [6]. This is the i ‘
boil-off problem. From this issue, the conversion o |
o 1
of 0-H, to p-H, before the storage of hydrogen is S |
210 Pz g ydreg E J=2 6B | 90.48 meV
necessary and also the invention for the reasonable g 1 }
conversion way would be hoped. The mechanism £
_ _ _ x 4524 meV J=1
of conversion has been investigated by some || —p— 2B
groups [7-12]. In addition to them, in order to 1 3=0 1 | "15'08 meV
understand the detail of the conversion process, para-H, @ |  ortho-H, @

the nuclear spin conversion with some molecules
Fig. 1-1. The rotational energy levels of

in solid p-H, has been researched for a long time
hydrogen molecule
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[13-16]. This research also has curious to it and has researched the nuclear spin conversion at local

region around dopant molecule.

§1.2 Solid para-hydrogen

Solid p-H, is well known as a prototypical quantum solid due to the light mass of the H, molecule
and its weak and relatively isotropic intermolecular interactions. It is well known that solid p-H,
forms the hexagonal close-packed (hcp) structure at a low temperature and at low concentration of
0-H,, as shown in Fig. 1-2. Squared distances and numbers of neighbors of solid p-H; are listed in
Table 1-1. The lattice constant a and the c/a ratio for solid p-H, were also estimated in previous

research. If the ratio equals (8/3)*2

, the crystal is constructed by ideal spheres. In previous studies,
some values of the lattice constant were reported since they calculated with different theoretical
models and for different environments. Furthermore, the lattice constant for solid p-H, was reported
3.77-3.789 A depending on the concentration of 0-H, [17]. It should be pointed out that the lattice
constant and the c/a ratio of solid p-H, have some fluctuation by the environment in it. In Ref. 4, the
lattice constant of p-H, crystal was reported as 3.78 A and the amplitude of zero-point vibration is
estimated about 18% to the lattice constant. The c/a ratio for solid p-H, was reported that it is very
close to the hcp value (8/3)2 for solid p-H, at zero pressure in the reference. In Ref. 18, the lattice
constant a and ¢ of solid normal hydrogen were reported as 3.75 A and 6.12 A, respectively.
Therefore, the c/a ratio is ~ 1.63 and this value is very close to (8/3)¥? = 1.633.

There has been considerable previous experimental and theoretical research. As for spectroscopic
studies, Welsh et al. observed infrared spectra of solid p-H, in 1955 [19,20], and Raman spectra in

1956 [21]. The physical properties of solid p-H, were summarized by Silvera [17] and Van

Kranendonk [4] in the early 1980’s. Then in the late 1980’s, high-resolution laser spectroscopy of

Table 1-1. Squared distances and numbers of
neighbors of solid p-H, with hcp structure [4].

Neighbori | (R/R1)?>  Number of sites
1 1 12
2 2 6
Fig. 1-2. The hcp structure of solid p-H,. Each sphere 3 8/3 2
shows the p-H, molecule. The black, red, green, 4 3 18
yellow, and blue spheres indicate the 1%, 2", 3" 4™

and above 5" sites, respectively.
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p-H; crystals by Oka’s group in Chicago showed that rovibrational transitions of Hj itself could be
as narrow as 0.001 cm™ [22]. Furthermore, they reported the split of the rovibrational transitions of
0-H, and p-H, by the effect of 0-H, molecules [23-26]. M. Mengel et al. also reported the detail of
the first vibrational overtone spectrum. Moreover, they reported the double transitions (e.g.
U:(0)+Q¢(0), and Q:(0)+Q(1)) and triple transitions (e.g. S:1(0)+Q.(0)+Q.(0)) by using
high-resolution FTIR measurement [27-29]. From their reports, the narrow linewidths of the
absorption spectra in p-H, crystal describe that the interaction between p-H, molecules is enough
weak in solid p-H,. Further, Oka’s group showed that some dopant molecules can rotate freely in
p-H, crystals, giving rovibrational spectra even narrower than in the gas phase [30-32]. Therefore,
solid p-H; has been recognized as unique matrix isolation medium and many spectroscopic studies
have been reported by using high-resolution FTIR spectrometers [33-38]. The target molecules
studied in p-H, crystals can be classified into two groups, namely molecules which can rotate in the
crystal and those which cannot. In the former case, the M-degeneracy of a rotational state splits in
the crystal field. Therefore, polarization spectroscopy is useful to assign the spectral peaks, because
the crystal c-axis is known to be normal to the substrate [39]. Using the selection rule on AM, the
alignment of a dopant molecule was studied [33,34]. In the latter case, without rotation, there exist
no M-components. Only a single transition which corresponds to a pure Q(0) vibrational transition is
observed because the rotational motion is hindered. There are some studies to the latter case [38,40],
however, the alignments of the doped molecules have not been cleared yet. The knowledge of the
orientation of the dopant molecules is very important. For example, the surveys which need to
switch the direction of dopant molecules should know the alignment of the dopants. This research
tried to determine the orientation of doped molecules, CH3F, by the experimental approach.

The theoretical approach to the p-H, crystal has also researched for a long time. The mechanism of
the interaction of o0-H, in solid p-H,, like ortho-para conversion, has been studied theoretically from
the 1950s [41-43]. The structure of p-H, crystal has been studied from the late 1970°s [44,45]. These
studies described the difference between in-plane and out-of-plane for a pair of o-H, molecules. The
Monte Carlo studies to p-H, clusters started from the 1990s [46,47]. The (p-H)n cluster size they
were able to calculated at that time was up to N = 34. The theory has been improved, and recently,
the vacancy model [48,49] and the potential of the p-H, cluster with other molecules [50,51] were
studied. However, a reasonable model to explain some experimental results in p-H, crystal has not
been established completely due to the large zero-point vibration that solid p-H, has. Therefore, the
physical phenomenon should be observed by experimental approach for supporting the theoretical

approach in the future.
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In these days, the studies using the solid p-H, can be divided into two; studying the target
molecules by using p-H, as a matrix isolation medium, and studying the properties of p-H,. One of
the purposes of the formers is to observe the chemical reaction or understand the formations of target
complexes in the p-H, crystal since it enables us to understand the detailed interpretation of them. In
fact, the characters of pure solid p-H, have been studied enough. However, the characters of the
local structure around dopant have not been studied enough. At locally, the interaction between p-H,
and o-H,, and o-H, molecules have been studied but the interaction between o-H, molecule and the
dopant molecule has not been studied completely. In order to use the solid p-H, as a matrix isolation
medium, the local characters around the dopant molecule trapped in solid p-H, should be more
identified. This research focuses on the local properties of the p-H, crystal especially around CH3F
doped in the crystal.

The observation of the v; vibration band (~ 1040 cm™) in CHsF shows a distinct spectral feature
due to the CHzF-(ortho-H,), (n = 0-12) clusters [52,53]. The peak position of the n = 0 cluster is
1040.19 cm™. The band origin vo of CHF is 1048.610767(62) cm™ [54]. Therefore, the matrix shift
is -8.42 cm™ . They reported that the value of the matrix shift is typical for small molecules isolated
in solid p-H,. Each line width of these peaks is much narrower than that in the rare gas matrix
[55,56]. Absorption peaks of some other molecules in solid p-H, are also shifted but the situation for
the v vibration band of CHF that each cluster’s peak is obviously separated is unusual. In fact, the
other vibrational bands of CHsF as v, and 2v, are very broad and each cluster’s peak is not
observed separately. In order to survey the characters of the local structure in solid p-H,, we need to
observe each cluster’s peak separately. Therefore, the v3 vibration band of CH3F is good for the
investigation of the local structure of solid p-H,. In our laboratory, high-resolution measurement has
been performed by McKellar et al. using a quantum cascade laser (QCL) [57]. We found that the
spectrum for each cluster involves many weak satellite peaks, and some unidentified lines (d = 1, 2,
etc.) were also found in the middle area of the cluster peaks. Additionally, the photochromic
phenomenon between the peaks of the clusters was found by using a high power of QCL (~ 30 mW)
[58]. However, the mechanism of this photochromic phenomenon has not been clearly understood
yet. The origins of satellite peaks and other unknown peaks should be elucidated in order to
understand the phenomenon occurs in solid p-H,, especially the local region around CHaF.
Furthermore, the photochromic phenomenon also should be identified since it can promote to

understand the effect of 0-H, molecules to dopant molecules and also the character of p-H, crystal.
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8 1.3 Introduction of this thesis

In this research, the topics are (1) to estimate the nuclear spin conversion rate of 0-H, forming the
cluster with CHs3F, (2) to explain the physical origin for 6 satellite peaks: n’-series, which were
observed in any clusters, and (3) to identify the alignment of CHF in solid p-H,, and finally (4) to
understand the photochromic phenomenon in this system. The purpose of these four topics is to
promote the understanding the microscopic characters of p-H, crystal around the dopant molecules.
This knowledge could contribute to the other studies that use p-H, crystal as a matrix isolation
medium in order to observe the intermediate state of the chemical reaction or photoreaction of the
dopant molecule in it [37,59,60], for example.

In Chapter 2, some instruments and the experimental ways of this research are reported.

In Chapter 3, the temporal behavior of the absorption spectrum for CHsF-(0-Hy), cluster is
reported. In order to estimate the nuclear spin conversion rate of 0-H, forming the cluster with CH3F,
the temporal behavior is analyzed with model function. And also, the physical origin for some
unknown peaks is presented.

In Chapter 4, the experimental results on the temporal behavior, temperature dependence and
pumping experiment in order to explain the physical origin for 6 satellite peaks are presented. Some
contents in this chapter have been already reported as Ref. 61.

In Chapter 5, the experiment on polarization dependence is reported. The alignment of CH3F in
solid p-H, is estimated. Some contents in this chapter are also seen in Ref. 62.

In Chapter 6, the experimental results on pump-probe experiments are presented. In order to
understand the mechanism of the migration of o0-H,, the experimental results are analyzed with

model functions.






Chapter 2 Experimental procedures

§2.1 Method of making sample

2.1.1  Preparation of pure p-H,

Hydrogen molecules are distributed to two types, ortho-H, (I = 1) and para-H; (I = 0), as described
in Chap. 1. In order to make solid p-H,, we have to prepare pure p-H, gas. It is known that the
nuclear spin conversion between o-H, and p-H, is almost forbidden without paramagnetic catalysts.
We use a converter with Fe(OH); that has been used in our Laboratory [57,58,63]. By passing
through the converter, the distribution for rotational state follows the Boltzmann distribution, thus
p-H, (J = 0) dramatically increases if the temperature is enough low. From this point of view, the
temperature of catalyst should be kept at around the triple point (13.8 K) when the gas passes
through it. From the calculation about thermal equilibrium condition, the ratio of o-H, (J = 1) to
p-H, (J = 0) at the triple point is about 10°°.

The temperature of the catalyst is measured at two positions on the converter, bottom, and middle,
as shown in Fig. 2-1. The converter is inserted in the liquid He tank and the temperature is adjusted
by the distance between the bottom of converter and surface of liquid He. In our experiment, the
bottom temperature of the converter is kept at 13.4 K. It is lower than the triple point; however, H,
gas can pass through the catalyst at a rate of 300 ccm. The temperature at middle sensor depends on
the remaining amount of liquid He in the tank; therefore, the temperature has some range between
other experiments, like 30-50 K. The pure p-H; gas is stored temporarily (a few hours) in 15 L Pyrex

glass vessel.

2.1.2  Method to control the ratio for o-H, / p-H,

The concentration of 0-H, in p-H, is about 10 ppm if we prepare it by the way mentioned above. To
control the concentration of 0-H, by only changing the converter temperature is so limited because
the H; gas should change the form to liquid H, in order to pass through the catalyst. In this limitation,
the temperature could only be changed between 13.8 K and 20 K. If we need more concentration of
0-H,, we store a few normal H, gas in the vessel before pure p-H, is stored. For example, we mix 1
Torr normal H; gas and 750 Torr p-H, for making about 1000 ppm (parts per million) o-H, / p-H,

gas. This estimation follows that the ortho-para ratio at room temperature is 3:1. By this way, we

9
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CH,F
/ H
Sample gas g
n-H, 11 g:{) p-H, Ig'l '
(0:p=3:1) l Mass Flow Controller rotary pump
| -
Iq NZ \_1[
\
Pyrex vessel (15 L)
Iq He
Temp. Sensor | | =l R ~
Si Diode 1K pot
Filter (5 um x 3) /
w .
\ w.ﬁ/ Fe(OH); (506-847 pm Mesh Mr=21
’u . ?-%/ e( )3( - pm vies ) \ ,E.'_;— s

Sample crystal/p-H, (T=1.8 K)

Fig. 2-1. The converter and the way of making sample. (Some parts were depicted by Dr. A. Mizoguchi)

can control the order of the concentration of o-H, from 10 ppm to 750000 ppm (75 %) thus normal
hydrogen.

The determination of the concentration of o-H, in each sample should be treated very carefully
because the concentration might not be constant in one crystal. The position dependence and the
time dependence of the concentration should be considered. The ratio of o-H, would be higher
around doped molecules which have the dipole moment, especially after annealing. This expectation
was reported in some previous studies [64,65]. The spectrum pattern of CHzF-(0-H,), clusters before
annealing follows to the average concentration of this crystal [66]. However, we discuss the
environment after annealing. In our case, we use CH3F that has the dipole moment; therefore, we
should treat the ratio very carefully. We should clearly divide which point of view we discuss at the

whole sample or at the local point.

10
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2.1.3  Cryostat

Figure 2-2 describes the diagram of the liquid He Liquid He
cryostat for making the sample with solid p-H,. The zg: Rotary pump
Inlet for gas
sample should be kept the temperature around 2 K and o

the temperature is lower than that of liquid He. The

substrate for the sample is cooled by attached to “1 K

pot” for achieving the lower temperature. This is

partially filled with liquid He fed through a narrow o
Liquid Nz\
capillary. By evacuating the vaporized He gas in it N

with a rotary pump, the temperature of the pot and

substrate could be cooled below 2 K. The needle bulb
showed in the Fig. 2-2 controls the flow rate of the
liquid He to flow into the pot. Liquid He |
The substrate for the sample is gold coated mirror N

made of copper. It is attached vertically to the 1 K pot Heater L1 K pot

by two copper frames. This mirror system is different [] m \m 11
——Heater

from the previous researches in our Laboratory Temp. Sensor |
Si Diode

[57,58,63] or others [35,52,53]. The temperature of Substrate

the substrate is monitored by using silicon diode
temperature sensor attached to the frame. Since the Fig. 2-2. Cryostat

material of the mirror and the frames are copper that has very high thermal conductivity, we can treat
these frames, substrate, and also the sample crystal are the same temperature. The thermal
conductivity of solid p-H, is about 2 Wem™K™ [17] when the temperature is 2 K and the
concentration of o-H; is about 1000 ppm. From the thickness of this sample and the time range of
our experiment, the temperature of this sample and the substrate could be treated the same one. The
temperature of the substrate is controlled by the balance of a heater on the frame and the flow rate of
liquid He, as mentioned above. The substrate is set to 45 degrees to reflect the laser beam at the right

angle in order to measure the polarization dependence of the crystal.

2.1.4  Method of making crystal samples

We use Deposition method. This measurement way was mainly established by Fajardo et al. [67].

The sample gas is rapidly vaporized to the cooled substrate and deposits, as seen in Fig. 2-1. At that

11
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time, the temperature of the substrate is kept above 2 K. The rate of gas flow is 70 ccm. The flow
rate should be kept around this value for keeping the environment in the cryostat [67]. The crystal
grows several millimeters thick. The crystal made by this way is not perfect single crystal, therefore
the quality of the crystal should be improved by annealing of the substrate [39,67]. In this study, we
use one annealing way called “7 K annealing”. After the deposition, the crystal is heated up to 7 K
briefly and is cooled back to below 2 K [57,58].

CHsF gas is stored in 1 L Pyrex vessel about a few mTorr. For mixing the sample gas and p-H, gas,
p-H, gas is taken into the vessel from 15 L vessel to be premixed with CH3zF. At that time, the
pressure difference between the two vessels is huge; therefore, it would not be occurred to pass
through the CH3F gas to the 15 L vessel.

First, pure p-H, gas from 15 L vessel is deposited on the substrate with the flow rate of 70 ccm for
10 - 20 min. Secondly, sample gas is also deposited by the same inlet with the flow rate of 0.2 ccm
for around 30 min. Finally, the sample gas is stopped and only p-H; gas is deposited again for cover
the crystal. The time with the flow of the sample gas directly correlates with the population of CH3F
molecules in the sample. By changing the rate of premixing and the flow rate, the CH3F
concentration could be controlled. In this work, the typical concentration is chosen to be 0.4 ppm to
prevent the formation of self-clusters (CHsF)y, as the previous study about supersonic jet matrix
isolation [68]. The typical thickness of the crystal is a few mm, through which we could observe
convex lens effect by sight. After the deposition, the crystal is annealed by the brief increase of the
temperature up to 7 K, then cooled back to 1.8 K for the laser spectroscopic measurement, as

mentioned above.

8§ 2.2 Infrared spectroscopy by using QCL

We observe the spectra of CHsF in solid p-H, by using quantum cascade laser (QCL) [69]. We
employ mainly three observation ways which are explained in the following sections.

In general, QCL is one of the semiconductor lasers and it emits middle to far infrared laser beam.
The optical physics of a QCL differs from that of a diode laser. The comparison between a diode
laser and QCL is described in Fig. 2-3. A diode laser transitions occur between the conduction band
and valence band of the semiconductor material, as seen in Fig. 2-3(a). On the other hand, a QC
laser transitions occur between the subbands within a given quantum well, as seen in Fig. 2-3(b).

One of the advantages of this physical mechanism is that multiple photons can be generated by a
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Chapter 2 Experimental procedures

single electron since the electron responsible for the emission of the photon at the active region
tunnels into the injector. Therefore, a single electron can make a number of photons that correspond

to the number of active regions.

N electron o
® ® O clectron 'Y tl’c’;l)r;)SItlgn between
i 000 N subbands
Laser r r
transition e
Laser
between bands N \Lal;er
injector
active region
o000 L
(a) hole ‘. " ) (b) \_Y_l
injector

Fig. 2-3. The mechanism of semiconductor laser (a) and quantum cascade laser (b).

2.2.1  Normal one QCL measurement

The laser used in this work for measurement of the v band of CH3F is CW quantum cascade laser
[Hamamatsu C10337-02], as shown in Fig. 2-4. The QCL used in this work covered the spectral
range of 1037.5 - 1042 cm™ corresponding to n = 0 - 3 of the CH3F-(0-H,), absorption series [52,53].
The line width of the laser is less than 6 MHz which is narrow enough to observe fine details in the
spectrum. The output power is several 10 mW. For measurements, the laser power is attenuated
down to several uW in order to avoid bleaching effects [58]. The laser frequency is swept by a 500
Hz sawtooth injection current. The spectral range of this sweep is about 1.4 cm™. The direct
absorption signal through the crystal is detected with a MCT detector and averaged in a digital

oscilloscope. Typical spectroscopic measurements are done at a temperature of 1.8 K, and the peak
Grid polarizer Lens
p \ n

Hamamatsu | [ |
oor 1| N
Attenuator
Mirror \ﬁl Detector
[
Etalon Detector

Mirror \

] Oscilloscope
Function

Generator

Fig. 2-4. The brock diagram of normal observation by using one QCL
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positions of the main series are assumed to be equal to their previously measured values [55]. The
spectral peaks of interest here are n = 0 (1040.189 cm™), n = 1 (1039.483 cm™), and n = 2 (1038.767
cm™). The relative frequency of those peaks is interpolated with a free-spaced etalon whose FSR is
0.0097 cm™,

Figure 2-5(a) shows the observed spectrum on the oscilloscope for one example. The baseline
undulates that is caused by some effects like interference at grid polarizer or windows of the cryostat.
The observed absorption spectra are converted to absorbance: In[l(@)/lo(®)], where lo(w) and 1(w)
are the laser intensities before and after the crystal, respectively. Since a proper lo(®) spectrum is not
obtained experimentally in this experimental setup, lo(w) is replaced with an approximated
polynomial function determined by least-square fitting of the baseline in which there are no
absorption lines, as described in Fig. 2-5(b). The black trace in this figure shows the fitting result.
From these steps, the absorbance of every spectrum could have a few system errors especially for

such kind of spectra in which some peaks are very weak and not observed obviously.

0.10 _(a) —
' () i
- L i Fig. 2-5. The observed spectrum by
éooo— n=0 | oscilloscope. (a) The real spectrum
S L n=1 q-1 i observed by using QCL. The peaks
0.10 |- — correspond to n = 0 and 1 from the right
: side, respectively. (b) The masked
010 - spectrum for estimating lo(w). The

masked points correspond to the peak
positions of n =0 and 1, d = 1 or others
are removed. The black trace shows the
line profile result for estimating the
baseline.

intensity
o
o
o
I

-0.10 -

0 2000 4000 6000 8000 10000
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2.2.2  Polarization spectroscopy

The measurement system is almost same to the above one. In order to change the polarization angle
of the laser beam, we use two grid polarizers [WGP-8001]. The first polarizer is set at 45° to the
original polarization axis of the laser beam. The reflected beam with a half of the power is followed
to an etalon for wavelength calibration. The transmitted beam with rest of the power is further
controlled to be any polarization angle S by the second polarizer and then used for the polarization

spectroscopy of the sample crystal. The intensity of each peak varies at the position in the crystal
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because the thickness of the crystal has a shape of thin convex lens profile. Moreover, the intensity
of each peak varies with time [57]. Therefore we measure the polarization dependence at the same
point in the crystal as quick as possible.

We introduce a Cartesian coordinate system to describe an interaction of the light and molecules in
the crystal briefly since we introduce the detail in Chap. 5. The XY- plane is set on the surface of the
substrate, and the Z-axis is normal to the substrate and is expected to be the c-axis of the hcp crystal.
The laser beam is incident in the XZ-plane. The laser incidence angle « is defined by the angle to
Z-axis. The laser polarization angle g is defined by the angle to ZX-plane, in other words,

p-polarized light corresponds to £ = 0 and s-polarized corresponds to S = 90°.

