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Chapter 1

General Introduction

1.1 Introduction

Organic and inorganic thin films are utilized very much in various applications such
as optical and electronic devices. In the case of the inorganic materials, thin films are
prepared by sputtering, deposition by electron beam (EB), and highly aligned metal
mono-layer film is made by manipulating each molecule in nm scale. In the case of
organic materials polymers are often used to prepare thin films because of the high
viscosity, and we can prepare stable thin films by simple methods like vapor evapora-
tion methods including spin-coatng and dip coat [1-3]. Sometimes Langmuir-Blodgett
method [4,5] is employed to prepare thin mono-molecular layer of surfactants. Owing
to the convenience for preparation, polymer thin films are used very much in industrial
fields, however there remain many problems concerning the physical properties such as
size and thermal stabilities. The properties are very different from those of bulk, and
sometimes are related to the dynamic properties of polymer thin films. In this thesis,
therefore, we studied the dynamic properties of polymer thin films from molecular level
to understand the unusual physical properties.

Generally speaking, polymers are classified into crystalline and non-crystalline poly-
mers. Crystalline polymer thin films are not stable because of the slow progress in crys-
tallization and the surface is usually very rough because of co-existence of crystalline
and amorphous regions in the thin films. Therefore, most polymer thin films utilized in

industry are prepared with non-crystalline polymers. In this thesis we mainly studied



single component amorphous polymer thin films due to the above reason.

With the recent progress of evaluation methods for polymer thin films [6-14], it was
revealed that the thermal and mechanical properties of polymer thin films were very
different from those of bulk. One of the most interesting topics in the findings is
the thickness dependence of glass transition temperature 7,. Non-crystalline polymers
have no melting temperature 7,,, therefore T, is considered as the most important
physical constant for non-crystalline polymers. Therefore the thickness dependence
of T, is highlighted from not only scientific but also industrial point of view. For
polystyrene (PS), which has weak interactions with Si substrate, it was revealed by
reflectivity method and ellipsometry [15-18] that 7, decreased with film thickness. In
some reports [15,17,19,20] this result was interpreted in terms of a mobile surface layer,
however the definite mechanism of glass transition of PS thin film is still missing.

In order to understand the glass transition in polymer thin films, we have to know
the mechanism of glass transition in bulk. In the last two decades experimental and
theoretical studies on glass transition phenomena have been extensively performed for
various glass-forming materials. These studies have presented a key concept to under-
stand the glass transition. In the concept “cooperativity” plays the most important
role. In a high temperature above the glass transition temperature 7, molecules move
independently, but as temperature decreases close to T, they must move cooperatively
due to the increase of density. The domain where molecules move cooperatively is often
called as a cooperative rearranging regions (CRR) [21]. One of the way to estimate
the size of the CRR is a study of glass transition of confined molecular systems. It
was considered that the fundamentally different dynamics would be observed in glass
forming molecules confined in porous media or polymer thin films when the size of
the confinement is less than that of CRR. Hence many experiments were done along
this direction using polymer thin films, but some of works found that surface and/or
interface effects were not negligible in the glass transition. In the following sections,
we will review the studies on glass transition in bulk and in thin films to show current

situation of the researches in this filed and to give a basis to the studies in this thesis.
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Another important subject in this thesis is a dynamics of polymers. As revealed in
the previous studies, many people believe that glass transition is a relaxation phenom-
ena. In other words, glass transition is not a thermodynamic transition, but dynamic
transition. Hence we studied dynamics of polymer thin films to understand the glass
transition. However, as well known there are many modes of motions in polymers, and
we have to know which mode is dominant in glass transition in polymer thin films. As
an example we show some modes of motion observed in amorphous polymer in Figure
1-1 in time and space. We supposed that the lack of the dynamical studies on poly-
mer thin films was one of the main reasons for the insufficient understanding of glass
transition of polymer thin films, and believe that dynamical studies on polymer thin
films give us a clue to understand the glass transition of polymer thin films. In this
thesis, therefore, dynamic studies of polymer thin films were performed using inelastic
neutron scattering, aiming the clarification of the glass transition of polymer thin films.
In the following sections we review the previous works on glass transition in bulk and
in polymer thin films in sections 1.2 and 1.3, respectively, to show the background of
this thesis. We will describe the motivation of this work in section 1.4 and outline of

this thesis in section 1.5.

1.2 Brief Summary of Studies on Glass Transition

It is well known that solids can be classified into crystal and amorphous solids.
Atoms or molecules in crystalline solids align periodically with a long range order, and
the macroscopic structure can be described by the microscopic unit cell due to the
long range order. On the other hand, there exist no long range order in amorphous
solids. Amorphous solids including organic and inorganic substances can be obtained
by various ways such as rapid cooling the corresponding liquids [22,23], vapor deposition
[24,25], mechanical milling [26] and so on. Among them, amorphous solids obtained
through the rapid cooling of liquids is often called glasses because they are vitrified
through the glass transition from liquids. In a sense glass is one of amorphous solids.