2.2.3  Pump-probe spectroscopy by using two QCLs

The laser system used in this work for the measurement of structural change of the cluster needs
two QCLs, as shown in Fig. 2-6. One is Hamamatsu C10337-02, as mentioned above, and other is
THORLABS’s QCL [QD9650CM1AS]. It covers the spectral range of 1037.5 - 1040 cm™
corresponding to n = 0 — 3 of the CH3F-(0-H,), absorption series [52,53]. The line width of the laser
is as narrow as Hamamatsu one. The output power is less than 70 mW. The sweep range for one scan
is smaller than Hamamatsu one, therefore it is used for a pumping laser.

In order to observe the spectrum change, the two laser beam should be completely overlapped.

The polarizations of these two laser beams are set for vertical and overlapped by first grid polarizer.

Function
Generator

Y

THORLABS LY | Miror
QCL x I 3 — _

Pump f Grid polarizer

Attenuator
Probe o\ /
_Beam Splitter I : ﬂ

N\
QCL Vi \J
Len
Ihywm  Etalon g Detector .
Mirror Oscilloscope

S

\ 4

Oscilloscope

Function
Generator

Fig. 2-6. The brock diagram of pump-probe experiments by using two QCL
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After passing thorough the sample, the two beams are separated by the second polarizer and follow

to each detector.

§2.3 FTIR spectroscopy

Figure 2-7 indicates the scheme and block diagram of FTIR spectroscopy. The FTIR is Bruker FTS
120-HR. For MIR region, Glowbar (100 - 5000 cm™) light source and KBr (400 - 4800 cm™) beam
splitter are used. For NIR region, Tungsten lamp (3000 - 25000 cm™) light source and CaF, (1000 -
10000 cm™) beam splitter are used. For the detector, MCT (600 - 6000 cm™) or InSb (1850 - 9000
cm'l) are used. In order to check the direction of c-axis of solid p-H, in this work, we measure the
CHy, spectrum in solid p-H; by using FTIR, following to the previous research [39]. The resolution is

enough to 0.01 cm™ for the check the spectrum peaks of CH,.

Cryostat Grid polarizer

Detector

PC

Beam splitter

Light source

Fig. 2-7. FTIR spectroscopy
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Chapter 3 Nuclear spin conversion of o-H,

§3.1 Introduction

The nuclear spin conversion rate of 0-H, in solid p-H, has been researched by theoretically and
experimentally for a long time [42,70,71]. In general, H, molecules are separated into two that are
para (I =0, J = even) and ortho (I = 1, J = odd), and the nuclear spin conversion between them is
negligible at the gas phase as mentioned in Chapter 1. In solid, however, the spin conversion occurs
and the order of the decay time is hours in high o-H, concentration [5]. The detailed mechanism of
the nuclear spin conversion was discussed in a previous research [42], and the interactions that cause
the conversion are mainly the following three; the spin-spin interaction, the rotation spin interaction,
and the electric quadrupole interaction [17]. The image for the mechanism of the nuclear spin
conversion is explained briefly. The nuclear spins of two hydrogen atoms in ortho-hydrogen
molecule perform the precession movements with the same frequency if these atoms feel the same
magnetic field. However, the frequencies of the precession movements of the two atoms are changed
if these atoms are in the non-uniform magnetic field. In that case, the interaction between the two
hydrogen atoms cannot be neglected and the nuclear spin conversion in 0-H, molecule is occurred.
The non-uniform magnetic field for the o-H, molecule could be made by the other o-H, molecules or
other dopant molecules in its first nearest neighbor sites. Thus, magnetic interactions are quite
important for the nuclear spin conversions of 0-H,. Therefore, if paramagnetic impurities, such as O,,
exist in the solid H,, they accelerate the spin conversion rate obviously. In previous studies, some
effects of doped molecules to nuclear spin conversion rate of o-H, have been mentioned and the rate
constants were determined [13,14,16,72,73].

These experimental researches for the nuclear spin conversion rate of o-H, in solid p-H, can be
separated into two types. One type, which is the popular one, determines the nuclear spin conversion
rate by observing the change in the absorption intensity of o-H, with time by FTIR [13]. The
absorption spectrum of 0-H, is observed at around 4000 cm™. The intensities of these peaks relate to
the concentration of 0-H, in p-H, crystal. By observing the change of the peak intensity of o-H, with
time, the temporal behavior of the concentration of 0-H; in p-H; crystal could be surveyed. From the
time dependence of the concentration, the nuclear spin conversion rate of 0-H, in the sample crystal
could be estimated. It could be called the macroscopic study. The other type determines it by

observing the change in the signal intensities of single and pair 0-H, using NMR [5,74]. The signal
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Chapter 3 Nuclear spin conversion of 0-H2

intensities are proportional to the number of the molecules. Therefore, from the temporal behavior of
each signal, they estimated the conversion rate. It could be called the microscopic study. Both types
have advantages and disadvantages. The former one could be judged by the amount of 0-H, in the
crystal directly therefore it can determine the concentration of 0-H, in the whole sample. However,
the determined conversion rate includes the time required for forming the pair of o-H, molecules
since the nuclear spin conversion can only be happened when at least two 0-H, molecules form a
pair or cluster. Furthermore, 0-H, could form cluster with above two 0-H, molecules. Thus, it can
discuss the decay time of concentration of o0-H, for the sample, but cannot discuss the conversion
rate of single pair 0-H, molecules. The latter one can observe the time profile of single pair of 0-H,
molecules. However, it includes the time forming the larger cluster of o-H,. Since it observes the
signal of pair 0-H,, the decrease of it means that one 0-H, is converted to p-H,, or breaks up the pair,
or one more 0-H, comes and forms cluster of three 0-H, molecules.

Several groups determined the ortho-para nuclear spin conversion rate of H, with the existence of
CH3F in solid p-H, [16,65]. In addition to them, Y. P. Lee’s group reported that the existence of o-H,
could affect the nuclear spin conversion rate of CHsF from | = 3/2 to | = 1/2 [64]. The nuclear spin
conversions of some dopant molecules in solid p-H, were observed [33,75]. It is easy to understand
that the magnetic interaction between 0-H, and CH3F affects both nuclear spin conversion rates. Y. P.
Lee’s group determined the nuclear spin conversion rate of CHzF. However, most of the researches
about the nuclear spin conversion rate of 0-H, with the existence of CH3F have been discussed by
the macroscopic studies. K. Yoshioka and D. T. Anderson reported the nuclear spin conversion rate
of CH3F and single o-H; [76]. However, the nuclear spin conversion rate was estimated with divided
n = 0 cluster and others, therefore it would not be enough in the detail. It’s very important to know
the effect between o-H, molecules and between CHsF and o-H, since it could promote the
understanding the mechanism of the nuclear spin conversion of 0-H, in solid p-H, with an impurity.

In this research, the time dependence of the CH3F-(0-Hy), clusters is observed in order to discuss
the nuclear spin microscopic conversion rate. The decay time of each peak corresponding to each
cluster shows the change in the concentration of o-H, around the CH3F-(0-Hy), clusters. Therefore
the nuclear spin conversion rate of o-H, around CH3F could be discussed from these results.
Furthermore, the both conversion processes; self-conversion of o0-H, molecules, and
catalyzed-conversion of 0-H, with CH3F, could be estimated separately.

In this chapter, the experimental results of the time dependence for cluster peaks are reported. In
order to check the concentration dependence of o-H,, two samples with different conditions are

prepared. The nuclear spin conversion rates of o-H, with or without the existence of CHsF are
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estimated.

§3.2 Experimental details

The experimental setup is mentioned in Section 2.2.1. In this research, the grid polarizer to change
the polarization of the laser beam is removed because it was not necessary. The time dependence of
absorption spectrum of CHsF-(0-H,), clusters are observed by keeping the sample below 2 K. Some
effects to the clusters such as high power laser beam are avoided as much as possible. Each spectrum
is measured at every one or two hours for 24 hours. In order to survey the dependence of the nuclear
spin conversion rate on the o-H, concentration, the temporal behaviors in two different samples are
observed. In the first sample, the concentration of 0-H;, and CH3F are around 1000 ppm and 0.4 ppm,
respectively. This sample is named the “dense sample” in this thesis. In the second sample, on the
other hand, the concentration of 0-H, and CH3F are around 100 ppm and 1.0 ppm, respectively. This
sample is named the “thin sample”.

To keep the liquid He in cryostat, we refill the liquid He to the tank in cryostat with the interval of
around 10 hours. During the refilling, the temperature of substrate for the sample is increased above
2 K for about 30 min. Thus, the observation for temporal behavior could be more difficult if the
thermal energy affects the cluster structure. In order to check the effect of temperature difference to
the sample, the temperature dependence is also observed. In order to observe the temperature
dependence, the sample temperature is controlled by using the heater attached on the substrate and
adjusted the exhaust volume with bulb in front of rotary pump. The temperature of the substrate is
fluctuated within about +0.3 K until it reaches the equilibrium temperature.

The experimental setup for pumping each peak is also the same. When we breached the target peak,
the attenuator for decreasing the laser power was taken away. The probe laser is used with the

attenuator to observe the spectrum.

8§ 3.3 Results and analyses

3.3.1 The observation for the spectrum change in time

The absorbance spectra are shown in Fig. 3-1, in which n = 0 - 3 cluster’s peaks are recorded at

different times after 7 K annealing. The horizontal axis is absorbance and each spectrum is described
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Fig. 3-1. The spectra of the v; band of CHsF-(0-H,), [n = 0, 1, 2, 3] measured for the dense sample (a)
and the thin sample (b).

with 2 or 0.5 offset every 6 hours. The results for the dense and thin samples are shown in (a) and (b),
respectively. The main series, labeled as n, corresponds to the spectrum peak series of CHsF-(0-Hy),
clusters reported by Yoshioka and Anderson [52,53]. Each main peak has satellite peaks at the left
(red) side and the satellite peaks show similar pattern with that reported by McKellar [57]. Then =1
peak has two additional peaks at its both sides, as labeled with asterisks. The existences of these two
peaks were reported in the previous study but their origins have not been revealed yet. However,

their behaviors are different from the n = 1 main peak and also its satellite peaks. Therefore the two
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peaks are not included in the satellite series of n = 1. The n = 3 main peak at 1038.075 cm™ is
accompanied with another strong peak at its right (blue) side (1038.318 cm™), as mentioned in Ref.
57. We name this unknown peak n = 3°. Another strong peak at the right side (1038.811 cm™) of the
n = 2 peak, named n = 2’, is also observed soon after 7 K annealing. However the peak decreased

quickly and disappeared in several hours. This peak was also observed in a previous research [53].

It is known that the intensity distribution of

T . .
these main peaks of CHsF-(0-Hy), clusters s

change in time [57]. In addition, the annealing g ] he3 n=2

changes the intensity distribution. Figure 3-2 § ()

shows the difference between before and after "1t T
annealing. The result is for the dense sample. o-@l ~— T\
Before annealing, the intensity distribution of 1038 los&swav%ﬁﬁ%berl((?%%? 1040
them follows the Poisson distribution since the Fig. 3-2. The spectra of the v; band of
numbers of o-H, molecules in each cluster with CH3F-(0-H), [N =0, 1, 2, 3]. (a; black) before 7

. . K annealing. (b; red) after 7 K annealing.
CHsF are decided by the concentration of o-H, 9-( ) g

[66]. The 7 K annealing makes the crystal the single hcp structure since o-H, and p-H, can migrate
easily by the thermal energy and change the crystal structure to more stable one; therefore, the
linewidth of each peak becomes narrower. The distribution of o-H, might not be equal in the crystal
and not follow the Poisson distribution completely since the electric interaction between CH3F and
0-H, can make 0-H, come close to the CH3F. This result is one of the evidences that CHsF can make
0-H, molecules come close to it. In this research, the initial distribution is defined at the situation
soon after 7 K annealing (shown 0 hour in Fig. 3-1). The absorption intensities are different between
the dense and thin samples. The thin sample has higher CHsF concentration while the absorption is
weaker than that of the dense one. The difference would be caused by the observed point, thus the
thickness of the sample crystal at the observation points are different. The weak absorption
intensities could cause to increase of the system error at analysis due to the bad S/N ratio but would
not have any critical problems.

The time dependence of integrated intensities of these peaks is shown in Fig. 3-3. It is easy to judge
the time dependence. Each value in Fig. 3-3 includes not only the main peaks, but also the integrated
intensity of satellite peaks and other unknown peaks observed very close to each main peak. The
integrated ranges for n = 0, 1, 2 and 3 are 1040.05-1040.25 cm™, 1039.35-1039.53 cm™,
1038.70-1038.85 cm™ and 1038.00-1038.40 cm™, respectively. The integrated intensities of n = 2

and 3 include the values of n = 2’ and 3’, respectively. The two peaks labeled with asterisks are not
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Fig. 3-3. The temporal behavior of the integrated intensities of each peak of CH3F-(0-H,),. (a) the result
of the dense sample. (b) the result of the thin sample.

inn=1

The both experimental results show the intensities of n = 0 and 3 increase with time. On the other
hand, the intensities of n = 1 and 2 decrease with time. The change in the intensity distribution of
these peaks with time directly correlates to the change of the number of o-H, in its first nearest
neighbor sites of CHsF-(0-H,),. There are two possible explanations for it: one is that o-H, is
changed to p-H, by the nuclear spin conversion, and the other is that 0-H, molecules are migrated to
farther sites from CH3F. The latter could happen due to the resonant ortho-para conversion [77], and
that is called the migration or quantum diffusion [78]. However, the possibility that the o-H, in the
first nearest neighbor site of CHsF goes far away from CH3F at 2 K might be very low since the
electric interaction between CHsF and o-H, is attractive. Furthermore, the satellite peaks are
observed constantly for over 24 hours and the origins of them are the clusters formed with CH3F and
0-H, in its second-nearest neighbor sites, as discussed in Chap. 4. The fact would indicate that the
migration of the 0-H, in the second-nearest neighbor site to the first nearest neighbor is too little to
observe it. Alternatively, the rates of migration of the o-H, between the first and second nearest
neighbor sites of CH3F are similar. From this result, the migration of the 0-H, in the nearest neighbor
sites of CH3F is not the main mechanism of the cluster structural change. The temporal behavior of
the CH3F clusters with o-H, molecules would be mainly caused by the nuclear spin conversion of
0-H, in its first nearest neighbor sites. The population of n = 3 increase at both samples. It would
indicate that the population of n > 4 clusters are immigrated to the n = 3 by the nuclear spin
conversion of 0-H,. Since the dense one accounts for a huge amount of the population of n > 4
clusters at the initial situation, the increasing ratio of n = 3 is high. On the other hand, the increase of
the population of n = 3 are so small at the thin sample since the populations of n > 4 clusters are also

small.
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L. A-. Marguin and A. -M. Vasserot reported that the magnetic interaction between 0-H, and CH3F
could induce the nuclear spin conversion and the rate would become faster than that without CHsF
[65]. Thus, the experimental results are explained that n = 2 cluster become n =1, and n = 1 become
n = 0 by conversion of the 0-H, in the first nearest neighbor of each cluster. However, the temporal
behavior of n = 3 cannot be explained by this theory. By following this theory, the intensity of n = 3
should decrease because it would be changed to n = 2 because one 0-H, of n = 3 cluster is converted

to p-H,. This issue is discussed in Sec. 3.4.2.

3.3.2  The unknown peak that has different decay time

In order to check the temporal behavior of each satellite peak, Fig. 3-4 shows the satellite peaks of
n =0 and 1. These figures depict the results of the dense sample since it is easy to observe the
satellite peaks than that of the thin one. Figure 3-4(a) describes that the intensity of satellite peaks
around n = 0 (1040.04 - 1040.19 cm™) increases with time. On the other hand, that around n = 1
(1039.33 - 1039.48 cm™) decreases with time, as shown in Fig. 3-4(b). These behaviors are same
with that of main peaks, as shown in Fig. 3-1(a). As described in Chap. 4, the satellite peak series are
mainly composed of six peaks at both n = 0 and 1 main peaks, and the origin of them would be the
CH3F clusters formed with o-H, molecules in its second-nearest neighbor sites. The six satellite
peaks are labeled by n’ to compare with n main series. Therefore, it is convenient to identify those
satellite peaks with a set of the number n and n’ as (n, n”). One peak labeled with # in Fig. 3-4(a),
however, is observed at the position between (0, 2) and (0, 3) peaks. Furthermore a similar peak is

also observed at the position between (1, 2) and (1, 3) peaks as shown in Fig. 3-4(b). The temporal
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Fig. 3-4. The temporal behavior of satellite peaks in (a) n = 0 region and (b) n = 1 region. The black
trace labeled 0 hour is observed soon after 7 K annealing. Each trace with labeled each time shows
the spectrum at that time.
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behavior of the # peak is different from other satellite peaks, as shown in Fig. 3-5. In this figure, the

relative peak intensities to that of (1, 3) peak are plotted as the function of time. The relative

intensities of (1, 4) and (1, 5) peaks to (1, 3) peak LA B B B AL BLL |
- ]
keep constant over the time, however that of the # @ 1 _°(1 33 e ¢
= , ]
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S | # ]
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_ . E t (1,4)

physical dynamic processes such as the nuclear 2 |
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migration of o-H,. Therefore the peaks marked
Fig. 3-5. The relative peak intensities to that of

(1, 3) peak as the function of time. The # peak is
analysis described in Chap. 4. different from others in the increasing ratio.

with # are omitted from the satellite series in the

The origins of these peaks appeared at the right side of n = 2 and 3, in Fig. 3-1, also have been
unknown. The temporal behaviors of them are completely opposite. The one at right side of n = 2,
which is named n = 2, decreases with time. On the other hand, the peak at the right side of n = 3,
which is named n = 3’, increases with time. The intensity of n = 3’ would become higher than that of
n = 3 after a few tens hours [57]. These results are also observed in both of the dense and thin
samples. The speed of change in the intensity distribution would depend on the sample conditions or
the temperature. The temporal behavior of these unknown peaks would mean that the structure of n
= 2’ is more unstable than n = 2 at 2 K, and that of n = 3” is more stable than n = 3. After a few tens
hours, the intensity distribution follows the pattern in Fig. 3-1, but when the temperature of the
substrate is increased, the intensity distribution shows same pattern that is initial one soon after first
7 K annealing, as shown in Fig. 3-6. The spectra are not of the dense and thin samples. Similar
results are observed for all sample, therefore this figure shows the clearest one observed to other
sample. The trace (a) corresponds to the spectrum soon after 7 K annealing. The trace (b) was
observed after 17 hours and the trace (c) was measured soon after re-annealing that was done soon
after observing trace (b). The peak intensities for each trace are normalized because the intensity of
trace (c) became weaker since some part of the sample crystal was sublimated by increasing the
temperature. The relative intensity of n = 3 to n = 3° was changed and the n = 3 became stronger than
n = 3’ again. The peak of n = 2’ appeared again. Thus, the relative intensities were almost returned to
the initial spectrum, except that some points depend on the whole 0-H; concentration in this sample,
as shown at the relative intensities of n = 3 and 3’ to others. Fig. 3-7 describes the temperature
dependence of the satellite series of n = 0 and 1. Each spectrum in the figures is normalized since the

intensity of each peak could be decreased by sublimation of the sample in the process of heating to 5
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Fig. 3-6. The spectra of the v; band of CHsF-(0-H,), [n =0, 1, 2, 3] measured by different situation. (a)
observed soon after 7 K annealing. (b) observed the 17 hours later from 7 K annealing. (c) observed soon
after re-annealing.

K. The main peak positions were shifted by about -0.0011 cm™K™ and -0.001 cm™K™ atn = 0 and 1,
respectively [57]. It should be noted that the satellite peaks exists below 4 K while they are
completely disappeared at 5 K at the same time. It would mean that the satellite series are originated
from a common mechanism and the structures are broken at 4-5 K. The details are discussed at
Section 4.3.6 in Chap. 4. Furthermore, the right shoulder at the n = 1 main peak was observed again.
This peak was observed soon after 7 K annealing but disappeared within a several hours with
keeping 2 K. This temperature dependence of the peak at the right side of n = 1 is very similar with n
= 2’. In addition, the unknown peak observed at both sides of n = 1 labeled with asterisks were
blue-shifted. It is clear that the origins of them are different from the satellite series although further
studies are necessary to discuss the mechanism of the blue-shifting.

In order to survey the character of the n = 3 and 3’ peaks, we observed the spectrum change by

pumping each peak. The results of the pumping of each main peak are shown in Fig. 3-8. The black
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Fig. 3-7. The temperature dependence of the satellite peaks of (a) n = 0 and (b) n = 1. The trace colors
show the spectrum at 2 K (black), 3 K (blue), 4 K (green), 5 K (red), respectively.
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their intensities. The d = 3 peak might ~ of the n = 3 peak. (b) pumping of the n = 3” peak. The black
and red traces show the spectrum before and after the
pumping, respectively.

position between n = 3’ and d = 3, and

be one peak that belongs to the series
of d, and it is discussed in Chap. 6.
However, the other peaks have not been assigned yet. It should be pointed out the intensities of n =0
and 1 were almost constant through the pump experiment. Therefore, the population of the n = 3 and

3’ cluster did not transfer to the cluster forn =0 and 1.

3.3.3  Fitting analysis

In order to estimate the nuclear spin conversion rate, we propose models for n = 0 - 2 and perform
the fitting analysis with the rate equations for the experimental results. In general, comparing the
molecular populations from the information of absorption intensities is difficult since the transition
dipole moments are different with each cluster. In this research, however, all the peaks are
responsible to the C-F stretching mode therefore it could be approximated that the effect of 0-H, is
small and the transition dipole moment for each cluster is similar with the v; band of CH3F.

Figure 3-9 shows the sum of each n peak’s integrated intensity shown in Fig. 3-3. Figure 3-9(a) and
(b) correspond to the results of the dense and thin samples, respectively. By linear least squares
approximations to these results, the time dependence for the summed populations of the clusters

approximately behave as below equations,
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Fig. 3-9. The temporal behavior of the sum of the integrated intensities for each peak. The summed
populations of n = 0 - 2 cluster peaks (red circle) and that of n = 0 - 3 cluster peaks (blue triangle). (a) at
the dense sample. (b) at the thin sample.

The sumof n =0 - 2 for the dense : 1.27(2)x10™ + 2.1(13)x10™xt  [h]
The sum of n = 0 - 3 for the dense : 1.78(4)x10™ + 1.73(30)x10°xt  [h]
The sum of n = 0 - 2 for the thin : 1.55(1)x102 + 6.3(63)x10°xt  [h]
The sum of n =0 - 3 for the thin : 1.69(1)x102 + 1.92(71)x10°xt  [h]

G-D

The estimations are based on the assumption that the absorption integrated intensities relate to the
population of each cluster. The result indicates that the sum of the population of n = 0 - 3 increased
by 23(4)% after 24 hours from 7 K annealing in the dense sample. On the other hand, that for the
thin sample did not increase so much. The increase in the population was 3(1)% after 24 hours. The
increase in the population of the sum of n = 0 - 3 clusters is appeared because the population of n >4
clusters became the n = 3 cluster by converting their 0-H, molecules. The absorption peaks of n > 4
clusters are outside for the range of QCL, therefore we are not able to discuss the temporal behavior
of n > 4 clusters. But the existence of n > 4 clusters was checked in the previous studies [52,57], and
the assumption could be possible. The difference between these samples was due to the difference of
the initial population of n > 4 clusters. The populations for the sum of n = 0 - 2 are nearly unchanged
with time in both samples. It was only changed by 4(2)% after 24 hours for the dense sample, and
the thin sample had constant value for the population of n = 0 - 2. The phenomenon that the
immigration of the population from n = 3 to n = 2 were not clearly observed in both samples. From
these results, the sum of the population of n = 0 - 3 clusters cannot be treated as constant, but that of
n =0 - 2 clusters can be treated as constant. One possible mechanism is that the formation of n =3
cluster has the magic number and the rate of the nuclear spin conversion of 0-H, in it is dramatically

suppressed, as it can be treated like a dam for the population. The detail of this mechanism is
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discussed in Sec. 3.4.3. We construct the rate equation to this temporal behavior for the population of
n =0 - 2 and we estimate each nuclear spin conversion rates by self-conversion and
catalyzed-conversion separately.

In this study, the mechanisms of the interactions, such as spin-spin interaction or rotation spin
interaction, are not discussed, but the types of the conversion are discussed. One type is
self-conversion (SC), which is caused by the interaction between o-H, molecules. The other is
catalyzed-conversion (CC), which is caused by the interaction between o-H, and CHsF. The
population change by migration of 0-H, to further site from the first nearest neighbor site of CH3F is
ignored, as mentioned above. Therefore the estimation of the decay time for each cluster only relates
to the nuclear spin conversion of o0-H,. In fact, the interaction between o-H; in the first nearest
neighbor site of CHsF and o-H, in the second-nearest neighbor site of that would be possible.
However, it is very complicated to treat the pair of 0-H, molecules in the first and second nearest
neighbors. In this analysis, the effect of 0-H, molecules in the second-nearest neighbor sites of CH3F
is neglected. Based on these approximations, the nuclear spin conversion rate to n = 0 - 2 clusters are
estimated. The relaxation model for the conversion from n = 2 to n = 0 is depicted in Fig. 3-10. Since
the n = 2 cluster consists of two o0-H, molecules and one CHsF, the self-conversion could be
happened and the catalyzed-conversion could also be occurred to both 0-H, molecules. Since the
electrical interaction between both 0-H, molecules might form the pair of o-H, in the n = 2 cluster,
the existence of non-pair of 0-H; is neglected. The n = 1 cluster consists of one 0-H, and one CH3F,
therefore the nuclear spin conversion is only occurred by catalyzed-conversion. For simplicity, the
populations of n = 2, 1 and 0 are expressed as A, B, and C, respectively. The rate equations are

expressed as

A (1,28 (1 2, 1gdc 1, oo,
dt Tsc Tcc dt Tsc Tcc Tcc dt Tcc

Ty 1 T150
SC+2xCC CcC

Fig. 3-10. The image of CHsF-(0-H,), [n = 0, 1, 2] clusters. The red spheres indicate 0-H, and blue
spheres show p-H,. The decay times relate to the self-conversion (SC) and catalyzed-conversion (CC).
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The boundary condition is

N =AM+ B@)+ C(1)

3-3)

The solutions for these differential equations can be written as

A(t) = Ayexp [— (L+i) t]

Tsc Tcc

+2
B(t) = —MAOCXP [_ (L_Fi) t

Tce t Tsc Tsc Tcc

Tsc 1
Ct)=N+——Apexp [— (—+—) t] —B()exp(——>
+TSC T,

Tcc

where Ag shows the initial value of A (n = 2)
and By is the coefficient for B.

The fitting result to the thin sample is depicted
in Fig. 3-11. The estimated values in Eq. (3-4)
for the both samples are summarized in Table
3-1. The fitting analysis is done both for the
dense and thin samples, and also we tried to do
the simultaneous fitting to the both results with
the same zvalues.

The estimated decay time of self-conversion
has large uncertainty. It would indicate some
assumptions that the o-H, molecules inan n =2
cluster make a pair and the effect of 0-H, in the
second-nearest neighbor can be ignored would
be too rough. In addition to them, the
phenomenon of the migration of 0-H, is ignored.
Furthermore, the amount of the data points for
the dense sample is not enough for this fitting

analysis. The determined decay time by
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Fig. 3-11. The temporal behavior of the integrated
intensities of CHsF-(0-Hy), clusters. Each point is
experimental result and the traces are fitting results
with Eq. (3-4).
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Table 3-1. The estimated fitting parameters of the nuclear spin conversion rate of o-H, atthen =2 and 1
clusters by self-conversion (zsc) and catalyzed-conversion (zc)

Simultaneous

dense thin
dense thin
Ao 2.78(20)x10% 3.90(15)x10° 2.78(11)x1072 4.06(64)x107
B 1.12(6)x10™ 1.34(4)x107 1.12(3)x10™" 1.34(10)x10%
N 1.29(2)x10™ 1.55(1)x10 1.29(1)x10™ 1.55(6)x10
zec (h) 23.2(13) 24.4(8) 23.2(7)
zsc (h) 86(98) 121(82) 87(51)

26 T T T _240F T b T L
e (@) 7ec | § 200k () 7sc i
o
£ <160 .
2 24T { 1 g120r -
=23 1 2 80 -
£ g 4or ]
g 18 ofF -

1 1 1 - 1 1 1

21 — 7 3 A 7 3

fitting analysis number fitting analysis number

Fig. 3-12. The estimated decay time of (a) catalyzed-conversion and (b) self-conversion. The horizontal
axis shows the fitting analysis number. 1, 2, and 3 show the result to the dense sample, to the thin sample,
and the simultaneous, respectively.

self-conversion and catalyzed-conversion are shown in Fig. 3-12. Each value by the different
analysis describes that the common value within each error-bar that shows 1o statistical error. Thus,
the concentration of 0-H, and CHsF in the sample crystal would not affect the conversion rate of
0-H; in the cluster with CH3F. The difference of the concentration would only appear to the peak

intensity distribution.

3.3.4  Fitting analysiston =4

The sum of the population for n = 0 - 3 clusters increased since the population of n > 4 clusters
were changed to n = 3 by the nuclear spin conversion of o-H,. The rate could be estimated with a
supposition that o-H, in n = 3 was not converted. If the increase in the population of n = 3 nearly
equals to the decrease of the population of n = 4, the population change of n = 4 could be analyzed
by fitting. Figure 3-13 depicts the cluster model for n = 4. The catalyzed-conversion process can be

easily estimated since the number of o-H, in the first nearest neighbor sites is 4. On the other hand,
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the number of possible formation for the o-H, molecules in the first nearest neighbor sites is
variable.

The minimum number is 1, as described in Fig. 3-13, and the
maximum is 5. Following the fitting analysis for the population
change of n = 0 - 2 clusters, fitting of the population change for n =

4 clusters is attempted with the estimated 7 value shown in Table

3-1. In order to estimate the number of o-H, pairs, one parameter

for it is added, as Csc. The fitting function becomes )
Fig. 3-13. One example of the

image of CHsF-(0-H,), cluster.

Cse 4 The red and blue H, molecules
D(t) = Dy fpser + Dy exp [_ (a + a) t] G-3 show o-H, and  p-Hy,
respectively.

The values of 7cc and = are fixed to 24.4 and 121, respectively. Dt is a coefficient for the offset
of the population since the population of n = 4 at 24 hours could not be estimated and is set to be 0,
as shown in Fig. 3-14. Figure 3-14 shows the temporal behavior for the estimated population of n =
4 in the dense sample. These dots correspond to the experimental result and the black line shows the
fitting result where that Csc is fixed to 1. The result of the thin sample does not have enough S/N
ratio for this fitting analysis since the increase in the population of n = 3 from n = 4 does not have
enough amount. The Csc was estimated -5(2) by the fitting analysis. It would mean that this model is
not good for this experimental result. The reason why the fitting analysis is not successful would be
because the estimated population of n = 4 includes other populations than n = 4. As mentioned above,
the immigrated population to n = 3 is not only from n = 4 cluster, but also n > 5 clusters. Thus, for
the accurate fitting analysis, the peaks of n > 4 clusters should be observed. If the Csc value is
changed, the curvature of the fitting line is not dramatically changed. Thus, we cannot estimate the

number of the 0-H, pairs in the first nearest sites of n = 4 clusters from this analysis.

0_04_]""]""I""I""I"'_
.%0_03-_ ] Fig. 3-14. The assuming temporal behavior of the
5 L 4 integrated intensity of n = 4. Each point describes the
%0'02 _ ® ‘ experimental result that is estimated from the increase
§0.01 - ® - inthe population of the n = 3 peak. The trace shows the
% 0 i . ._ fitting analysis result by using Eq. (3-5) with 7 that is
6' i é i -110- - -115- T -210- ) fixed to the value in Table 3-1.

time (hour)
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8§ 3.4 Discussion

3.4.1 The nuclear spin self-conversion rate

As mentioned above, the nuclear spin conversion rate of 0-H, by itself is almost forbidden at the
gas phase. At solid state, the rate is also very small without any paramagnetic catalysts and it
depends on the concentration of o-H, in it. If the concentration of o-H, is below 1%, the
concentration has been observed constant over periods in the order of weeks [5]. For over 20%, the

concentration change follows to the rate equation

C = —kC?

3-06)
L =kt+ L
C(t) C(0)

where C is the concentration of 0-H, and k that is the reaction rate is about 50 h™. The conversion
rate is about 2 %/h in pure o-H, crystal [4]. The value is a little different from our result. The reason
is that the point of measurement is different. They determined the spin conversion rate from the
observation result of Sy(1) signal that attributes to o-H,. Therefore, the decay time was determined
from sum of all o-H, in the whole solid hydrogen. The previous studies are classified with the
macroscopic group, as mentioned in Sec. 3.1. On the other hand, the decay time is determined in this
research from the observation for the change of the absorption peaks of CH3F-(0-H,), clusters with
time. Thus, this research mainly discusses the spin conversion rate of o-H, with another one o-H,
molecule.

S. Washburn et al. researched the nuclear spin conversion rate by observing the signal change in
time of single o-H, and pair o-H, by using NMR [5]. They observed the temporal behaviors of the
absorption signals for out-of-plane and in-plane pairs of o-H, and determined the characteristic
decay times of them. Their analysis had one problem, which was mentioned by themselves, that the
decay time of the pair signals included the decay time for forming larger clusters. Thus, the pair
signal is disappeared when the pair becomes one new cluster with other o-H, molecules. From this
prospect, the true decay time of the nuclear spin conversion rate of the o-H, pair would be longer
than they estimated. Their results, the decay times of out-of-plane and in-plane pair are over 50
hours and 2025 hours at 0.36 K, respectively. In our experiments, the estimated value is around
100(50) hours and it is a little longer than previous one. It cannot be judged which kind of the

formation occurred for o-H, pair in each cluster, out-of-plane or in-plane one. However, the value
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they estimated could be longer by ignoring the time for forming large cluster of o-H,.

3.4.2  The nuclear spin catalyzed-conversion rate

The estimated value of zcc is the catalyzed nuclear spin conversion rate of o-H, by CHzF. The
catalyzed-conversion rate of 0-H; in solid H, with dopant other molecules has been investigated for
some molecules [13,15,65,79]. These researches determined the conversion rate of o-H, at each
experimental condition. From the group theory, CHsF belongs to the Cg, point group and the nuclear
spin statistics is determined. CH3F has total hydrogen nuclear spin 1 = 3/2 and 1/3 when the
rotational quantum number K is 0 modulo 3 and the K is not 0 modulo 3, respectively. Thus, at low
temperature, CH3F has only K = 0 with | = 3/2 (ortho) and K = 1 with | = 1/2 (para). CHsF has
always the non-zero nuclear functions. L. Abouaf-Marguin et al. reported the nuclear spin
conversion rate of 0-H, with CHsF molecule in solid normal H, [16]. From their result, CH3F affects
the nuclear spin conversion rate of o-H, and the rate at their experimental environment was
determined. The condition was different from our experiment. The lattice constant for solid p-H, was
reported 3.77-3.789 A depending on the concentration of o-H, [17]. Thus, the lattice constant of
solid normal H, could be estimated around 3.77 A. In Ref. 16, they used normal H, to make sample
crystal and the concentration of CHsF was 1/4000 = CH3F/H,, thus much higher than ours. The
conversion rate they determined from their experimental result was 0.208(8) min™ without migration
time of o-H,. Thus, the 7z they estimated was about 5 min and that in this research is 24.4(8) hours.
The value they estimated was much shorter than ours. The difference would be caused by mainly
two causes. One is that the ratio of 0-H, to CHsF. In this research, the ratios of 1:1 or 1:2 for CH3F
vs 0-H, in its first nearest neighbor sites are discussed. On the other hand, the previous study
discussed the situation where CH3F vs 0-H, was almost 1:12. Therefore it’s too difficult to discuss
the effect of CHsF on one 0-H, from their result. From these points of view, this research is the first
time to discuss the pure effect of CHsF on the nuclear spin conversion rate of one 0-H, in solid p-H..
However, even if the situation they estimated was CH3sF:0-H, = 1:12, the decay time was too short
than our result. Their decay time should be 1/12 times of ours if the CH3F has 12 0-H, molecules in
its first nearest neighbor sites, thus the decay time should be 2 hours from our estimation. The other
reason is that CHsF can make o-H, molecules close to it by electric interaction. The evidence of this
phenomenon could be observed through the intensities distribution change induced by annealing, as
seen in Fig. 3-2. CHsF contributes to the nuclear spin conversion of o-H, not only by the

catalyzed-conversion, but also by accelerating the self-conversion of o-H, molecules around it.
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However, in the previous research, the catalyzed-conversion rate was determined with the fixed
self-conversion rate that was determined at the sample without CHzF. Thus, the catalyzed-conversion
rate they estimated could be included the conversion rate by self-conversion.

Furthermore, the difference could be caused by the difference of the interaction distances between
each molecule. The decay time is absolutely depends the distance of the molecules [79]. The twelve
0-H, molecules in first nearest neighbor sites of CH3F would change the crystal structure. The
spectrum of CH3F-(0-H,)1, cluster shows very broad peak, as shown in Fig. 2 in Ref. 53. The nuclear
spin conversion rate by magnetic interaction is inversely proportional to the cubed of the distance
between molecules. Thus the distance of the 0-H, around CHsF of high n-th clusters would be closer
and the intensity of magnetic interaction becomes larger than that of the one 0-H, and CH3F. These

would cause the difference between the previous research and this study.

3.4.3  The temporal behavior of n = 3 peak

The nuclear spin conversion rate of the n = 3 cluster is much slower than others. As discussed
above, one possibility of this mechanism is that the n = 3 cluster has a magic number and the rate of
nuclear spin conversion dramatically suppressed. The magic number, however, is difficult to be
explained. For example, the meaning of the “magic number” for the cluster with OCS and He [80] is
that the character of the cluster is dramatically changed at that number. They discussed the threshold
of the superfluid but even if the number of He is over the threshold, the phenomenon is still kept.
However, in our experimental case, we discuss the nuclear spin conversion rate and it depends on the
strength of the magnetic interactions. Therefore, it is not easy to believe that three 0-H, molecules
and one CHsF form a characteristic cluster and the interactions among these molecules become so
weak. Furthermore, the population of n = 4 clusters decreased as well as n = 2. The fact can be
checked by observing the increase of peak intensity at n = 3 with time.

One possibility for the magic number is that the three 0-H, in the n
= 3 cluster are not adjacent to each other. The self-conversion
process would have not happened. The image of this cluster is
shown in Fig. 3-15. CHsF is a symmetric-top rotor with the Ca,

symmetry. The most stable formation of one CH3F and three o-H,

molecules would keep the Cs, symmetry and thereby three o-H,

molecules form an equilateral triangle around CHsF. If the three
Fig. 3-15. One possible

0-H, stay at the body plane of CH3F, there are six nearest sites, and structure of the 1 = 3 cluster.
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they cannot be adjacent to each other. Even if following the cluster model, the catalyzed-conversion
process, however, has to occur. Therefore, the nuclear spin conversion rate of n = 3 cluster should be
close to the value of 3/zc but the experimental result was not so.

Another possibility is that the conversion rate of 0-H; is dramatically changed by their relative
position toward the CHsF. The conversion rates are changed by the formations of out-of-plane or
in-plane o-H, pair [5], as discussed above. It is determined by the effect of the crystal field in p-H,
whether the 0-H, pair becomes out-of-plane or in-plane. In this situation, the CHsF has the dipole
moment that is much larger than the crystal field. Therefore, the nuclear spin conversion rate of o-H,
around CHsF would be different where the o-H, stays close to the CHsF.

As another possibility is that the 0-H, molecules in the second nearest neighbor sites can migrate to
first nearest sites. The observed spectrum looks like the phenomenon that the change of the n = 3
clusters to the n = 2 clusters is not happened. However, if the rate of immigration fromn=2ton=3
is very fast and that of the opposite one is late, the phenomenon could be explained. The cluster
change from n = 2 to n = 3 is happened since the o-H, in the far site comes to the first nearest
neighbor site. The opposite change is happened due to the nuclear spin conversion of 0-H, in the
first nearest neighbor site of n = 3 cluster. Even if the latter one has a same value with estimated zc
and zcc, the change cannot be observed when the rate of former one is so fast. In fact, the
absorbance spectrum at the 24 hours still has n = 2 peak. Therefore, the spectrum would indicate the
nearly equilibrium state for the immigration rates between n = 2 and n = 3. The migration rate of
0-H, from far site to the first nearest site could be changed by the number of 0-H, molecules in the
first nearest neighbor sites; therefore, the temporal behavior of each cluster would be different. The
rates of migration of o0-H, between each cluster, however, are not able to be estimated by the fitting
analysis since the parameters are too much. The theoretical calculation about the rate for the
migration of o-H, is necessary to determine the parameters for understanding the detail of the

phenomenon at local structure around CH3F.

3.44 Theorigins of n = 3”and 2’ peaks

The origin of the n = 3’ peak has not been proved yet. One assumption for it is the absorption peak
from CH3F in the face-centered cubic (fcc) structure of solid p-H,. It is well known that solid p-H,
form the hexagonal closed-packed (hcp) structure at low temperature and at low concentration of
0-H,. N. S. Sullivan et al. reported the threshold of transformation from hcp to fcc, and the figure

summarizing the results is shown in Fig. 3-16 [81,82]. The p-H, crystal forms fcc when the

35



Chapter 3 Nuclear spin conversion of 0-H2

concentration of 0-H, is around 85% at 2 K, which
is the same temperature as in our experimental
condition. The concentration is much higher than
that in our experiment. However, at the
microscopic, the concentration around n = 3
clusters is very high and CHzF molecules could
affect the environment. Assuming that the
environment around n = 3 cluster is near the
situation that the concentration of o-H, is higher
than 85% in H, crystal without CH3F, the structure
of solid p-H, around n = 3 cluster temporarily
becomes the hcp structure by 7 K annealing. The
structure would transform to fcc from hcp slowly
while keeping at 2 K. This hypothesis could

explain the experimental result that the relative
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FIG. 1. Phase diagram of solid ortho-para-hydrogen
mixtures. The solid lines indicate the transition hydro-
gen—temperatures T, (X) deduced from the NMR studies
as described in the text. The broken line represents
the critical temperatures calculated in Reference (12)
for X>0.5. The inset shows the glass phase transitions
on an expanded scale. The solid circles are taken from
this work and Ref. 8, and the solid squares are from
Ref. 16.

Fig. 3-16. The phase diagram of solid hydrogen.
This figure is referred from the reference 81.

intensities changed from n = 3 to n = 3’. Furthermore, it could explain the temperature dependence

that the relative intensity of n = 3 became stronger than n = 3” again when the sample temperature

returned above 5 K, as shown in Fig. 3-6. In addition, the n = 3’ peak was disappeared when the

temperature of the sample was kept at 4 K for 1 hour and 3 K for 1 hour, as shown in Fig. 3-17. In

this figure, the spectra are taken from different samples therefore the S/N of trace (a) is worse than

trace (b). Following this theory, the origin of some peaks at n = 4 are also from fcc structure and the

temporal behavior of them would look like n = 3’, thus these peaks increase with time. In order to

assign the peaks of n = 4 clusters, the spectra change in figure 11 of Ref. 57 were checked. However,

it is very difficult since all n = 4 peaks

decrease with time because of the
immigration to n = 3 clusters.

The pump experimental results would

absorbance

also support this hypothesis. As seen in

Fig. 3-8, n = 3 was disappeared and n = 3’

@)

was not disappeared by pumping for 20

sec on each peak. It would indicate that

A arestin
1038

1039
wavenumber (cm’

)

Fig. 3-17. The comparison of spectra. Trace (a); after 4 K

the n = 3’ cluster was more stable than n

for 1 hour and 3 K for 1 hour. Trace (b); after 7 K

annealing. Two spectra are from different samples.

36



Chapter 3 Nuclear spin conversion of 0-H2

= 3 and it is easier to transform the crystal structure between fcc and hcp than to migrate for the o-H,
in n = 3 and 3’ clusters from first nearest site to far site. The thermal energy that the crystal gets from
the vibrational energy of CHsF could change the structure of the crystal. However, the thermal
diffusion would be so fast that it would not be easy for the crystal structure to change from fcc to
hcp. Therefore, the decay of n = 3’ by the pumping was slower than that of n = 3. Following this
assumption, the fcc structure is more stable around CHsF-(0-H,)3 therefore the pump beam would be
one trigger to transform the crystal structure from hcp to fcc. If this phenomenon really happens, it
could be a very interesting topic since the crystal structure change by laser irradiation could be
observed. We hope to continue the survey and elucidate it experimentally.

The peak of n = 2’ cannot be explain by the same theory for n = 3. Their behaviors to temperature
were definitely opposite. The n = 2’ peak appears above 5 K and disappears under 5 K in a few hours.
Therefore, the mechanisms for the appearance of n = 2” and 3’ would be different. The unknown
peak at the right shoulder of n = 1, discussed in Ref. 57, also has the same origin as n = 2. The

mechanism has not been identified yet.

§3.5 Conclusion

This research investigated that the nuclear spin conversion rate of 0-H, molecules in the first
nearest neighbor site of CHsF by observing the temporal behavior of the spectrum for the clusters
with CH3F and o-H, molecules. The estimated self-conversion rate has large uncertainty, and the
value is the same order with the previous study [5]. The catalyzed-conversion rate is also estimated
by the fitting analysis. The decay time is 24.4(8) hours and it is longer than that in the previous study
[16]. The main cause of the inconsistency would be the difference of the experimental ways. The
estimated catalyzed-conversion rate in this research is caused by the interaction between one CH3F
and one o-H, molecule. On the other hand, the previous studies researched it from the concentration
of 0-H, in solid p-H,. It means that they did not discuss the interaction between one CHsF and one
0-H,. Therefore, the value is clearly different from the previous research and this is the first time to
estimate the catalyzed-conversion rate from microscopic study. From this research, we found that the
catalyzed-conversion rate of 0-H, by CHgF is faster than the self-conversion rate, but the difference
between them are not so large. By comparing the previous research and this one, the effect of CH3F
is not only to do the catalyzed-conversion, but also to accelerate the self-conversion since CH3F can

make 0-H, molecules come close to it.
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This research could contribute not only to the knowledge for the system of CH3F in solid p-H,, but
also the development of the detailed physical implications of nuclear spin conversion of o-H, with
dopant in the solid p-H,. However, this research has not been complicated. In order to analyze more
detail, we should observe the temporal behavior of absorption peaks of n > 4 clusters. By the
experiment, we could identify the phenomenon that happens in the n = 3 peak.

The origin of the n = 3’ peak would be the signal from CHsF in the fcc structure of p-H, crystal.
Still now, there are some issues such as the origins of n = 2’ and #, and the mechanism of the nuclear

spin conversion at n = 3 cluster. This would be main issue of this research from now on.
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84.1 Introduction

By using QCL with high-resolution spectroscopy, we can resolve and identify the ortho-CH3F (J =
0, K =0) and para-CH3F (J = 1, K = 1) components separately in a single shouldered peak, in spite
of the 4K = 0 selection rule of the parallel band transition [57]. The spectral shape is shown in Fig. 3
in Ref. 57. In addition, many weak peaks were observed at the red (lower energy) side of the main
peaks forming the regular n series, as mentioned in Chap. 3. These were considered to be “satellite”
peaks somehow related to the CHsF clusters, but no detailed explanation or analysis of them was
given. In the previous studies, this kind of structures was observed and analyzed for some molecules
like CO; [35] and HF [83].

In this chapter, the details of these satellite peaks associated with the main series of the v; band by
using the high sensitivity of the QC laser absorption spectroscopy are reported. In order to
understand the photochemical dynamics of the CHsF-(0-H,), clusters, the assignment of the satellite
peak is indispensable, because each main peak has a particular relationship with some certain
satellite peaks through the photochromic phenomenon [57].

In addition to that, the character of satellite series when bleached by laser beam is investigated. By
irradiating on each peak at about 10 mW, the peak decreases and other peaks increase. In order to
check the origin of satellite peak from other point of view, we try to bleach each satellite peak and
discuss it. Furthermore, we observed the temperature dependence to the satellite series, as we
introduced in Chap. 3.

Most parts of this chapter are the same experimental results and discussions that we published in

Ref. 61.

§4.2 Experimental details

The experimental setup is mentioned in Sec. 2.3. In this research, the grid polarizer is also moved
out in order to change the polarization of laser beam because it is not necessary. The laser power is
decreased by the attenuator to avoid adverse effects to the clusters as much as possible. The sample
condition of the concentration of 0-H, is about 1000 ppm, and CH3F is 0.4 ppm.

The pumping experimental setup is also the same. When we bleach the target peak, the attenuator
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for decreasing the laser power is taken away. The probe laser is used with attenuator to observe the

spectrum.

8§4.3 Results and analyses

4.3.1. The n = 0 satellite series

The spectrum around the n = 0 main peak is shown in detail in Fig. 4-1(a), which is measured at
one hour after 7 K annealing. The horizontal axis plots wavenumber with offsets that are adjusted to
the main peak position at 0. We observe about six satellite peaks to the red side of the mainn =0
peak and two weak peaks to the blue side. The spectral reproducibility of these peaks is confirmed in
all our observed crystals. Here we focus on the red side satellite peaks, which are numbered with a
letter n” starting from the main peak as n” = 0. The blue side satellite peaks are numbered n’ = -1 and
-2 from the main peak, and we discuss them below. In this series, it should be pointed out that the n’
= 3 peak has a red sided shoulder, and a similar shoulder is observed for the n> = 5 peak. Such a
red-side shouldered structure is a common feature of the main series, which had been revealed as
superposition of 9Qy(0) (ortho-CHsF (K = 0)) and %Qy(1) (para-CHsF (K = 1)) transitions [57].
Therefore, these satellite peaks most likely originate from similar clusters which contain a single

CHsF molecule.

o o
) w

©
[

absorbance

2015 010 _-005 . 000 _ 005
offset (cm™1)

Fig. 4-1. The enlarged absorbance spectra measured at one hour after 7 K annealing. The temperature of
the crystal is 1.8 K. (a; red) the n = 0 main peak at 1040.187 cm™. (b; blue) the n = 1 main peak at
1039.480 cm™. The abscissa axis is the offset wavenumber from each main peak. The peaks belong to the
satellite series are labeled with a number »’ ordered from the main peak. Peaks marked with * and # are
not considered as a member of the satellite series.
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4.3.2. The n = 1 satellite series

Another important fact is that there is a similar satellite series observed to the red side of the n =1
main peak. As shown in Fig. 4-1(b), the offset position of each n’-th satellite peak inthe n=0and 1
main peaks correlates very well. Therefore, it is convenient to label those satellite peaks with a set of
the number n and n’ as (n, n’). In this manner, the n-th main peak is also represented as (n, 0) peak. It
should be noted that (1, 3) peak is the strongest in the n = 1 series and has also the shouldered
structure on the red side just like the n’ = 0 pair.

However, there are additional peaks marked with # and *, as we mentioned in Chap. 3. The # peak
is also observed at n = 0, but * peaks appear only in the n = 1 region as seen in Fig. 4-1. We found
that these peaks have different temporal behaviors from the (n, n’) series, as described in Fig. 3-5 at
Chap. 3.

4.3.3. Fitting analysis

The observed spectral pattern and temporal behavior, as discussed in Chap. 3, suggest that each
component of the main series, which corresponds to the CH3F-(0-Hy), clusters, has a similar satellite
series. Furthermore, the temperature dependence shown in Fig. 3-7 in Chap. 3 indicates that the
satellite series are not constructed by some rotational components. If it were related to some rotation
of CH3F, the temperature increase should provoke a reaction. However the result is completely the
opposite, therefore we estimate that the origin of satellite series dose not relate to a rotation of CHsF.
We need an extended cluster model which can describe the hierarchy of structures observed in the
spectrum. First, we do not think that the new satellite series involves more than one CH3F in the
cluster. Because once dimer is created, strong dipole-dipole interaction would more or less hinder
the C; axis rotational motion. Even if the hindrance is not so strong, the rotational states become
completely different energy structures because of the coupling of two identical rotors. The shoulder
structure observed in the satellite peaks is very similar to that of the main series. This fact suggests
that only a single CHsF is freely rotating along the Cjaxis in the cluster just like the CHsF-(o-H,),
clusters. Another reason why we can deny the possibility of dimers is the small concentration of
CHsF. There was a report on the CHsF dimer in Ar matrix isolation, in which the dimer was
produced in a supersonic-jet expansion, then deposit on a cold plate [68]. Even though their
concentration of CH3F was 1000 ppm, which is 2500 times larger than our concentration of 0.4 ppm,
the intensity of the dimer was much smaller than that of the monomer. In addition, the peak

attributes to the dimer of CHsF would appear around 1030 cm™, therefore the shift value is different
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from the satellite peaks. It is hard to consider a cluster belonging to the new satellite series would
involve more than one CHsF. Instead, we formulate a hypothesis based on an extended cluster model
of CHsF-(0-H,)n-(0-H>),., in which »” indicates the number of 0-H; in the second-nearest neighbor
sites. Each n-th peak in the satellite bands is not well separated. In order to extract more information,
we try to decompose the observed spectrum into each component. The model function used in the
fitting analysis is a superposed Lorentzian function considering the pair of transitions from ortho-

and para-CHsF.

1 6 A° AP
=22 [(a) — P R (@- o, + 4w”) + (y,)? “-b

n=0 n’=0 nnt

In this formula, ortho- or para-CHsF is distinguished by superscript “0” or “p”, and A,,-and w,,,
represent the intensity and frequency of the (n, n’) peak, respectively. 40 represents the frequency
difference between the ortho- and para-CHsF pair, and is assumed to be common among all the
satellite peaks because no significant difference of 4w has been observed in the main series. For
the linewidth parameters, we assume that their variation for the »-th component of the same n value
is negligibly small. Therefore, we could reduce the number of independent linewidth parameters to
four: . 7,° 7, and y,".

Here, the upper limit of n’ is assumed to six, because there are six sites in the second-nearest
neighbor in hcp crystal. As reported previously in Ref. 64, the para-CHsF state relaxes into the
ortho-CHjsF state at a rate of several hours in para-H, crystals, which was supposed to be accelerated
by the o-H, involved. The o-H, molecules in second-nearest neighbor could also accelerate the
relaxation of CHsF. So the spectral intensity ratio between ortho- and para-CHzF should be treated
as a time-variant parameter depending on each (n, n’) peak. However, since our laboratory has
reported that the relaxation rate in the (0, 0) peak is not so different from that in the (1, 0) peak [57],

we can fix the ratio of integrated peak intensity to a common ratio C for all (n, n”) peaks as follows,

p
n

A’n’",xy
(4-2)

o

AZVI’ X Vn

This treatment means that A®,, is replaced with CA°nn>yn°/ynp, and the number of the running

parameters is reduced. Still, the correlation among the parameters A,,, 7%, 4o, and C remained

strong and it is difficult to determine them independently. Therefore, both the (0, n’) and (1, n’)
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series are simultaneously fitted while sharing 40® and C in the least squares analysis. The result

thus determined for the spectra observed after 7 K annealing is listed in Table 4-1 and graphically
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Fig. 4-2. The result of the fitting analysis of (a) n = 0 and (b) n = 1 main peak and its satellite peaks.
Bottom panel: the spectrum (black) observed at 1.8 K following the 7 K annealing is well fitted with a
sum (red) of »n’-th ortho- (green) and para- (blue) components. Peaks marked with * and # (gray) are
excluded in this analysis. Top panels: residual error multiplied by 10.

Table 4-1. The determined fitting parameters of the satellite series® of CHgF in the p-H, crystal®

| n=2
n’ A%, @, (cm™): A%, wr, (cm™)/ | A%,
0 3.10(01)x10° 1040.1890°¢ 5.24(03)x10° 1039.4830° 3.91(01)x10°
1 2.05(03)x10° 1040.1699(1) 1.28(05)x10°® 1039.4641(2) 4.9(47)x10°®
2 1.33(03)x10° 1040.1593(1) 4.81(76)x107 1039.4541(7) 4.31(62)x107
3 2.85(02)x10° 1040.1397(0) 3.15(07)x10°® 1039.4327(1) 1.09(04)x10°®
4 7.76(20)x10’ 1040.1156(2) 6.59(27)x10”’ 1039.4058(3) 2.98(32)x10”
5 9.49(21)x10” 1040.0975(1) 8.33(33)x10”’ 1039.3896(3) 5.31(32)x10”
6 2.92(20)x10” 1040.0761(5) 1.54(31)x10”7 1039.3772(15) 4.5(31)x10°®
%, (cm™) 4.332(08) x107 4.925(14) x10°® 6.499(14)
Y, (em™) 4.550(37) x107 4.999(36) x10° 6.804(23)
Ad™ (cm™) 7.79(2) x107%¢ 7.79 x107¢
C 2.86(7) x10™¢ 2.86 x10™°
Standard deviation(1c) 0.004 ¢ 0.004

& Spectrum was measured just after 7 K annealing at the crystal temperature of 1.8 K.
® The concentrations of 0-H, and CHsF are 1000 ppm and 0.4 ppm, respectively.

¢ Fixed to the value of Ref. 57

4 common to n = 0 and 1.

¢ fixed to the value determined inn=0and 1.
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shown in Fig. 4-2. Each ortho and para component of the (n, »°) line is shown separately, and the
summed up model function and observed spectrum are overwritten. The two peaks marked with *
are treated as additional Lorentzian components. The residual error shows that there is no trace of
any peaks at the position where n’ = 7 would appear if it existed. Meanwhile there is an unidentified
peak at 1039.44 cm™ marked #, which is excluded in this analysis because of its different temporal

behavior as mentioned above.

4.3.4.The n = 2 satellite series = 83

Following the success of the fitting  ©-05

analysis for the n = 0 and 1, an attempt to 0.30
fit the n’ series of the n = 2 main peak was o
©0.20
performed with the same model function. 8
o
Since the intensities of the n = 2 satellite -§ 0.10

are too weak to determine the interval

Values Oan)Zn,independently We had to OlOO rTTIIIIIIIIIIIIIIIIIIIIIII|IIIIIII|IIIIII
| 1038.64 1038.68 1038.72 1038.76 1038.80

fix them to Ay, It is necessary to add wavenumber(cm'l)

two Lorentzian components in the blue ) " . .
Fig. 4-3. The result of the fitting analysis of n = 2 main

side of the n = 2 main peak. The result of  peak and its satellite peaks. The caption is the same as
fitting is shown in Table 4-1 and Fig. 4-3.  Fig. 4-2.

The error of the fitting and standard deviation are as small as those of the n = 0 and 1. This
correlation suggests that the n = 2 main peak also has the satellite series with the same interval peak
pattern as n = 0 and 1. Meanwhile, the linewidth of ortho-CH3F and para-CHsF is determined to be
# = 6.499(14) x 10° cm™, and # = 6.804(23) x 10 cm™, respectively. The linewidth tends to

increase with an increase in n.

4.3.5. Pumping of each peak

The results of each main peak’s bleaching are shown in through Fig. 4-4(a) — (c). In order to check
the difference by pumping each peak, the black trace shows the spectrum before the pumping and
red trace shows it after the pumping. Fig. 4-4(a) describes that the n = 2 main peak decreases and the
n = 1 satellite peaks increase when the n = 2 main peak is pumped. The satellite peaks at n = 1 not
only increase on the positive number side of n’, but also on the negative side. The increased position

looks similar with the position of (0, -1) and (0, -2). We can’t determine that the peak is the same
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origin as the one when n = 0 since n = 1 has the one peak on blue side of the main peak, as reported
in Ref. 57. The main peak does not change the intensity. The integrated intensities of both of before
and after the pumping are nearly conserved. The integrated intensities from before and after the
pumping are conserved at 102(25)%. The value with error is obtained from the average of the same
experimental results in different samples. Thus, the population of the cluster that corresponds to the
n = 2 main peak is mainly changed to that of the satellite peaks of n = 1. These changes by the
pumping would be caused by the migration of o-H, around CH3F. The irradiation beam gives the
vibrational energy for CHsF and the energy transfers to the lattice of 0-H, crystal as thermal energy.
The 0-H, molecules in the first nearest neighbor site of CH3F can migrate due to getting the thermal
energy.

Fig. 4-4(b) shows the result that the n = 1 main peak is pumped. The response is very similar with
that of n = 1 and 2 at pumping of the n = 2 peak. The n = 1 main peak decreases and the n = 0
satellite peaks increase. The two peaks labeled d (to be discussed in Chap. 5) also increase. However,
the intensity of the main peak at n = 0 does not change. The integrated intensities from before and
after the pumping are conserved at 92(9)%. Thus, almost the entire population of the cluster that
corresponds to the n = 1 main peak is changed to that of the satellite series of n =0

Fig. 4-4(c) shows the result of pumping of (0, 3) peak. This experiment is same as in Ref. 58. The
result describes the spectrum with pumping of (0, 3) taken soon after pumping of the n = 1 main
peak. It should be noted that we can’t only discuss the effect of the pumping since we already know
that the n = 1 peak can recover some intensity over time after pumping of n = 1. The result in Fig.
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Fig. 4-5. The spectrum change by pumping of satellite peaks of n = 0. (a) pumping of n” =6, 5, and 4. (b)
pumping of n” = 3, 2, and 1. (c) pumping of »n” = 3. (d) pumping of n’ = -1. The order of the pumping is
described at upper-left in each graph. Each color of trace and arrow relate the order of pumping.

4-4(c) shows that most of the population of the (0, 3) is transferred to the n = 1 main peak. The
integrated intensities from before and after the pumping are conserved at 73(14)% since the
population of the n = 0 cluster changed to the n = 1, 2 and 3 clusters. With the decrease of the (0, 3)
peak, the other satellite peaks (n’ = 1 and 2, and n’ = -1 and -2) decrease in intensity. In order to
understand the phenomenon, we need to survey the correlation between the satellite peaks.

In order to check the correlation between satellite peaks, each satellite peak at n = 0 is bleached,
and the results are depicted in through Fig. 4-5(a) — (d). Each graph depicts only the satellite peak
region. The pumping positions are described at the upper right in the figures. The numbers at each
peak in the figures correspond to the number of n’. Fig. 4-5(a) — (d) show some of the pumping
results simultaneously and the order of the pumping follows in order from the top of the notation on
the left side. Each spectrum is measured in an interval of a few minutes. From these results, the
satellite peak can be bleached alone. It can be clearly observed that the three peaks numbered n’ = 6,
5 and 4 are bleached alone. n’ = 1 and 2 look to be bleached with neighbor n’ peak, however their
relative intensities are changed by pumping of each peak. The decreasing with other peaks would
occur to the neighbor peaks is also bleached by pumping of their tail, as shown in Fig. 4-2, and
therefore the rate of decrease are changed by pumping position and the relative intensity is not
conserved. The n’ = 3 peak decreases along with n’ = -1 and -2. It would not be the same mechanism
in relation to n’ = 3, 2, and 1, since the peak position is far enough and the overlap of each peak’s tail

can be neglected. In order to check that the same phenomenon could be observed in the n = 1
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Fig. 4-6. The spectrum change by pumping of satellite peaks of n = 1. (a) pumping of »’ =5, 3, and 1. (b)
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trace and arrow relate the order of the pumping.

satellite series, we did the same experiment to n = 1 and the results are depicted in Fig. 4-6(a) - (b).
From these results, the same phenomenon occurred from the pumping experiment to the satellite
peaks of n = 1. The peaks of n = 1, including the main peak, respond weaker to the pumping than n =
0. This means that the decay time of n = 1 by bleaching is faster than n = 0. Thus, the stability of
each cluster is different and the one o-H, molecule at the first nearest neighbor site could be easily
migrated to a farther site than what happened to the opposite phenomenon. The details of the
physical implications of the pumping are discussed in Chap. 6. The spectrum of n = 1 shown in Fig.
4-6(a) — (b) is one piece of evidence that the peak pumped there decreases with neighbor peaks much
more than that of n = 0.

Fig. 4-7 shows the spectrum pumping of the n = 0 main peak. Fig. 4-7(a) shows the spectrum at the
range of n = 0 to 1, and (b) and (c) show the area expanded at the region around n = 1 and O,

respectively. The black, red, and blue traces describe the spectrum before pumping, after pumping,
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Fig. 4-7. The spectrum change by pumping of n = 0 main peak. (a) The spectra at before (black) and after
(red) the pumping. The blue trace indicates the difference of them with offset. (b) The enlarged
absorbance spectra at n = 1. (c) The enlarged absorbance spectra at n = 0. The range of satellite peaks is
expanded and shown at the figure in (c).
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and the difference between them, respectively. The increasing position at n = 1 is the only main peak
component, thus (1, 0) peak, and did not appear at the satellite peaks. The peaks labeled d (to be
discussed in Chap. 5) also increase by the pumping of the n = 0 main peak. The linewidth of n =0
peak is narrower than before the pumping. The bleached line shape, as shown by the blue trace in
Fig. 4-7(c), explains that the main peak is not composed of a single component. The broad line shape
would indicate that many peaks come from the clusters CHsF and some o-H, molecules in far sites,
like third nearest or greater, gather around the main peak component. Furthermore, if the classical
treatment could be used, the broad line could also be affected due to the local position of o-H,
around CHsF. Thus, there are some different configurations depending on the position of 0-H,, as at
the fluorine-side plane, or methyl-side plane of CHsF in the hcp crystal. These different
configurations could have different binding energies, resulting in small spectral peak shifts. The shift
to the red side could be easily understood since it would be the same mechanism of the series of n
and n’. We know it is not straight forward to relate the intensity of the interaction to the transition
frequencies, however the peaks appeared at blue side of main peak should be surveyed more in order
to understand the mechanism of the blue shift. The reaction to pumping of n = 0 can be explained by
the cluster model as shown in Fig. 4-8. The n = 0 could be divided for some types of clusters. If the
cluster has no o-H; even in far sites, the cluster cannot be changed by the pumping like Fig. 4-8(a).
If some 0-H, molecules stay in the third or a greater far sites, the cluster form can changetoann=1
or higher n’-th cluster, as described in Fig. 4-8(b). Furthermore, we observe the (0, 5) and (0, 6)

increase when n = 0 main peak is bleached as shown in Fig. 4-7(c). It could cause that the cluster of

= 0 satellite

Fig. 4-8. The image for the transition of cluster structure by pumping of n = 0 main peak. (a) n = 0 cluster
with few 0-H, molecules shown by red molecules. (b) n = 0 cluster with high concentration of 0-H,. (c) n
= 0 cluster with a few 0-H, molecules.
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(0, 2) or (0, 1) with some 0-H, molecules in its third nearest site to change to the clusters of (0, 5) or

(0, 6) by the migration of 0-H, from a far site to a second-nearest site.

4.3.6. Temperature dependence of satellite peak

The temperature dependence of the satellite peaks is observed and the results are shown in Fig. 3-7
in Chap. 3. The result indicates that the satellite series can be observed at fewer than 4 K. However,
they are not be observed at 5 K for both of n = 0 and 1. The satellite peaks have the same reaction to
the temperature of the substrate. Their origins would be the same mechanism. In addition, we can
assume that the depth of the potential barrier for forming a satellite series is around 4-5 K. At that
temperature, the main n series can still exist. It would indicate that the potential barrier of first
nearest site to 0-H is higher than 5 K. The potential barrier to 0-H, in the second nearest site might
be shallower than that in the first one. The experimental result would support the second-nearest
model for the origin of the satellite peaks. It is a very curious phenomenon that the unknown peak

labeled # also disappeared at 5 K.

8 4.4 Discussion
4.4.1. Peak position of the satellite series

The intervals of the satellite peaks: Aw, ,- are not as equally spaced as those of the main series, but
the shift pattern of the n = 0 and 1 satellite series is very similar, as seen in Fig. 4-9. Furthermore,
the n = 2 satellite series is also well represented by using the interval pattern of n = 0. These facts
suggest that the n’-satellite series are derived from the same mechanism. Under the second-nearest
neighbor model of CH3F-(0-Hy),-(0-H,),, the n’-series should arise from the interaction of CH3F
and n’ 0-H, molecules in second-nearest neighbor sites. Analogous to the main n-series, in which
each peak corresponds to the cluster possessing n 0-H, molecules in first nearest neighbor sites, the
pattern of the satellite n’-series might be determined by the same mechanism. However, the
averaged interval of 0.02 cm™ for the n’-series is about thirty times smaller than that of the main
n-series. The dipole-quadrupole interaction between CH3F and ortho-H, varies inversely with the
fourth power of the distance. The ratio of the first and second nearest neighbor distance is 3.78/5.35
and its fourth power is 0.24. This suggests that the second-nearest neighbor frequency shifts should
be much larger than observed, even if the dielectric permittivity of hydrogen (& = 1.28) is taken into

consideration [84]. However, we know it is not straight forward to relate the stability of the clusters
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triangle) measured just after 7 K annealing. The diamond) satellite series.

abscissa axis is the index number for the satellite

peaks; n’.

to the transition frequencies. Rather, the irregularity of the interval pattern shown in Fig. 4-10 might
suggest the possibility of an inhomogeneous frequency shift due to a local position of 0-H, in the

cluster.

4.4.2. Intensity distribution in the satellite series

Fig. 4-10 shows the intensity distribution of the satellite series of n =0, 1 and 2. Bothn=0and 1
are very much like each other, however, these intensity distributions do not appear statistical. This is
contrary to the case of the main series, which shows a typical Poisson distribution [66] before
annealing. The dominant feature of the n’-series is that the intensity of n’ = 3 is notably stronger than
others. This phenomenon looks like the pattern of n-series, as shown in Fig. 3-1(a) in Chap. 3.
However the trend is also observed for the thin sample, as shown in Fig. 3-1(b). Thus, even if the n =
3 main peak is weaker than other peaks in the n-series, the intensity of n’ = 3 would be stronger than
others of that n’-series. This fact suggests that n” = 3 might be a kind of ‘magic number’ related to a
relatively stable structure of the clusters. There are six second nearest neighbor sites in the hcp
crystal. Under the cluster model with second nearest neighbor, three of them are in the fluorine-side
and other three in the methyl-side. As occupation of the former site by 0-H, is more stable than the

latter site, a kind of closed-shell effect might be brought by filling all the three sites.

4.4.3. ortho-para ratio

In free space, the conversion between ortho- and para-CHsF seldom happens, therefore, the total
thermal population ratio parameter C of para to ortho-CHsF is determined to be 1.25 at room

temperature [85]. Meanwhile, at the cold temperature limit, all the population is located at each
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lowest state, so the ratio of K = 1 to K = 0 state should keep this statistical ratio in the gas phase. The
population ratio parameter C in the p-H, crystal is determined to be 0.286(9) just after 7 K annealing,
which is 2.5 hours since the time the crystal deposition started. After 6 hours, the C ratio becomes
2.69(84) x 10 This determines a decay ratio of 0.39(7) h™, which should be compared with the
previous result of 0.13(3) h™ reported by Y. P. Lee group [64]. The difference presumably comes
from the concentration of 0-H, and the temperature in the crystal. Our density and temperature are
1000 ppm and 1.8 K, and theirs 100 ppm and 3.3 K, respectively. The higher density of 0-H, makes
the decay rate of the para-CHsF faster through the magnetic interaction between the nuclear spins.
This phenomenon has been reported for other molecules like CH, [33,39,86] or CH,CI [36], as
mentioned above. In addition to this, the higher temperature might also make it faster due to thermal
fluctuations. The experimental result suggests that the magnetic interaction of 0-H, could exceed the

thermal effect.

4.4.4. Linewidth

Regarding the linewidth of the v; band, Miyamoto et al. reported that the overall linewidth of the
main series depends on the concentration of 0-H, from the linewidth analysis on FTIR spectra [87].
Our previous laser study showed that the linewidth of the main peak (3+) has a tendency to increase
with an increase in n [57]. In this systematic fitting work, the linewidth of each satellite peak (yn?) is
also represented well with a common linewidth of the main peak s, of course, which tends to
increase with the increase of n. The reason why we cannot see a significant n’-dependence is the
same reason the peak-shifts of the satellite peaks are too small as described in Sec. 4.4.1.

General speaking, there are two ways of thinking about this tendency to increase. The first is the
idea of inhomogeneous line broadening due to the local position of 0-H, around CH3F. That is to say,
each n-th main peak consists of several Lorentzian components. For example, in the case of then=1
cluster, there are three different configurations depending on the position of 0-H, at the fluorine-side
plane, body plane, or methyl-side plane of CHsF in the hcp crystal. These different configurations
could have different binding energies, resulting in small spectral peak shifts. If the energy difference
of these three configurations is small enough for all to be populated thermally, the spectral line
profile would be a superposition of those configurations. Up to n = 6, the larger n-th cluster has more
configurations, thus the linewidth becomes wider with the increase of n. The second is homogeneous
line broadening due to the presence of 0-H, around CH3F. The relaxation of an optically excited state

would be enhanced by a larger quantity of o-H, in nearest neighbor sites. As the result, the decay
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accelerates with the increase of n. In this case, position of 0-H, in the twelve nearest neighbor sites is
not important because 0-H, is postulated to be non-localized.

From the pumping results, as shown in Fig. 4-7, the real linewidth of only CH3F in pure solid p-H,
could be narrower than estimated by the fitting analysis. The main peak linewidth after the pumping
of n = 0 main peak is several tens of percent narrower than that before the pumping. It’s nearly
impossible that the effect 0-H, is completely avoided, since the sample made by only p-H, couldn’t
be established. We should note that the n-series and n’-series would include the broadening effect.
We believe that the linewidth will be discussed further and determined by comparing with the

estimated value from the theoretical approaches in the future.

4.4.5. Reactions to the pumping

The fact that each satellite peak can be bleached indicates that the origins of the satellite peaks are
not the rotational components. Of cause CHsF in solid p-H; couldn’t rotate freely, except along C;
axis, as well known. However, even if the rotation could be allowed, the shift should be much larger
and the peak intensity should be repaired more quickly. Therefore, we determine their origins should
be more stable, like some kind of clusters.

The n” = 3 peak decreases along with n’ = -1 and -2. As discussed above, it would not be the same
mechanism in relation to n’ = 3, 2, and 1. In the case for the neighbor peaks, as n’ = 3, 2, and 1, the
decreasing with other peaks would occur to the neighbor peaks is also bleached by pumping of their
tail, as shown in Fig. 4-2, and therefore the rate of decrease are changed by pumping position and the
relative intensity is not conserved. On the other hand, in the case for (0, 3) and (0, -1) or (0, -2), the
peak position is far enough and the overlap of each peak’s tail can be neglected. The relation
between (0, 3) and (0, -1) or (0, -2) could be explained by the difference of the position of 0-H, in
one cluster. Thus, the number of 0-H, molecules is the same for these three peaks, but the position is
different. As discussed above, the 0-H, position to the CHsF could change the peak position from the
classical point of view. The experimental result shows that the decay time of (0, 3) is slower than (0,
-1). The structure of the n’ = 3 cluster could have the most stable position for three 0-H, molecules in
second nearest neighbor site for CH3F. The structure of the n> = -1 and -2 clusters could have other
formations with CH3F and three 0-H, molecules in its second nearest neighbor sites. If the positions
of 0-H, molecules can change, the experimental results could be explained. This is one possibility
but we haven’t found critical evidence of it.

By assuming the origin of satellite peak is second-nearest model, the model could not explain the
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results of pumping. For example, when the n = 1 main peak is bleached, as shown in Fig. 4-4(b), the
one 0-H, molecules in first nearest neighbor migrates to second-nearest or greater far site and the n =
0 main peak or (0, 1) should increase. However, the result shows that all satellite peaks increase.
Thus, the number of o-H, molecule is not conserved in the cluster model. In order to explain the
result of pumping of n = 1, we estimate that if some 0-H, molecules in the third or further sites are
migrated to second nearest site since the site is more stable. However, if the hypothesis is correct, the
experimental results of pumping of (0, 0) or (0, 3) would not be explained. The n = 1 main peak
increased by pumping of the n = 0 main peak or (0, 3), as shown in Fig. 4-4(c) and 4-7. If 0-H, is
more stable in second-nearest than in the farther site, the population of n = 0 should migrate to that
of the n = 1 satellite peaks by pumping of n = 0. The results, however, did not show that. It would
mean that the mechanisms at the migration of o-H, molecule from the first to the second nearest site
and from the second to the first nearest site are different. This will be the main issue of the research

from now on. Theoretical studies are desired to confirm these phenomenons.

4.4.6. The versatility of the fitting function

We check the versatility of the fitting function by trying a fitting analysis on other spectra. These
spectra data are chosen from two points. One is the observed time difference, since the spectrum of
CH3F-(0-H,), changes its intensity distribution with time, as shown in Chap. 3. The fitting analysis
results describes that the function supports the experimental results. The population ratio parameter
C of para to ortho-CHsF is changing with time, as discussed in Sec. 4.4.3. The other point is the
difference of the sample conditions. We try the fitting analysis to some different samples. To some
samples, the fitting function represents the experimental results well. On the other hand, some
spectra are not successful in the fitting analysis with this function. The observed spectra with weak
satellite peaks are not able to be fitted by this fitting function. The accuracy of the spectrum shape of
the satellite series is not enough for this fitting analysis if the spectrum has only a weak satellite
series. As mentioned in Chap. 2, the accuracy of the base line decreases with decreasing the intensity
of satellite series. This is one main issue for an ill-fitting analysis on some spectra. The spectra after
laser pumping of any peak also cannot be used for s fitting analysis. One reason is that the line width
of the peak pumped of is changed, as mentioned at Sec. 4.3.5. The line shape would be created with
the sum of many of the peaks from the cluster of CHsF and o-H, molecules in its third or farther
sites. Therefore the line width of one peak would be easily changed from other peaks by pumping.

From these results, we determine that the fitting function has versatility with some conditions. One is
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that the parameters of peak position should be fixed if the signal of the satellite series is not clear
enough. And also, we should consider the possible value of each parameter, especially Awy ., % and
C. These parameters can be dramatically changed in a fitting analysis, however from the physical
point of view, these value should have similar value with those in Table 4-1. The population ratio
parameter C of para to ortho-CHsF can be changed with time but the value can also be estimated
from the previous researches. It cannot be larger than 1.25 since it becomes smaller than that of the
total thermal population ratio at room temperature. This fitting function can be used for any spectra

so long as the points we mentioned are taken into account.

8§4.5 Conclusion

New satellite series were found to the lower energy side of each main peak of the v; band of CH3F
embedded in a p-H, crystal. The red shoulder line profile in each peak suggests single CHsF
molecule is rotating around the C; axis in the p-H, crystal. Some common features including
temporal behavior, temperature dependence and reaction to the pump beam suggest that the satellite
series originate from the clusters described by the second nearest neighbor model. A profile analysis
based on this model was used to resolve each Lorentzian component and the detailed features of the
series were studied. The peak intervals in the satellite series are not as equally spaced as the main
series, but there is a strong resemblance among the satellite series. The peak intensity distribution in
the satellite series showed an irregular pattern, rather than a statistically smooth one, but there is a
strong resemblance among the satellite series in which n” = 3 is the strongest. Among those series
the linewidths are very similar. However, the observed peak shifts in the satellite series are too small
to be explained by a simple dipole-quadrupole interaction model.

In addition, we applied a pump probe experiment to each peak. From these results, each satellite
peak can be breached individually. However the number of 0-H, molecules around the CHsF cluster
is not conserved between before and after pumping.

It would be natural to consider the second nearest neighbor cluster model as an extension of the
first nearest model. Indeed, some observations are explained in analogy with the first nearest

neighbor model, but quantitative assessment is not yet satisfactory.
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§5.1 Introduction

As described above, the target molecules studied in p-H, crystals can be classified into two groups,
namely molecules which can rotate in the crystal and those which cannot. The border of these groups
was reported that it depends on the amount of the rotational constants of dopant molecules. M. E.
Fajardo et al. reported that the molecules whose rotational constant is less than ~ 1.5 cannot rotate
freely in solid p-H, [88]. The threshold has not been determined completely therefore it has been one
big topic in the studies of solid p-H..

In the former case, the M-degeneracy of a rotational state splits in the crystal field. Therefore,
polarization spectroscopy is useful to assign the spectral peaks, because the crystal c-axis is known
to be normal to the substrate [39,89,90]. Using the selection rule on AM, the alignment of a dopant
molecule was studied [33,34].

In the latter case, without rotation, there exist no M-components. Only a single transition which
corresponds to a pure Q(0) vibrational transition is observed because the rotational motion is
hindered. So there are fewer experimental studies on the alignment of a dopant molecule, but there
has been some theoretical work based on ab initio calculations. For example, the alignment of CO,
was studied by Jun-He Du et al. [35]. They calculated the potential energy surface of CO, in a p-H,
crystal and estimated that the polar angle of CO, is 51.3° with respect to the crystal c-axis. This
estimate has not been confirmed experimentally.

CH3F is another member of the latter nonrotating group. Y. P. Lee’s group found that, in a para-H,
crystal, CH3F rotates freely around its C3 symmetry axis but does not rotate around the other two
principal axes [52]. This raises the important question as to which direction the Cz axis points in
p-H crystal. This research attempts to decide the orientation of CH3F in solid p-H,.

So far most of spectroscopic studies on CHzF in p-H, crystal were done by FTIR spectroscopy. In
this research, the IR quantum cascade laser for high-resolution and high-sensitivity absorption
spectroscopy of this system is used. In the chapter, the experimental results of laser polarization
spectroscopy in order to probe the alignment of CH3F in p-H, crystals are introduced.

Most parts of this chapter are the same experimental results and discussions that we published in

Ref. 62.
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§5.2 Experimental details

The experimental setup is described in Sec. 2.2.2. The substrate is placed in two setups. One is the
45°configuration in which the substrate is placed at 45° to the incident laser beam, reflecting it at a
right angle as shown in Fig. 5-1(a). The other setup is the normal incident configuration in which the
laser beam is incident at a small angle less than 3°, as shown in Fig. 5-1(b). The o-H, concentration
is estimated to be the order of 1000 ppm or less.

Generally, the quality of a crystal made with deposition method is not as good as that made with a
liquid epitaxial method in a cell. It is known that hcp structure is the most stable in a pure p-H,
crystal, as described above, but also that a mixture of fcc and hcp poly-crystals or an amorphous is
possible with the deposition method [67]. Annealing then greatly improves the crystal quality, and
we had already confirmed our crystal quality in the previous work using a transparent BaF substrate
through the study of CO/p-H, crystals [63]. But in the present work, using a metal mirror substrate
with greater heat capacity, the check of this quality is necessary. For this purpose, we prepare a
CH4/CH3F/p-H; crystal, because the direction of the c-axis in the hcp structure can be evaluated
through the polarization dependence of the CH,4 spectrum. Momose et al. studied the rotationally
resolved vibrational transitions with a crystal created by the epitaxial method in a metal cell and
characterized the hcp structure and the direction of c-axis [39], showing that several transitions of v,4
band of CH, at 1300 cm™ are very useful in this respect. Therefore, we prepare p-H, crystal
containing 0.4 ppm CHsF and ~20 ppm CH,, and observe the spectrum before and after the 7 K
annealing using a laser polarization probe as well as an FTIR spectrometer [Bruker FTS 120HR]
with a resolution of 0.01 cm™. The way of this experiment is described in Sec. 2.3. The results for
surveying the axis of solid p-H, are described in the next section.

The intensity of each peak varied at the position in the crystal because the thickness of the crystal

has a shape of thin convex lens profile. Moreover, the intensity of each peak varied with time [57],

(@) From laser (b) From laser

Mirror

Mirror To detector

To detector
Fig. 5-1. The laser alignment for changing the incident angle «. (a) « = 45°. (b) = 0°.
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as described in Chap. 3. Therefore, the polarization dependence is measured at the same point in the
crystal as quick as possible.

Figure 5-2 depicts a Cartesian coordinate system to describe an interaction of the light and
molecules in the crystal. The XY-plane is set on the surface of substrate, and the Z-axis is normal to
the substrate and is expected to be the c-axis of the hcp crystal. The laser beam is incident in the
XZ-plane. The laser incidence angle « is defined by the angle to Z-axis. The laser polarization angle
P is defined by the angle to ZX-plane, in other words, p-polarized light corresponds to g = 0 and
s-polarized corresponds to B = 90°. @ is the orientation angle of CH3F with respect to the X(c)-axis.

Those angles are shown in Fig. 5-2.

Fig. 5-2. Definition of the coordinate and angles.
XY-plane: substrate surface. Z: normal line (c-axis),
a . incident angle of the laser to c-axis of the hcp
crystal, g : polarization angle of the laser to Z
(c)-axis, @: orientation angle of CHsF to Z (c)-axis.

substrate

8 5.3 Results

5.3.1 Evaluation of the p-H, crystal

For the confirmation of the crystal structure and its c-axis direction, the 1, band of CHj, is used. The
band region could be observed in detail clearly by high resolution spectroscopy as 0.01 cm™, as
shown in Fig. 5-3. The trace (a) shows the spectra of before 7 K annealing. The absorption spectrum
at 1302.5-1304.5 cm™ corresponds to the Q(1) region. The attribution for each peak follows to the
Ref. 39. The observed spectrum shows that some peaks come from different crystal structure, like at
1303.3 and 1303.6 cm™ which correspond to the Q(1) transition of CH, in fcc and hcp structure,
respectively. The peaks due to the crystal structure of fcc are marked with asterisk. The trace (b)
describes the spectra after the 7 K annealing which is observed without polarizer. Comparison with
before and after tells that the peak marked with asterisk disappears and the others remain and
become much sharper. The conclusion is that the solid p-H, deposited on the cold substrate becomes
hcp after 7 K annealing. It should be noted that the definition of hcp by this experiment is for

macroscopic study, thus most parts of the crystal ought to be hcp structure by following the
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Fig. 5-3. The v, absorption region of CH, in p-H, crystal. Trace (a) shows the sample before 7 K
annealing. Trace (b) depicts the sample soon after 7 K annealing. Trace (c) and (d) are observed by
perpendicular and parallel polarized light beam to the normal to the substrate, respectively. The label for
each peak describes the direction of the transition moment to the c-axis. The peak due to the crystal
structure of fcc is marked with asterisk.

experimental result. However, we cannot completely deny the possibility that the local structures
around some CHsF molecules have other crystal structure such as fcc.

Then, the direction of the hcp c-axis is investigated by polarization spectroscopy in the same
regions. The traces (c) and (d) show the spectra observed by perpendicular and parallel polarized
light beam to the normal to the substrate, respectively. Thus, the definition for the polarization of
light follows to the Fig. 5-2. Each rovibrational transition spreads due to the crystal field in the hcp
structure. For example, the Q(1) transition splits into several peaks due to the crystal field. One peak
at 1303.60 cm™ is assigned with parallel transition moment to the c-axis, and others at 1302.92 and
1303.82 cm™ are assigned with perpendicular transition moment [39], as marked with in the upper
one of Fig. 5-3. When the incident angle « of laser is set at 45° to the substrate, the parallel peak is
not observed but the perpendicular peaks are observed at the g = 90° condition, that is to say,
s-polarized. Similar results were also observed for other transitions. The parallel peaks are
completely not observed when the polarization of light takes s-polarized however the perpendicular
peaks are observed when the polarization of light takes p-polarized. The reason is that the incident
angel « of laser is set at 45° to the substrate. The parallel component of light to the substrate is not
able to be vanished as long as the incident angle has any angle except 90°.

From these experimental results, it is confirmed that the p-H, crystal on metal mirror substrate after
7 K annealing is an hcp crystal whose c-axis is normal to the substrate. This evaluation is based on
the observation of absorption spectra of CH,. Therefore, the sample crystal could have mosaic
structure and some defections. The existence of such defections in the sample crystal which was

made by the same way in this research was reported by analyzing the linewidth of CO in p-H;
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Fig. 5-4. Polarization dependence of the main series at the incident angle « = 45°. Spectrum obtained in
the s-condition is shown in blue and that in the p-condition is shown in red with arrows indicating the
peak position.

crystal [63].

5.3.2. Polarization dependence of CH3F in p-H, crystal

The polarization dependence of CHsF in the p-H, crystal is measured by using QC laser
spectroscopy. At the incidence angle of 45°, the intensities of absorption peaks change with the
polarization angle f. Figure 5-4 shows the comparison of two spectra obtained in p- and s-
polarization to the c-axis. The absorbance of each peak in the s-condition is larger than that in the p-
condition by a common factor of 1.4.

It should be noted that the satellite peaks have the same intensity ratio as the main peaks. In Fig.
5-5, the spectrum of n = 0 satellite observed in the perpendicular condition is overlapped with one in
the parallel condition with the same common factor of the main series. Good agreement of the two

spectra indicates that the satellite peaks have the same polarization dependence.
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Fig. 5-5. The enlarged spectra of the satellite peaks Fig. 5-6. Polarization dependence of the d series
beside n = 0 peak observed with the perpendicular at the incident angle « = 45°. Spectrum obtained
and parallel conditions, where the intensity of the in the s-condition is shown in blue and that in the
latter is normalized at n = 0 main peak of the p-condition is shown in red.
former.
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The unknown peaks are also observed between n = 0 and 1, named d. Since the peaks are discussed
in Chap. 6, the labels for them are introduced briefly without the detailed explanation about them in
this chapter. It is convenient to label those d peaks with a set of the number d and d’ as {d, d’}. The
type of parentheses for the d and d’ series is used the different one to the n and n’ series in order to
compare the differences of them. In this manner, the d-th left peak is represented as {d, 1} peak and
the numbers are arranged from left to right. By following the labeling rule, Fig. 5-6 shows the
comparison of two spectra at {1, 1} and {1, 2} peaks obtained in p- and s- polarization to the c-axis.
The absorbance of each peak in the s-condition is larger than that in the p- condition by a common
factor of about 1.4. {1, 3} peak looked like to be observed, but the intensity is too weak to analyze.

The d’ series of d = 2 are also observed but the intensities are so weak.

5.3.3. Incidence angles dependence of the polarization

In order to get more information on the alignment of CH3F, the polarization dependence of the
main series was studied by changing the g angle in 10° steps. The result at the incident angle of 45°
is shown in Fig. 5-7(a), whose vertical axis is normalized by the maximum intensity of each n-th
peak. All n-th peaks show a similar profile with a maximum value at £ = 90° and minimum values at
S=0°and 180°.

In case of larger molecules which cannot rotate freely, the alignment of a molecule becomes the
subject of discussion. CHsF may be an intermediate case, in which the rotational motions are

hindered except for the one around the Cs-axis. Supposing that the Cs-axis is locked firmly along the
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Fig. 5-7. (a) The normalized polarization dependence of the absorption peak of the main series at the
incident angle « = 45°. The two traces are calculation results to the model for CH3F locked in the c-axis
(red) and random orientation (blue). (b) The polarization dependence at the incident angle « = 0°.
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c-axis, then the absorbance would be smallest at g = 90°, as shown by the red trace in Fig. 5-7(a).
But the experimental result is opposite to this. Or, supposing that the orientation of CHsF is
completely random in the crystal, then no polarization dependence would be observed like shown by
the blue trace in Fig. 5-7(a). The experimental result at the 45° incident angle condition eliminated
these two extreme cases of the orientation. That is to say, CH3F does not orient completely to the
c-axis, nor has it completely random orientation in the crystal.

On the other hand, when the incident angle « is set to 0°, the polarization dependence disappears as
seen in Fig. 5-7(b). This result suggests that the orientation of CH3F is somehow isotropic around the

Z-axis.

§5.4  Discussion

The alignment of the rotational axis of molecules in p-H, crystal has been studied for some small
molecules which can rotate in the crystal. For example, with the CO molecule, the J = 1 state splits
into M (= J;) = £1 and 0 components due to the crystal field [63]. The rotational term value of the
doubly degenerate M = +1 states is lower than that of the M = 0 state by 1 cm™. This means that the
rotational axis of the M = £1 state has a polar angle of +45° with respect to the c-axis, and that this
molecular axis rotates in its perpendicular plane. Meanwhile, the M = 0 rotational axis lies in the
XY-plane and then the molecular axis rotates in a perpendicular plane which involves the Z-axis.
Therefore, the molecular axis does not align at all, however, the fact that the M = +1 states have a
lower term value than that of M = 0 suggests that it is easier to rotate in the +45° angle plane than in

the plane involving Z-axis.

5.4.1. Alignment of CH3F in the crystal

The behavior of the g dependence in Fig. 5-7 suggests that CH3F does not orient completely to the
c-axis, nor has it completely random orientation in the crystal. Furthermore, the Cs-axis is more
likely to orient in the XY-plane rather than to the Z-axis. Meanwhile, the 0° incident angle
experiment suggests that the projection of the Cs-axis on XY-plane looks somehow isotropic around
Z-axis. The quality of the solid p-H; in this research was checked by observing the spectrum of CH,4
and the local structure of solid p-H, around CH, is good, as mentioned in Sec. 5.3.1. However, the
quality to the XY-plane is not checked.

In order to explain the result of the polarization experiments, we introduce a simple model in which
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Chapter 5 Alignment of CH3F in solid p-H2

CH3;F orients to the c-axis with a polar angle of 6, at which the interaction energy between CH;F and
the crystal is minimized. This means that the orientation of CHsF is determined by a vacant space of
a lattice defect in the crystal. The shape of the ventricular space is geometrically determined by the
position of 12 nearest neighbor sites of the hcp structure. The nearest neighbor sites make eight
equivalent triangles and six squares as shown in Fig. 5-8. There are six line segments which connect
the center of the triangle and square face each other across, and one more line segment which
connects the center of the pairing triangles along the c-axis. The
length of the line segment of the triangle-square is larger than that of
the triangle pair. The polar angle of these axes to the c-axis is 63.5°.
One can visualize a six-way vacant space which is built up by these

axes for storing the CH3F molecule along one of the triangle-square

axes. This model is based on this six-way vacant space, except for not Fig. 5-8. The image of hcp

fixing the polar angle to 63.5° but rather treating it as an arbitrary  structure of p-H, crystal.
The first nearest sites of
p-H, have eight triangles
like blue color one and six
squares like green color one.

angle 6. Therefore, the six orientation vectors of CH3F in the crystal

are expressed as below by using Cartesian coordinate (X, Y, Z).

(sin @ cosy, sin@ siny , +cos ),

(sin@cos(§ﬂ+y),sin@sin(§ﬂ+y),icos9), G-

<sin000s (§7Z+ y) ,sin @ sin (§7I+y> ,icose)

in which » means an arbitrary angle between X and a-axis of hcp structure. The sign of the Z
component means that three triangle-square axes are positive and the other three are negative. Note
that the transition dipole moment vector u of the v3 band coincides with the C; symmetry axis.

Meanwhile, the polarization vector of the laser beam with incident angle « passing through the

XZ-plane is expressed as below.
(cosacos f,sin g, sin a cos ff) 5-2)

As absorption intensity is represented as |u- E?, the peak intensity is proportional to the squares of
the inner product between equations (5-1) and (5-2). By summing up all the contributions of the six

terms, the intensity is represented as a function of «, fand @ as follows by using the equivalence of
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a- and b- crystal axes.
fla,p,0) x sin?fcos’a coszﬂ + 2cos Osin’a coszﬁ + sinzesin2ﬁ 5-3)

The arbitrary angle y between X and a-axis of hcp structure is vanished. If the solid p-H; in this
research has mosaic structure as mentioned above, the possible to change the arbitrary angle yin this
sample crystal could not be denied. However if each part of single crystal has a certain amount of
CHsF molecules, the polarization dependence would be analyzed by using Eq. (5-3) since it does not

have the arbitrary angle dependence. In case of incidence angle « = 0°, Eq. (5-3) becomes
fazo(B,0)  (sin’0 cos’B + sin*@sin®f) = sin’0 (5 —4)

Thus, no polarization angle dependence is expected. The experimental result at the incident angle
of 0° is consistent with it and indicated that the CH3F orientation angle @ is not 0°, as shown in Fig.
5-7(b).

In case of the incidence angle « = 45°, Eq. (5-3) becomes

Sa=as5(8,0) x sin’6 cos’f + 2cos°0 cos>f + 2sin’Osin’f (5 —5)

Thus, the unknown parameter & can be | B B L L R
— fitting 64.93) , -, ~ < y
fixed 60

1.2
determined using fitting analysis with the 1,

a:

o L
observed polarization function f"zzs(ﬁ). As §1-0_—

S 4
an example the result of the fitting forn = 0 is éo'g : ]

0.8 _ o .
shown in Fig. 5-9. This simple model for the 0.7 T T T
o o _ 70 30 60 90 120 150 180
fitting analysis is adequate to explain the polarization angle 3 (degree)

experimental result and succeeded in drawing  Fig. 5-9. Comparison of the experimental result of n

the polar angle €. The value of @ determined = 0 peak and the model function (5-5), in which the
incident angle « is fixed to 45° and @ is determined

by least square fitting is 64.9(3)°. In Fig. 5-9, by least square fitting.

the green and blue lines indicate the result

when the value of polar angle @ is fixed at 60 and 70°. The value in the parentheses is the 1o
statistical error, including systematic error due to an uncertainty in the incidence angle of « (+3°). It
is interesting and perhaps a little surprising that this value is in good agreement with the value of

63.5° used in the original six-way triangle-square model, which only considers the geometric shape
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Chapter 5 Alignment of CH3F in solid p-H2

of the vacant space. In the case of CO, in p-H; crystals, there was theoretical work based on the
interaction potential analysis using ab initio calculations [35]. CO; in the crystal occupies a potential
with three-fold symmetry and takes the minimum energy at a polar angle of 51.3°. The difference
between CH3F and CO, might come from the size of the molecules. The molecular length of CO,
and CHgF based on Van der Waals radius are 5.12 and 4.73 A, respectively. CO, might be a little

long to store in the six-way vacancy.

5.4.2. Conformation of the accuracy for fitting function

In order to check the accuracy of the assumption for making the fitting function, one parameter and

one term are added for Eqg. (5-3). The new fitting function is below,
f(a,B,6,C) « (3sin*0cos’a cos*f + 6cos’Osin’a cos® B + 3sin’Osin’f + 2Csin’a cos’f) (5 — 6)

The final term of Eq. (5-6) describes that the effect of CHsF molecules whose Cs-axis is along the
c-axis. The coefficient C shows the ratio of the CH3F molecules locked along c-axis. At the fitting
analysis, if C and 6 were set to the running parameters, these values were not determined; therefore,
the coefficient C is fixed from 0 to 0.7. The determined & values at each C value are shown in Fig.
5-10. The statistical error increases with increasing the C value. The standard deviations for the
residual error to the experimental result from fitting results are described in Fig. 5-11. The vertical
axis plots to the root mean squared error (RMSE). The RMSE increases with increasing the C values.
From Fig. 5-10 and 5-11, the coefficient C should be 0, thus almost all CH3F molecules are not along
to the c-axis of p-H, crystal. The approximation for the model which is based on the six-way vacant

space, as mentioned above, would be reasonable for this fitting analysis.

Soo |- I 005} T ]
> [ ]
§ o i 1 004 I~ ° L] 1
<80 3 y $0.03 |- ° .
=N * 1 20.02] o ° ]
S70}F « . cer e ]
3 | « * i 0.01F i
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coefficient C coefficient C

Fig. 5-10. The relation between fitting parameter 6 Fig. 5-11. The Root Mean Squared Error
and coefficient C which describes the ratio of CH3F (RMSE) to the coefficient C. C describes the
that aligns along to the c-axis. The error-bar shows ratio of CHsF molecules that align along to the
the 1o by determined in the fitting analysis. c-axis.
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5.4.3. Polarization dependence inn=1,2, 3, 3’

The values of @forn =1, 2, 3, and 3’ are also determined by the fitting analysis and the results are
shown in Fig. 5-12, in which each point presents the values with the error bar. The values forn=0, 1,
2, and 3 are almost same, which suggests that the number of o-H, molecules in the first nearest
neighbor sites does not affect the orientation of CHsF in the crystal. However, it should be pointed
out that the value of 67.5(5)° for n = 3’ looks different from others beyond the error bars. The label n
= 3” does not have physical implications, but just indicates the neighbor of the “regular” n = 3 peak
of the main series. However, its temporal character has been noticed to be different from the other
main and satellite series, since the intensity of the n = 3’ peak increases with time in the cooled
environment unlike the other main peaks [57]. Thus the nature of n = 3’ might be fundamentally

different, for example, it might be CH3F in solid p-H, with fcc structure, as discussed in Chap. 3.
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Fig. 5-12. The polar angle & determined by the fitting at three Fig. 5-13. The image of fcc

different points of the crystal. The horizontal axis shows the structure of p-H, crystal. The first
labels of peaks in the main series. Each point in the same color is nearest sites have eight triangles
a series of measurement in the same position in the crystal. The as blue color one and eight
error-bar of each point does not include systematic error. triangles as green color one.

The alignment of CH3F cluster in fcc structure would also like to be estimated by the similar
model function. The image of the fcc structure is depicted in Fig. 5-13. The polarization vector of the
laser beam with incident angle « is same definition for Eq. (5-2). The vectors of CH3F molecules can
be divided into two patterns. One is four line segments which connect the center of the pairing blue
triangles in Fig. 5-13, and the other is also four line segments which connect the center of the pairing
green triangles. We assume that the alignment of CH3F should be firmly locked on these lines, the
CHsF orientation angles &, for blue triangles and &, for green triangles are estimated 71.57° and
54.74°, respectively. Therefore, the four orientation vectors of CHsF molecules in the crystal are

expressed as below by using Cartesian coordinate (X, Y, Z).
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. A2 A2
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The peak intensity is proportional to the squares of the inner product between equations (5-2) and
(5-7). By summing up all the contributions of the eight terms, the fitting equation becomes the

below,

f(a,B,d)  (cos’a cos’p + sin’ ) {dsin*6; + (1 — d)sin°6, } 5o%)
+ 2sin’a coszﬂ{dcoszel +(1 - d)cos292}
The coefficient of d describes the ratio of the type for the alignment of CH3F. If the value of d is over
0.5, the alignment of CH3F would be much easier to stay on the line which connects the center of the
pairing blue triangles in Fig. 5-13. The values for &, and & are fixed to the values that are calculated
and the incidence angle « = 45° is also fixed. The fitting results for n = 3 and 3’ are depicted in Fig.
5-14. The d value are estimated 0.62(2) and 0.85(5) for n = 3 and 3’, respectively. The results would
indicate that the alignment of CH3F would be much easier to stay on the line which connects the

center of the pairing blue triangles in Fig. 5-13. However, the fitting function for fcc structure can

also represent the polarization dependence of (T T~ T T~ T T~ T T
n = 3 well. The independent variable for Eq. 80'3.— n=3 T
(5-8) is only g, in addition to it, the term §0-2— .
including the coefficient d could be treated as éo 1 I n=3 _
a proportionality constant. Equation (5-8) M
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becomes the function follows to, polarization angle B (degree)
Fig. 5-14. Comparison of the experimental result of
the n = 3 and 3’ peaks and the model function (5-8)

)
fB)xA+Bsin"f  (5-9) for fcc, in which the incident angle « is fixed to 45°.

Thus, the essential meaning of the fitting function for hcp: Eq. (5-3), and that for fcc: Eq. (5-8), are

the same. From these result, the analysis to the polarization dependence with the fitting function for

the fcc model can work, however the origin of each peak cannot be determined by only this analysis.
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5.4.4. Polarization dependence of the satellite peaks

The polarization dependence gives one of the important information on the identity of the satellite
peaks. As seen in Fig. 5-5, the polarization dependence is the same as that of the main peaks. If the
satellite peaks were M splitting caused by the crystal field, a polarization difference would have been
observed among the satellite peaks. But the fact of no difference in the polarization experiment
eliminates this assumption likes Fig. 5-5, and thus supports the previous cluster model consisting of
CHsF and o-H, in the second nearest neighbor sites [61], as discussed in Chap. 4. The same
polarization dependence means that the polar angle is also same. If this interpretation is right, it can
be concluded that the alignment of CHsF does not depend on the number of o-H, molecules in the

first and second nearest neighbor sites.

5.4.5. Polarization dependence of the d series

The polarization dependences of the d series are also observed only at {1, 1} and {1, 2} as
described in Fig. 5-6. Figure 5-15 shows the polarization dependence of the d series. As shown in
Fig. 5-6, the peak intensities of the two peaks are dispersed since the observed spectrum has not

good S/N. The fitting analysis by least square

L

fitting with function (5-5) estimates that the 1.6

polar angle & for them and the values of 4 for %1; : :
{1, 1} and {1, 2} are 68.6(42)° and 67.0(17)°, §1.0 K |
respectively. These values were a little bigger 08 N 1 1 1 1 1 1 1 ]
than the n main series and similar with the n = *05 50 80 90" TP0 Tho T80

polarization angle 5 (degree)

3’ peak. The physical implication of it has not ) o ]
Fig. 5-15. The fitting results to the experimental

defined yet. The origin of the d series is regyit of {d, ¢} = {1, 1} and {1, 2} by using the
discussed in Chap. 6. model function (5-5).

8§55 Conclusion

The polarization dependence of the v;vibrational transition of CHsF, whose rotational motion is
hindered in p-H, crystal, was observed. The experimental results were well explained by a simple
six-way vacancy model and the alignment angle in the crystal is determined. The CH3F is not

aligned along the c-axis but tilted to 64° from the c-axis. This is the first time to estimate the
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alignment of dopant molecule in solid p-H, by experimentally. The method to estimate the alignment
of the dopant can be used for other dopant molecules. As mentioned above, the knowledge of the
orientation of the dopant molecules is very important. For example, the surveys which need to
switch the direction of dopant molecules should know the alignment of the dopant. This result could
contribute to such kind of researches which use the direction of dopant molecules. Furthermore, by
using this experimental way, a new physical phenomenon could be found. As mentioned above,
CH3F molecule is in the group which cannot rotate in solid p-H,. The fact that CH3F is not aligned
along the c-axis was found in this research. However, the alignments of the other dopants which
cannot rotate in solid p-H, have not been surveyed yet. Therefore, a new physical phenomenon could
be found when the dopant which is aligned along the c-axis of solid p-H,. The experiments for other
dopant are desired.

The satellite peaks also has the same polarization dependence with the n main peaks. The
polarization dependences to the unknown peaks named d were also observed. The alignment angles
of them were also estimated. From these results, the origin of the d series would relate to CH3F.

This result should be verified with more precise theoretical calculation based on molecular
interaction of CH3F and H,. We hope the alignment of molecules in p-H, crystal will be elucidated

from this experimental approach and theoretical approach in the future.

68



Chapter 6  The structural change by
pumping

§6.1 Introduction

Pump-probe spectroscopy, one of the spectroscopic experimental ways, is sometimes called Time
Resolved Spectroscopy (TRS). It is often used for understanding the mechanism of chemical
reaction to the light with time. In general, the lasers used in TRS are pulse lasers. The basic technic
of this experiment was introduced in session 11.4 of Ref. 91. Firstly, one pulse laser beam that is
called pumping laser excites the target sample. Then, the other pulse laser that is called probing laser
passes through or reflects at the sample with the delay time from the pumping beam. The probing
laser observes the condition of the target sample at that time. The information by the probing beam
changes with each delay time from the pumping beam and the changes correspond to the relaxation
process from the excited state to ground state or the process of the chemical reaction. In these
experiments, the time resolution is necessary and it depends on the width of the both laser pulses.
The pump-probe spectroscopy is popular in the visible and middle infrared region since many pulse
lasers have been developed for these regions. On the other hands, pump-probe spectroscopy for the
near infrared region was not popular until several years ago since the development of the pulse lasers
for this region was later than that for other regions.

In the previous study, our laboratory reported the photochromic phenomenon to the CH3F cluster
with o-H, in solid p-H, by using cw QC laser [58]. By irradiating of one cluster’s peak at about 10
mW, the peak was bleached and some other peaks increased. And the reversible phenomenon was
also observed. It would indicate that the o-H, which stays in the first nearest neighbor site of CHsF is
migrated by the thermal energy that is released from the vibrational energy of CHsF by the pumping
laser. Thus, the spectral changes are the changes of the cluster size, thus we observe the structural
changes of the clusters. The QC laser beam can bleach the almost all cluster peaks, like the n = 1
main peak or the satellite peak of n = 0.

However, by using one QC laser, we only observe the before and after spectra by the pumping. It
means that the ongoing process of the migration is not able to be analyzed. If the process of the
photochromic phenomenon is observed, the understanding of this mechanism could be promoted and

the origins of some unknown peaks, as labeled with d, could be identified. In this research, the real
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time monitoring of pump-probe experiments by using two cw-QC lasers is attempted.

§6.2 Experimental details

The experimental setup is mentioned in Section 2.2.3. The concentrations of 0-H, and CH3F at this
sample are around 1000 ppm and 0.4 ppm, respectively.

The pumping beam is set at the wavenumber of one target peak and irradiates it by a continuous
wave. In order to monitor the change by the pumping in the real time, the two laser beams are
completely overlapped by the grid polarizer at the front of the cryostat. Each peak of the n series is
pumped in this experimental way. In order to investigate the pumping power dependence, the
intensity changes of each cluster peak by bleaching the n = 1 peak are observed with changing the
pumping powers. For changing the pumping powers, the number of attenuators for the pumping

laser beam is changed.

8§6.3 Results

Before to describe and analyze the experimental results, it should be pointed out that the
mechanism of the pumping has not been clearly identified yet. In general, the pumping of the target
peak means that the laser beam with the resonant frequency to the target cluster irradiates to the
target. Therefore, the target cluster at the grand state is excited to an excited state. One of the results
after the excitation is that the vibrational energy is released to the crystal lattice as a phonon with
keeping the cluster structure and returns to the grand state. This phenomenon would be the main
process. This is observed in the absorption spectrum by the probing beam whose power is weak
enough and, moreover, their frequency is swept. Another result after the excitation is that the
structure of the cluster is changed. Thus, the 0-H, in the cluster is migrated to farther sites from the
CHGsF. It could be checked from the pump-probe experimental results. One possible mechanism of
the pumping would be that the 0-H, in the cluster is migrated to other sites by getting thermal energy
from the vibrational energy of CHsF. The main mechanism of the migration of o-H, by the pumping
would not be the one due to intermolecular interchange and to resonant ortho-para conversion, as
discussed in Chap. 3. The potential energy between each site of p-H, crystal was theoretically
calculated and estimated about 30 K [17]. This value is, of course, for p-H, crystal and not for the

potential energy of CHzF and o-H; in p-H,. The potential energy between CH3F and o-H, in p-H;
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crystal could be higher than this. Even so, the vibrational energy of CH3F is around 1500 K, and it is
enough for 0-H, to migrate.

The difference between the probing beam and the pumping beam is only about the laser power, thus
the number of the photons to one peak are different. The difference of the number of photons affects
the interval between the excitations. If the migration rate of o-H, is proportional to the number of
photons, the decay time of the peak intensity which is pumped would be inversely proportional to
the pumping power. On the other hand, if the decay time is not so, some phenomenon could change
the interval of the absorption by the cluster. In such case, one possible case is that the local
temperature around the pumped cluster could affect the mechanism of the migration by the pumping.
In order to check the mechanism for the pumping, the pumping power dependence is observed and

the results are discussed in section 6.3.4 and 6.4.3.

6.3.1 Rapid scan data

2
The rapid scan experimental results are §
[
shown in Fig. 6-1. Figure 6-1(a) shows the 7
20s (@) |
spectrum that is measured for 20 seconds to o . Points : 07

the frequency region in which the n=0and 1

peaks are observed. The wvertical and

horizontal axes correspond to the intensity of

the probing beam detected by an AC coupled "~ "'Pump’on A 7]
p 9 y p L, P | 1|scan, 10m .

detector (MCT) and data points saved by the

intensity

oscilloscope, respectively. The total data

points are 10" and recording time is 20 sec,

intensity

and the sweep frequency of laser is 100 Hz.

i 1 1 ;
Therefore, one scan takes 10 ms and the data 0 PoInGs 5000

points per one scan are 5000 points, as
Fig. 6-1. The spectra observed by the rapid scan. (a)

The absorption spectrum recorded for 20 sec. The
traces in Fig. 6-1(c) show the absorption horizontal axis shows the data points. (b) The
expanded spectrum at the time when the pump starts.
(c) One scan data of absorption spectrum. The
frequency region is ~ 1 cm™ in which the n = 0 and 1
range is determined about 1 cm™ from the peaks are observed. The red and green traces show
the signal of absorption spectrum and etalon,
respectively.
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about 3x10™ cm™ after calibration, and the frequency resolution and signal to noise ratio are
sufficient to analyze the peak intensity of each cluster peak. In order to discuss the change by the
pumping, the shutter is closed to cut the pumping beam for about initial 1 second. Then, at the point
described “Pump on” as seen in Fig. 6-1(b), the shutter is opened and the pumping beam keeps the
irradiation. The probing laser beam is detected by the MCT detector that is an AC coupled detector.
At that time when the shutter is opened, a few period of probed signal is affected by the pumping
laser. The mean level of the probed spectrum decreases instantaneously, and returns to the original
level before starting the pumping. It is because the pumping beam is not completely blocked by the
final grid polarizer and the residual pumping laser affects the probing spectrum. However, the effect
cannot be any problems since the pumping beam is a continuous wave without any sweep
frequencies. That’s why, the center of the triangle wave of probed spectrum returns to the same level
before starting the pumping. The time of starting to irradiate the pumping beam can be determined
from this instantaneous variation of the probed spectrum with the order of 10 ms.

The observed absorption spectra are converted to absorbance in order to discuss the population
change of each cluster. The converted way of the spectra is the same with the one that is introduced
in Sec. 2.2.1. The S/N of each segment spectrum is not enough for analyzing especially for weak
peaks such as the d series. For detailed analysis, 10 or 100 scans data are averaged for the spectra

which are converted to each absorbance spectrum.

6.3.2 Pumpingofn=0

Figure 6-2 shows the spectral change for the range of the n = 0 and 1 peaks by pumping of the n =
0 main peak. The pumping power is estimated about 2 mW. The black trace depicts the initial
spectrum and the red trace shows the spectrum at each time from starting the pumping. Figure 6-2
describes that the population of the n = 0 main peak transferred to the n = 1 main peak. The main
peak of n = 0 after the pumping becomes narrower than before, as comparing black and red trace in
Fig. 6-2. On the other hand, the n = 1 main peak does not become wider. This result is, of course, the
same with the result as Fig. 4-7. As mentioned above, it would mean that the main peak is formed by
many types of clusters, like CH3F and some o0-H, molecules in above third sites. The peak shape
which still remains at the main peak position after pumping of n = 0 might be the signal from
isolated CH;F in pure p-H, crystal since the other clusters are transferred to other peaks such as the n
= 1 main peak. Based on this estimation, all n peaks are also originated by the same mechanism for

the n = 0 main peak. The linewidth of the n = 1 main peak is kept after pumping of n = 0 since the
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Fig. 6-2. The temporal behaviors of the absorption spectrum by the continuous pumping of n = 0. The
pumping power is 2 mW. The black and red traces show the absorption spectrum before the pumping and
spectra at the irradiated time of the pumping beam, respectively. The pumping times are shown on the
upper left of each figure.

components are the same between before and after.

The population change by pumping of n = 0 does not only appear to n = 1, also n = 2 or 3, as
described in Chap. 4. In addition to the n series, the d series are also changed their intensities. Figure
6-3 depicts the change of the peaks. (a) and (b) depict the spectra at d = 1 and 2, respectively. The d
series named d = 1 and 2 increase with pumping of the n = 0 main peak. The existences of these
peaks are reported in the previous research [57], however, the origin and the character have not been
revealed yet. The main issue for them is their weak intensities. The intensities of these peaks
increase with pumping of the n series, however without the pumping, their intensities decrease and
only one or two peaks of them are observed. In this study, the d series are clearly observed and the
characters of them are surveyed for the first time. The summary for the d series is described in Sec.
6.3.5. It should be noted that both d = 1 and 2 has very similar characters, like the number of the

peaks and the intensity distributions in each series.
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The behavior of d = 1 by pumping of n = 0 is a little different from d = 2. By pumpingn=0,d =1
increases quickly and soon becomes saturated, on the other hand, d = 2 increases slower. From this
result, one possible expectation is that if the n = 1 peak is pumped, d = 2 would increase more
quickly and d = 1 would increase more slowly. This expectation is checked and the result is shown in
next session. The four peaks observed at each d = 1 and 2 series make similar temporal behaviors.
Each peak would increase similar rate, thus the relative intensities are roughly kept. One peak
between {2, 1} and {2, 2} is observed. It is observed at d = 2, but is not observed at d = 1.

By comparing the two figures of Fig. 6-3, the offset position of each peak in the d = 1 and 2 series
correlates well. Therefore, it is convenient to label those d peaks with a set of the number d and d’ as
{d, d’}, as described in Chap. 5. The type of parentheses is used the different one to the n and n’
series in order to compare the differences between them. In this manner, the d-th left peak is
represented as {d, 1} peak and the numbers are arranged from left to right. The peak appears at the

position between {2, 1} and {2, 2} is not included the d’ series.
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Fig. 6-3. The temporal behaviors of (a) d = 1 and (b) d = 2 series by pumping n = 0. The spectrum
observed before the pumping (black), and after the beginning of the pumping 1 sec (green), 2 sec (blue),
10 sec (purple), 19 sec (red) after starting the pumping, respectively.

6.3.3 Pumpingofn=1

Figure 6-4 shows the spectral change by pumping of n = 1. The pumping power is about 5 uW. As
mentioned in Chap. 4, the n = 1 main peak is bleached and the satellite peaks of n = 0 increase by
pumping of n = 1. Few populations are transferred to the n = 2 and n = 3 peaks by pumping of n = 1,
as mentioned in Chap. 4. The main peak of n = 0 also increases, but almost all populations are
transferred to the satellite peaks of n = 0. This mechanism would be that one 0-H, in the first nearest
neighbor site of the n = 1 cluster transfers to the second nearest neighbor site and the structure
becomes the cluster of CH3F and o-H, molecule in its second nearest site. The cluster structure

corresponds to the satellite peak of n = 0. However, the number of o-H, molecules cannot be
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Fig. 6-4. The temporal behaviors of the absorption spectrum by the continuous pumping of n = 1. The
pumping power is 5 uW. The black and red traces show the absorption spectrum before the pumping and
spectra at the irradiated time of the pumping beam, respectively. The pumping times are shown on the
upper left of each figure.
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Fig. 6-5. The temporal behaviors of (a) d = 1 and (b) d = 2 series by pumping n = 0. The spectrum
observed before the pumping (black), and after the beginning of the pumping 5sec (blue), 19 sec (red)
after starting the pumping, respectively.

explained by only considering o0-H, in the first nearest neighbor site since the experimental results
show that all satellite peaks increase.

The intensity changes of the d series, however, are not observed clearly, as shown in Fig. 6-5. By
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Chapter 6 The structural change by pumping

comparing with the experimental result at pumping of n = 0, the relative intensities of the d series
show the different patterns. The increase in the populations are only observed at {1, 2} and {2, 1}
peaks. Furthermore, the increases in the populations are very limited, and the relative intensities are
not kept between before and after the pumping. The peak appears at the position between {2, 1} and
{2, 2} is observed. However, the intensity of the peak is not changed by the pumping. The
expectation in the previous session for the behavior of d = 2 by pumping of n = 1 is wrong. The
behavior of the population at d = 2 by pumping of n = 1 could not be discussed since the population

change is not clearly observed.

6.3.4 The dependence of the pumping power

In order to check the mechanism for the pumping, the power dependence of the pumping laser is

observed. Figure 6-6 shows the temporal behavior
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Chapter 6 The structural change by pumping

is made by pumping of the n = 0 satellite peaks.

At 20 sec from starting the pumping, the population of n = 1 look to be stopping the decrease. The
equilibrium population by each pumping power is bleached with increasing the pumping power.
From the experimental results, the population of n = 1 would not become O if the laser power is not
enough strong. It would indicate that the existence of the pass from the n = 0 state to n = 1. This
phenomenon could occur that the 0-H, in the second nearest neighbor of n = 0 cluster migrate to the

first nearest neighbor of it. The possibility of this phenomenon is mentioned in Chap. 3.

6.3.5  The character of the d series ( )' U
e
In order to check the character of the d series, the i h
properties of the d series to the pumping on it are " (d)
surveyed. Figure 6-7 shows the result by the pumping. — )
The spectra have been offset. The trace (a) is the ‘E'(C)
B P
spectrum soon after pumping of the n = 0 main peak. 2t
Without pumping of n = 0, some peaks of the d = 1 o1 " (b)
series are still observed but the intensities of them are so '
weak. Therefore, the spectrum after pumping of n =0 is 0 [ (a) {1,4} ]
set to an initial spectrum. The trace (b) shows the a .{1’11}. {.l’ 2.} {1’13}.
1039.8 1039.9

spectrum soon after pumping of {1, 1}. The peak is

wavenumber (cm™)

Fig. 6-7. The spectrum change at d series
by pumping of each peak. Each spectrum
is observed in order from the bottom trace
according to the following conditions.
Trace (a) initial spectrum. Trace (b) after
pumping of {1, 1}. Trace (c) after
successive pumping of {1, 2}. Trace (d)
initial spectrum. Trace (e) after pumping
of {1, 2}.

bleached and some of other peaks are also bleached their
intensities but do not disappear. The trace (c) indicates
the spectrum soon after pumping of {1, 2}. The peak is
completely bleached out but {1, 1} is still observed. The
trace (d), shown green, corresponds to the spectrum soon
after pumping of (0, 0), thus it is the same situation with
the trace (a) as an initial spectrum. The relative
intensities of (a) and (d) are similar, therefore pumping of (0, 0) made the same spectral pattern at
the d series. The top trace (e), shown yellow, is the spectrum soon after pumping of {1, 2}. These
peaks named {1, 1}, {1, 3} and {1, 4} are observed. The relative intensity is no kept and the
population of each peak of the d series is not conserved from before to after. The components are
transferred to the other cluster structures, like the cluster structures for the satellite peaks of n = 0

and 1. Since the initial state is not in equilibrium, the immigrated population from the d series to
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Chapter 6 The structural change by pumping

other clusters by the pumping could not be defined completely. The initial state is made by pumping
of the n = 0 main peak, therefore, the population of d = 1 could be changed from the initial spectrum
without pumping of the d peak.

The summary for the characters of the d series is that (1) they have the series that appear at the
position of the middle for the n series. (2) they have the d’ series for each d series, and each d’ series
has the similar pattern that looks like to be the blue shift from {1, 1} peak. (3) each d’ peak can be
bleached by the pumping. (4) the polarization dependence of the d’ series of d = 1 is observed and
the polar angle is estimated 68.6(42)° and 67.0(17)" for {1, 1} and {1, 2}, respectively. (5) the
relative peak intensity for the d’ series is changed by the pumping position. {1, 1} peak becomes the
highest in the d’ series of d = 1 when the n = 0 main peak is pumped. On the other hand, {1, 2} peak
becomes the highest when the n = 1 main peak is pumped. From these characters, the d series would

originate from some cluster structures with CH3F.

8§6.4 Discussion

6.4.1  Fitting analysis for n = 0 pumping
In order to estimate each reaction rate of each peak, these pump-probe experimental results are
analyzed by using a model function. Figure 6-8 shows the image of the relaxation processes at

[n =0 : Excited state] <K, -yg_,n=0e

I(n:OEHn:UG

n=0E—n=0satel

Pump : k-6 n=oe

S /A =0 main
Ground state
\ 4
n = 0 satellite
Fig. 6-8. The schematic diagram of the relaxation processes at pumping of the n = 0 main peak. The trace

of dark blue shows the image of binding potential. The red and yellow arrows indicate the relaxation and
pump process, respectively.
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Chapter 6 The structural change by pumping

pumping of the n = 0 main peak. This figure shows a potential image, but the vertical and horizontal
axes and the potential depth don’t have the meaning of quantitative properties. The pumping laser
beam excites the n = 0 cluster from the ground state to the excited state. The parameter Kn-oc_n=oe
depends on the power of the pumping beam. If the o-H, molecule is migrated to the first nearest
neighbor site or the crystal structure is changed for the d series, the population which correspond to
n = 0 is transferred to other cluster’s structures. Figure 6-8 does not show the processes of the
relaxations from the d series to the n = O satellite and from n = 1 states to both states of n = 0
however the possibility wouldn’t be denied. In fitting analysis, we attempted the fitting analysis with
containing the passes. The spectral change at pumping of the n = 0 main peak indicates that the
population in the satellite peaks such as (0, 4) and (0, 5) increase, as shown in Fig. 4-7(c). It should
be considered to the model for relaxations. From this fact, we divide the population of n = 0 into
two; the bleached one and the increased one. From the image of the relaxation processes for
pumping of the n = 0 main peak as shown in Fig. 6-8, the reaction rates would be estimated by the
fitting analysis. Each arrow in Fig. 6-8 corresponds to each transition and each k indicates the

reaction rate of each transition. The rate equations used in the fitting analysis are expressed as
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Chapter 6 The structural change by pumping

In this formula, each N shows the number or the population for each n or d state, and that
information is distinguished by the subscript. The n = 0 main peak is distinguished only “n = 0" in
order to be simplified. The ground state (GS) and excited state (EX) are shown by the superscript
for Nn=o. The populations are approximately same as the integrated intensities of each peak. The
populations of Ny=q sater. and Np=o are divided at the border of wavenumber. The border position is
almost between (1, 3) and (1, 4) peaks. The reaction rate K,—oe_.n=0c COrresponds to the relaxation
from excited state to ground state by radiative and non-radiative processes; therefore, the rate
includes Einstein coefficients A and B. We assume that the decay times of spontaneous emission and
stimulated emission of CH3F in solid p-H, are longer than that of non-radiative. The decay time of
spontaneous emission for the v, vibrational band of CHsF was reported as 67 ms [92]. The decay
time of non-radiative process has not been identified yet however the order of magnitude of it would
be shorter than 1 ms, based on other molecule [63]. Therefore, we estimate the reaction rate Kn-oe_.
n=oc Would be the same value with that of non-radiative process and we can treat it as one parameter
without any conditions.

However, the parameters did not converge. Then, the fitting analysis was attempted with fixed
some parameters (e.g. Kq=1n=0c) t0 0, but the fitting results did not represent the experimental results
well. The parameters were estimated, however, the 1 sigma of each parameter and the residual errors
were so large. The reason would be that we don’t observe the excited state and the fitting function
has too many parameters to be determined. For fitting analysis to estimate the reaction rates, the
process in Fig. 6-8 should be more simplified. The simple model for constructing the fitting function
is shown in Fig. 6-9. The new simplified model is only considered the structural change of the
clusters. Each arrow and k in this figure shows the pass and the reaction rate of structural change
between each cluster, respectively. From Fig. 6-9, the reaction rates could be estimated by the fitting

analysis. Some possible passes, like d = 1 to n = 0 satellite, are not depicted. The reason is explained

? e
d=2 n = 0 satellite °
! oad 2 %V

d2~>l’]l
nOHdl

n 0—n=1
% =0 main peak

8

Kg=1-n=1 d=1

Fig. 6-9. The image of the structural change by the pumping of the n = 0 main peak. The red arrows
indicate the passes for each structural change.
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below. From the model in Fig. 6-9, the rate equations used in the fitting analysis are expressed as

dN,—

d: = _(knz()—m:() satel. + kn:()—m:l + kn:()—m’:l + kn:()—>d:2)Nn =0
AN, satel.
"TW = kn:()—»n:() saz‘el.an()
dNy-

d = Kp=0—d=1Np=0 = Kg=1-n=1Ny=1

t

dN ;-

dt = kp=0-d=2Np=0 = kg=o—n=1Nu=> 6-2)
dN,_,

d: = Kp=0on=1 Nn=0 + Kg=1n=1Ny=1 + kg=r—n=1 Ny=2
dNsym -0

dt

Nsym = Ny + Ny—y + Ny—y + Ny + Ny sarer.

In this formula, the meaning of each N is the same for Eg. (6-1). Equation (6-2) still has so many
parameters. In order to estimate each parameter more accurately, the simultaneous fitting to the two
experimental results for pumping (0, 0) and (0, 3) is attempted. At the experiment pumping (0, 3),
the populations around (0, 3) are bleached and that around the n = 0 main peak increases; therefore,
the populations of n = 0 are also divided into two. Thus, at the pumping of (0, 3), the positions of the
cluster’s images for n = 0 main peak and n = 0 satellite are exchanged in Fig. 6-9. Some parameters
do not become common values for the two different experiments. However, the reaction rates ky-; .
n=1 and Kq=»_.n=1 are not relevant to the pumping power and the pumping position. Therefore, we can
treat them as the same values for the two experiments. The possible relaxation processes, like d = 1
to n = 0 satellite, were also considered. However, at the fitting analysis, these values became nearly
equal to 0 with large errors, thus they did not converge. Therefore, in this model, these two processes
could be ignored. The results of the fitting by using the linear differential the equations (6-2) to the
two experiments are described in Fig. 6-10. The pumping powers at pumping (0, 0) and (0, 3) are 2
mW and 0.5 mW, respectively. The estimated fitting parameters are listed in Table 6-1. The values in
the parentheses show the values of 1o statistical error. The behaviors by the pumping are represented
by the fitting functions. However, the residual errors shown in the top figures of Fig. 6-10 are not

small by comparing with the values of the d series.

81



Chapter 6 The structural change by pumping

(0, 0) pump (0, 3) pump
><:|_0—304_l ..l....l....l....xlo-_‘. T T ]
= . 02F o8 02¢® e I E
NI H ofsgasdidociaggdfonsl,
2 £ ° 1 0S¥ g (XX ] J
ng.Z_ ] -02F¢ LX) [} =
= -04 Ll . B S B B B
xlo- Ill xlo- Illlllllllllllllllll
10 0090000080000 00060000 |
- L
L
[
S L
E 9
- .
@ X 103
= 15 [ =l
> -;“" n =0 satel. ¢
2 1 -
c | ...._
O.S_W_
o J
() N B B B

0 .10
time (s)

15

20 0 5

10 20
time (s)

Fig. 6-10. The temporal behavior of integrated intensities for each cluster peak by the pumping. The
pumping powers at pumping of (0, 0) and (0, 3) are 2 mW and 0.5 mW, respectively. Each mark and trace
show the experimental results and fitting analysis results. The left figures: the result of pumping of the n
= 0 main peak. The right figures: the result of pumping of (0, 3) peak. Top figures show the residual
errors. Each color corresponds to each cluster’s peak.

Table 6-1. The estimated fitting parameters for the pumping experimental results of n =0 and (0, 3)

Simultaneous

(0, 0) pump (0, 3) pump
knzOanl 98(6)X10—2 kn:O satel.—n=1 87(4)X10-2
I(n=0—>n=0 satel. 2_8(4))(]_0'2 I(n=0 satel. —»n=0 6-3(2))(10_3
knzoﬂdzl 5_7(6))(]_0"2 kn:0 satel. —»d=1 3-4(4))(10-2
K02 12(4)x10%  Keeosael a2 3:2(4)x107
Kd=1—n=1 2.2(4)><10"2
Kgosn=1 3.6(10)x10

One cause of this residual error would be that the reaction rates do not have the same values with
time for each cluster. As seen in Fig. 4-7(c), the peak called n = 0 originates from some clusters
which are formed by one CHsF molecule and some o-H, molecules in above its second nearest
neighbor sites. Therefore, the reaction rate could be changed for the number of o-H, around the
CHgsF. In the n = 0O clusters, some clusters with many o-H, molecules could be changed their
structure easier than others with a few 0-H, molecules. Based on this discussion, the reaction rates
after a few seconds from starting the pumping would be faster than the one after ten seconds from
starting the pumping. Other possibility is that the spontaneous emission could affect the absorption

intensity. In this analysis, we assumed that the effect of the spontaneous emission was neglected.
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This assumption was based on one hypothesis that the non-radiative process would be much faster
than radiative processes. We should estimate the decay time of non-radiative process of CH3F in
solid p-H, more accurately by theoretical or experimental approach.

In this analysis, we estimate the average of the reaction rates for each cluster and that could be one
of the causes of the residual error in this analysis. It should be noted that this analysis could only

check the processes of the structural change for the cluster by the pumping roughly.

6.4.2 The pumping power dependence forn=1

Following the fitting analysis for the population changes by pumping n = 0, the experimental results
of the pumping power dependence are also analyzed with similar model functions. The experimental
results in Fig. 6-3 and Fig. 6-5 show that the d’ series of d = 1 are changed their intensities by
pumping n = 0 and 1. On the other hand, the d’ series of d = 2 are only changed their intensities by
pumping n = 0. Therefore, the transition processes to the d series should be changed by the pumping
position. As seen in Fig. 6-6, the populations of n = 0, 1 and d = 1 are changed with the pumping
time. Furthermore, the summed populations of each cluster keep constant with time. It would mean
that the effect of the stimulated emission is not so large. Therefore, we can assume that the relaxation
process form the excited state to ground state is mainly non-radiative. In such case, the vibrational
energy of the cluster by the pumping is released to the crystal and raises the temperature around the
cluster [94]. The peak position of CHsF is shifted with the increase of the temperature [57], as
mentioned in Chap. 3. Based on the previous research, the shift rate is about 0.001 cm™/K between 2
K and 5 K. Until the temperature decreases to the equilibrium point, thus 2 K, the resonant
frequency of the cluster would be shifted. Since the line width of the pumping laser beam is
estimated narrower than 10 MHz, the pumping beam is not able to pump the cluster while the
resonance frequency is shifted. It means that there would be other states between excited state and
ground state at 2 K. The model for the relaxation processes at pumping n = 1 is depicted in Fig. 6-11.
The P indicates that the pumping power and « shows absorption coefficient. The pumping power
would be proportional to the population at the excited state. The relaxation process from the excited
state to the ground state of the n = 1 cluster could not be treated one process since the temperature of
the crystal around the cluster would be higher soon after the relaxation by non-radiative process, as
mentioned above. The relaxation process in the ground state of n = 1 in hot environment is treated
one process approximately. The population at the excited state would correlate to the population that

transfer to n = 0 and d = 1 structures. From Fig. 6-11, the rate equations used in the fitting analysis
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Fig. 6-11. The schematic diagram of the relaxation processes at pumping n = 1. The black trace shows the
each state. The gray traces show the ground states of the n = 1 cluster in high temperature in order from
the top. The red and yellow arrows indicate the relaxation and pumping processes, respectively.

are expressed as
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In this formula, the meaning of each term is the same with Eq. (6-1). The coefficients P and «
represent pumping power and absorption, respectively. The P corresponds to the number of the
absorption. The population of ground states of n = 1 at 2 K and at other higher temperature are
described GS and GS(H) by superscript, respectively. At the simultaneous fitting for the five
experimental results with the different pumping powers, the coefficient P is fixed to each value. The

pumping powers are calculated from two values: one is the relative pumping power measured in

84



Chapter 6 The structural change by pumping

d=1 ?
I:>0!nzlan:0 -~
r e
<
K o e
n=1 n=0—n=1 n=0

Fig. 6-12. The image of the structural change by the pumping n = 1. The red arrows indicate the passes
for each structural change.

each experiment, and the other is the estimated beam power that is 2 mW without any attenuators.
Each Kk is estimated as a common value for all pumping powers. However, the fitting analysis with
Eqg. (6-3) does not represent the experimental results well. Each parameter was not estimated. One of
the reasons would be that the passes of the structural change for the cluster are not only from the
excited state of n = 1. We do not know when the structural change is happened. The arrows to d and
n = 0 states in Fig. 6-11 are only from the excited state however it could be possible from the ground
state of n = 1 in hot environment. In addition, the integrated intensity of n = 1 could include the
population of the n = 1 state in hot environment. The resonant frequency is shifted if the cluster is in
the hot environment, as mentioned above. Therefore, the pumping beam does not pump the cluster in
hot environment. However, the integrated intensity of n = 1 is calculated with containing the satellite
peaks of n = 1 from the probing spectrum. If the shifted peak appears around the satellite peaks in
probing spectrum, the population at ground state in hot would be included N"G:SI

Following the failure of the above fitting analysis, we attempt to analyze the pumping power
dependence by the same way for the experimental result at pumping n = 0. Fig. 6-12 shows the
image of the structural change for the clusters by pumping of n = 1. This model is only considered
the structural change of the clusters, as Fig. 6-9. Each arrow and k in this figure shows the pass and
the reaction rate of structural change between each cluster, respectively. Some passes (e.g. from d =
1 to n = 1) could be possible, however, they are not included. The reason is mentioned below. The
pumping power P has the same meaning of the number of the photons of the pumping laser beam.
P at=1_.n=0 and P a=1 .4=1 COrrespond to the rate of occurrence for the structural change of the clusters.
Therefore, the meaning of « is not equal to the general meaning of absorption coefficient. From Fig.
6-12, the reaction rates could be estimated by the fitting analysis. The rate equations used in the

fitting analysis are expressed as
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dNn:l
T = _(an=1—>d=l + an=1—>n=0)PNn=l + kn=0—>n=an=0
dNn:O
dt = an:l—m:()PNn:l + kd:l—»n:()Nd:I - kn:()—m:an:()
dNy- 6—4
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In this formula, the meaning of each term x110(;," T :bl T
is the same with Eqg. (6-2). At the g M
simultaneous  fitting  for the  five 6 M
experimental results with the different 4 —
2

pumping powers, the coefficient P is fixed
to each value. The pumping powers are
calculated from the same way for Eq. (6-3).
Each k is estimated as a common value for
all  pumping powers. The absorption
coefficients « are estimated as different
values for each pumping power. The results
of the simultaneous fitting analysis by using
the linear differential the equations (6-4) to
the five experiments are described in Fig.
6-13. The figures show the pumping power
dependence of n=1,d=1and n=0in (b),
(c), and (d), respectively. Figure 6-13(a)
indicates the residual errors of all results.
The estimated fitting parameters are listed in
Table 6-2.

Some estimated coefficients have large 1 o

statistical errors. The fitting carves for the

integrated intensity
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6-13. The pumping power dependence. The

temporal behavior of the integrated intensities for

each

cluster peak by pumping of n = 1 with

changing the pumping power. (a) residual errors.
(b), (c), and (d) show the result of n=1,d =1, and
n = 0, respectively. The relative pumping powers

are 1

(black), 5.4 (red), 27 (blue), 79 (green), and

366(orange).
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Table 6-2. The estimated fitting parameters for the experimental results pumping n = 1with
changing the pumping power

P (uw)* Qh=1-n=0 Oh=1-d=1 Kg=1-n=0 b Kn=0-n=1 b
5.5 1.1(1) x 10 1.9(7) x10°
30 3.4(2)x10%  4.3(16)x10*
1.5%X10? 1.2(1)x10° 1.3(5)x10*  3.4(16)x 102 2.9(2) X107
4.3 X102 6.7(4) X 10™ 6.1(1) x10°
2.0x10° 3.0(2)x10*  3.2(13)x10°

 The values are fixed
® Common to all powers

d = 1 do not represent well the experimental results, as shown in Fig. 6-13(c). The possible
relaxation processes fromd =1ton =1 and fromn=0to d = 1 were also considered. However, at
the fitting analysis, these values became nearly equal to O with large errors; thus, they did not
converge. Therefore, for this model, these two processes could be ignored.

In order to change the structure of the cluster, the cluster has to absorb a photon from the pumping
beam. Therefore, the rate of occurrence of the structural change would be proportional to the number
of the photons which they absorb. The coefficients « related to the absorption ratio of the n = 1
cluster should be a common value for every pumping power if the absorbed power is proportional to
the pumping power, namely the number of photons. However, the value of « changes with the
pumping power, as seen in Table 6-2. The rate for the structural change of the clusters are estimated
from an=1 .n=0 XP and an-1_.4-1 X P, and the estimated values are shown in Fig. 6-14(a) and (b),
respectively. As mentioned above, the rate of the structural change of the cluster is proportional to
the absorbed power. Therefore, we treat the products of the « and P as absorbed power below. The
estimated absorbed powers are not linear to the pumping powers, as shown in Fig. 6-14. The cause
would be that the effect of the ground state of n = 1 in hot environment, as mentioned above. The
behaviors look similar with a saturated absorption. In order to discuss the possibility of the hot state,
we attempt to analyze the pumping power dependence.

If the resonance frequencies for the v; band of CH3F are completely same value for all target
molecules, the absorption ratio « could be expressed as a function of the pumping power P as

follows [93],
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a(P) = a(0)

= 6-5
1+ P/P, (6-3)

«(0) corresponds to the value at P = 0, thus it indicates the linear absorption. P shows the saturation

power. From this equation, the absorbed power Pa(P) would be represented as the following

function,
PP) = s = ey 66
The fitting results with Eq. (6-6) are depicted as ————————
a red trace in Fig. 6-14. The fitting parameters 0'6.— ]
for P oy=1_.n=o are estimated as P, = 5.7(25) X 102 R o4r |
uW and «(0) = 1.3(4) X 10°. As mentioned Sa_’ 0'2__ @ ]
above, the values of Pa estimated from the % 0.(1)_: p—— : p— : —— : — :‘
experimental results are not the same meaning ;50.08:_ _
of the absorbed power in general. Therefore, the g 0.06 7
estimated coefficient « is not the linear ® 0.041 ]
absorption. The parameters for Pay-; .¢-1 are 0'0351 o (b) 1:
0 500 1000 1500 2000

estimated with large statistical errors. The fitting pumping power (W)

results do not represent the experimental results Fig. 6-14. The pumping power dependences of the

well and the saturation powers Ps are not absorbed power. (8) oh=1n=0 X P . (B) th=1_g=1 ¥

P . The black circle shows the estimated value. The
red and blue traces indicate the fitting results with
Eq. (6-6) and Eq. (6-7), respectively.

determined accurately. It would be derived from
that the data points are too few to determine the
curvature and the parameters. Another possible
cause is that the model function is not good for the experimental results. In above analysis, one
assumption that the resonance frequency for the v; band of CH3F is absolutely same for all target
molecules is used. However, the resonance frequency of CHzF could be changed if the environment
around the CH3F molecule is changed.

The vibrational energy of the cluster by pumping is released to the crystal and increases the
temperature around the cluster [94]. The peak position of CH3F is shifted with the increase of the
temperature [57], as mentioned above. Following this assumption, the decay time of the thermal
energy around the cluster could affect the interval to the next absorption. Based on one hypothesis

that the inhomogeneous line width by increasing the temperature follows one Gaussian, the saturated
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absorption character would be represented by the following equation.

Pa(P) «x —a(O)P — ©6-=7

A 1+ P/P

In this research, the shift would only be the red sides from the peak position therefore the equation is
not perfectly same with the one for Gaussian. The fitting results to the absorbed power by Eq. (6-7)
are depicted as a blue trace in Fig. 6-14. The curvature looks better to represent the absorbed powers
than the fitting results with Eq. (6-6), however, the parameters are not converged. It might be derived
from the number of the data points are not enough. From the fitting analysis with two different
functions, we conclude that Eq. (6-7) would be better for representing the experimental result. It
means that the resonant frequency would be shifted. In order to discuss more detail for the pumping
power dependence, the pump-probe experimental results at higher and lower pumping power have to
be observed. The experimental results of the pumping power dependence show that the resonant
frequency of the cluster is shifted by increasing the local temperature and the phenomenon could
affect the efficient of the absorbed power of the pumping beam.

In addition, one interesting phenomenon was observed in our laboratory. In this thesis, only the
phenomenon at the C-F stretching mode of the v; band of CH3F has been introduced. However, the
spectra with the C-H stretching mode of the v; and 2w bands were surveyed by using cw optical
parametric oscillator (OPO) system [95]. The frequency ranges of the v, and 2 v bands of CH3F are
around 2962 cm™ and 2859 cm™, respectively. The absorption spectrum peaks at both bands have
broad linewidth than the v; band, but they also have the series by the CH3zF-(0-H,), clusters [87]. If
one peak of the n series at the v3 band was bleached, the line shape at the 2 v5 band was also changed.
This phenomenon is easy to understand since the bleached peak at the 2vs band originates by the
cluster that was bleached at the v; band. However, if the peak at the 2vs band was pumped, the peak
was not bleached and the line shapes at both bands were not changed. The results would indicate that
the mechanism of the migration of the 0-H, molecule in the cluster with CHzF does not depend on
the thermal energy, but depend on the vibrational modes. The thermal energies of the pumping
beams for the v3 and 2vs are around 1500 K and 4100 K, respectively. Therefore, if the migration
mechanism only relates to the thermal energy, the migration of o-H, would be much occurred when
the peak at the 2vs band is pumped. This phenomenon should be identified in order to understand
the mechanism of the dynamics at the local structure by the pumping beam. Theoretical studies are

desired to confirm it.
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6.4.3  The origin of d series

From the pump-probe experimental results, the fact becomes much clear that the d series relate to
the CHgaF cluster. The d series could be one intermediate state for n = 0 and 1 from the fitting
analyses. The characters of the d series are confirmed from our experiments and summarized in Sec.
6.3.5. From these characters, one of the possible origins for the d series is that the
double-substitutional trapping site model. This possibility has been introduced in some previous
studies for CO, and SiF,; molecules [96,97]. The previous studies did not have the critical evidence
to determine the origin for this structure. Based on this assumption, the peaks of the d series
originate from the clusters described by CHsF in the double sites and d-th 0-H, molecules around it.

In order to form this model, one new vacancy at the first nearest neighbor site of CH3F is necessary.
The energy for forming the vacancy in the p-H, crystal was estimated around 150 K by the
theoretical approach [48]. The local p-H, crystal around CH3F could easily get this energy from the
pumping beam since CH3F absorbs around 1040 cm™, thus it is nearly 1500 K. From the viewpoint
of energy for forming the vacancy, the substitutional trapping sites model is possible.

If the 0-H, in the first neighbor site of CHsF is migrated and the site becomes vacancy, the space
for CH3F would be larger than one site. The peak shift (the n series) would be mainly caused by the
intensity of the interaction between CHsF and o-H,. If the vacancy changes the distance between
CHsF and o-H, the intensity of interaction between them could also be changed and the peak
position could be shifted. The origin of d = 1 would correspond to the cluster with CH3F in double
substitutional trapping sites and one 0-H, molecule in its first nearest site. From the simple image,
the peak position of the d series could be explained qualitatively. However, the double substitutional
trapping site model would be difficult to analyze because the position for the center of the mass of
the CH3F would not be defined. The image in the previous research was depicted that the center of
mass migrates to the center of the double vacant sites as seen in Fig. 4 in Ref. 96. In other previous
research, the theoretical calculation result described that the center of mass of Al atom in double
sites is in the position of the middle between its original substituted site and the new vacancy site
[98]. However, at the position, the distance between CH3F and p-H, in its nearest sites become
closer even if the p-H, molecules form the hcp structure strictly. In fact, one vacancy might make
some distortion in the p-H, crystal therefore the distance between CH3F and p-H, molecules could
be much closer. The d series could be observed for a several hours with weak intensities. This
experimental result suggests that the cluster structure is not so unstable. The image might be hard

that the CH3F molecule stays in its original substituted site and one vacancy around CHzF keeps the
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form for a several hours.

From the polarization spectroscopy, the polar angle for d = 1 is a little larger than the other main n
series. It would mean that the C3 axis of CH3F for the d series is much closer to the XY plane. Based
on an assumption that the center of the mass of CH3F moves to the center of the double vacant sites,
the direction of C; axis of CHsF would be aligns on the axis that connects to the double vacancy
sites. The polar angle of CHsF in the d series could be divided into two cases: one is that the new
vacancy is made at in-plane (IP) for the CH3F in the cluster, and the other is that the one is made at
out-of-plane (OP). In the former case, the polar angle of CH3F becomes 90°, and in the latter one, @
becomes 35.26°. By following this model, the average of the polar angle could be estimated. From
the discussion in Chap. 5, CH3F in the cluster is tilted from the c-axis of p-H; crystal, as seen in Fig.
5-8. The vacancy would be made at the site which is one of the vertexes of the triangle or square that
are penetrated by the C; axis of CH3F. These are four IP sites and three OP sites. Therefore, the
average of the polar angle for the double-substitutional trapping site model would be 66.54°. The
fitting result indicates that the polar angle is estimated 68.6(42)° and 67.0(17)" for {1, 1} and {1,
2}, respectively. The fitting result and this calculation result are good agreement. This estimation
supports the double-substitutional trapping site model for the d series.

The d series has four or more the d’ peaks, however, the origins of them have not been obviously
yet. The peak intensities of the d’ series are changed by the pumping. The spectrum patterns are
changed by the pumping position of the n series, as seen in Fig. 6-3 and 6-5. In addition to this, each
peak can be bleached by the pumping beam. Each d peak would originate from each formation of the
clusters. One assumption is that the position of o-H, in the double substituted sites model would
change the peak position. For the n series, the distance between CHsF and the first nearest neighbor
sites is the same. On the other hand, for the double substituted sites model, that becomes different.
Therefore, the site of 0-H, would make the peak position shift. It would be main issue of the

research from now on.

8§ 6.5 Conclusion

The structural changes by the pumping laser were surveyed. By using two QC lasers, the processes
of the structural change by the pumping beam were observed at the first time. In order to estimate
each reaction rate of each cluster, these pump-probe experimental results were analyzed by using

some model functions. The fitting result showed that the rates of the structural change for the n = 1
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cluster are not proportional to the pumping power. It would mean that the local thermal energy of the
p-H; crystal around CH3F is increased and the resonance frequency of the CHsF in the cluster is
shifted. The thermal relaxation process in solid p-H, around dopant has not been studied yet. The
pump-probe experiments at other pumping power could estimate the decay time of the thermal
energy around dopant. The research could contribute to understand the mechanism of the relaxation
of the thermal energy around dopant. Furthermore, it also contributes to develop the knowledge of
the migration of 0-H, molecules around the dopants. The theoretical and experimental studies for it
are desired.

The characters of the d series were studied. From some experimental results, the d series would
originate from the clusters described by CH3F in double substituted sites. In order to determine the

origin of it, some additional researches have to be done.
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This research surveyed the local structure of p-H, crystal around dopant CH3F by using high
resolution QC lasers.

From this research, some influences of the dopant molecule to the local structure of solid p-H, were
cleared. Furthermore, the knowledge about the interaction between o-H, molecules and CHsF would
be improved.

The temporal behaviors of the absorption spectrum of CH3F-(0-H,), were observed. This research
investigated that the nuclear spin conversion rate of 0-H, molecules in the first nearest neighbor site
of CHsF. The estimated self-conversion rate has large uncertainty, and the value is the same order
with the previous study [5]. The catalyzed-conversion rate is also estimated by the fitting analysis.
The decay time is 24.4(8) hours and it is longer than that in the previous studies [16]. The main
cause of the inconsistency would be the difference of the experimental ways. This is the first time to
estimate the catalyzed-conversion rate between one o-H, and one dopant molecule. From this
research, we found that the catalyzed-conversion rate of o-H, by CHF is faster than the
self-conversion rate, but the difference between them are not so big. The effect of CH3F is not only
to do the catalyzed-conversion, but also to accelerate the self-conversion by making o-H, come close
to it. The achievement in this research could contribute not only to the knowledge for the system of
CHsF in solid p-H,, but also the development of the detailed physical implications of nuclear spin
conversion of o-H, with the dopant in the solid p-H,. This result suggests that the effects of the
dopant molecules should be divided into some parts.

From some experimental results, new satellite series were found to the lower energy side of each
main peak of the v; band of CH3F embedded in a p-H; crystal. All the peaks showed a common red
shouldered line profile, which corresponds to partly resolved transitions of ortho- and para- CHsF.
Some experimental results may suggest that these satellite series originate from a family of CHsF
clusters involving 0-H, in second nearest neighbor sites. A model function assuming this idea was
used to resolve the observed spectrum into each Lorentzian component, and then the detailed
features of these series were studied. The peak intervals in the series are not as equally spaced as the
main series, but there is a strong resemblance to the satellite series. We proposed that the effect of
0-H, molecules in the second nearest neighbor site of CH3F could not be ignored.

The polarization dependence of the v;vibrational transition of CH3F, whose rotational motion is

hindered in p-H, crystal, was observed. The experimental results were well explained by a simple
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six-way vacancy model and the alignment angle in the crystal is determined. The CH3F is not
aligned along the c-axis but tilted to 64° from the c-axis. This is the first time to estimate the
alignment of dopant molecule in solid p-H, by experimentally. The method to estimate the alignment
of the dopant can be used for other dopant molecules. The knowledge of the orientation of the
dopant molecules is very important. For example, the surveys which need to switch the direction of
dopant molecules should know the alignment of the dopant. This result could contribute to such kind
of researches which use the direction of dopant molecules. Furthermore, by using this experimental
way, a new physical phenomenon could be found. CH3F molecule is in the group which cannot
rotate in solid p-H,. The fact that CH3F is not aligned along the c-axis was found in this research.
However, the alignments of the other dopants which cannot rotate in solid p-H, have not been
surveyed yet. Therefore, a new physical phenomenon could be found when the dopant which is
aligned along the c-axis of solid p-H,. This result should be verified with the more precise
theoretical calculation based on the molecular interaction of CH3F and H,. We hope the alignment of
molecules in p-H, crystal will be elucidated from this experimental approach and theoretical
approach in the future.

The structural changes by the pumping laser were surveyed. By using two QC lasers, the processes
of the structural change by the pumping beam were observed at the first time. In order to estimate
each reaction rate of each cluster, these pump-probe experimental results were analyzed by using
some model functions. The fitting result showed that the rates of the structural change for the n = 1
cluster are not proportional to the pumping power. It would mean that the local thermal energy of the
p-H, crystal around CH3F is increased and the resonance frequency of the CHsF in the cluster is
shifted. The thermal relaxation process in solid p-H, around dopant has not been studied yet. The
pump-probe experiments at other pumping power could estimate the decay time of the thermal
energy around dopant. The research could contribute to understand the mechanism of the relaxation
of the thermal energy around dopant. Furthermore, it also contributes to develop the knowledge of
the migration of 0-H, molecules around the dopants. The theoretical and experimental studies for it
are desired.

In addition, some unknown peaks such as the d series and n = 3’ peak have surveyed the characters
and the origins for them were estimated. Some theoretical supports are quite important for the
determination of the origins of these peaks. Some infrared absorption peaks that have not been
assigned have remained.

For the future research, | would like to suggest some experiments. One is that we should survey the

pump-probe experiment with changing the temperature of the sample. This experiment could
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improve the knowledge of the mechanism. The experiment should keep the crystal volume, therefore,
the method of making the crystal should be changed. The sample made by the deposition method is
not good for the observation of the temperature dependence since it can be sublimated. One method
is a liquid epitaxial method that was reported [26]. It should be comfortable for this experiment.

The second is that we should observe the pumping power dependence. By this experiment, the
saturation power for this target cluster could be determined. The results could contribute the
knowledge of the relaxation process of the thermal energy in the crystal. Furthermore, the
mechanism of the migration of 0-H, around CH3F could be solved by this research.

The third is for the nuclear spin conversion rate. We should investigate the temporal behavior of the
whole CHgF clusters. In this research, we observed the spectrum of the cluster for n =0 - 3. If we
observe the n = 0 - 12, the phenomenon for the migration of 0-H, around CHsF could be cleared.
Moreover, the mechanism at the n = 3 cluster could be solved.

The theoretical studies are quite important to construct the cluster model. Some models that are
introduced in this thesis such as double-substitutional trapping site model are still one of the
candidates for the unassigned peak. We believe that the combination of the theoretical and
experimental studies could determine the cluster structures and solve the issues have not been

revealed.
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