On heating the glasses they usually crystallize at a certain temperature above the glass



transition temperature 7. In this section we especially focus on glasses state among
amorphous solids.

Glasses have no long-range order in the structure and have isotropic elastic prop-
erty. The transition from liquid to glass is normally known as glass transition and
formerly glass transition phenomenon was studied mainly by thermodynamic and me-
chanical measurements. From the mechanical point of view, glass is realized when
the viscosity is equal to about 10 poise or the average relaxation time is equal to
100 s. From thermodynamic point of view, glassy state can be characterized as resid-
ual entropy even at T=0, implying the violation of the third law of thermodynamics.
These are some representative definitions of glassy state, and next we would like to
consider the thermodynamic singularity at the glass transition. Figure 1-2 indicates
the schematic view of temperature dependence of entropy (5) of a glass-forming mate-
rial. When the glass-forming materials is cooled down rapidly from above the melting
temperature (7,,), it easily get into metastable state called supercooled state due to
the insufficient time for crystallization. The thermal expansivity changes at a given
temperature with further cooling. This corresponds to the glass transition temperature
T, and the changes of thermodynamic quantities at around 7 are shown in Figure 1-3.
The volume and the enthalpy are continuous at around 7, but the 1st deferential of
these values are discontinuous below and above T,. According to the Etherenfest’s
definition, the glass transition was formerly known as thermodynamic 2nd order phase
transition. However this assumption is not true because T}, strongly depends on the
cooling rate, hence we cannot determine unique 7, value experimentally. Therefore it
is commonly recognized that glass transition is considered as a dynamical process or a
relaxational process [27]. First, we would like to focus on some theoretical models that
describe the glass transition.

The simplest theory for the glass transition is the free volume theory [28]. This
theory is based on the following model. A molecule is treated as a sphere, which is
confined in a cage defined by its nearest neighboring molecules. The total volume

(Viotat) of the system is defined by the addition of volume occupied by molecule (V)
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and the remaining free volume (V). The total free volume is randomly distributed
by the available thermal energy. Molecules are able to move when there are voids larger
than a certain minimum value. As the liquid is cooled, the free volume (Vy,..) decreases
until the free volume is so small that the molecular motion is no longer possible at
the glass transition temperature (7,). Using the empirical Doolittle equation which

describes the free volume dependence of viscosity 7 is given by

- 1
Inp=1InA+B Yoo _ 1y 44 pliota = Viree :1nA+B<? - 1), (1.1)

free free
where A, B are constants and f = V,ee/Viotar, respectively. Under the notion of time-
temperature reducibility, the viscosity n(7) at a given temperature T" can be described
by that at a reference temperature (=T7,.¢) [29]. The ratio for n(T) to n(T,.s) is defined
as shift factor ap. In this expression, we used Ty as T}.; and then we can obtain a

following equation.

M) gl 1
nor =In 2y = B( 77 ~ 7o) (12

With an assumption that temperature dependence of f(7") is described by the following
equation,

F(T) = f(T3) + Aa(T = T,). (1.3)

In the above expression, A« is the difference of thermal expansivity between the glassy
state and the molten state. Finally, we can obtain Williams-Landel-Ferry (WLF)

equation [30].

n(T) -B T-1, ) —G(T - T))

n(T,) ~ 2.303f(T,) (f(Tg)/Aa YT-1,)  Cor (T—T,) (1.4)

log ar = log

where 7 and C5 are constants. Mathematically, this WLF equation is identical to

so-called Vogel-Fulcher (VF) equation [34] given by below

oT) = mexp (7). (1.5

where Tj, is called the Vogel-Fulcher temperature, 1y and B are constants. This equation
indicates that the relaxation time diverges at the temperature (75) and the temperature

dependence of n was well described by the WLF or VF equation, as shown in Figure
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1-4 [32]. In general, the observed T} is higher than Tj and 7 is also known as the ideal
glass transition temperature, which can be reached only by the infinitely slow cooling
(Figure 1-2). The temperature dependence of viscosity, which increases drastically at
around T, was well described by the notion of free volume. However, the relation
between the very low entropy near 7T, and the radical slowing down of motions at the
glass transition was not understood from the free volume theory. In order to answer
the above problem, a notion of cooperatively rearranging motions was introduced by
Adam and Gibbs [21]. They suggested that the existence of a cooperatively rearranging
region (CRR) as a subregion of the sample in which molecules can be rearranged into
another configuration. The size of CRR was shown to be related to the configurational
entropy of the system. By introducing a relation between the structural relaxation time
and cooperativity size, the WLF equation or VF equation was successfully obtained.
This theory provided a background for the observed slowing down of the dynamics
in terms of cooperative structural rearrangements in the glass-forming materials, but
not individual motions. This schematically illustrated in Figure 1-5. However, the
information for the size of CRR has not been indicated in their paper. We would like
to describe the estimation of size of CRR in this section later. The free volume theory or
the Adam Gibbs theory describe the phenomenologically glass transition, and predict
some thermodynamic properties. Therefore most of the experimental works have been
done to confirm the macroscopic predictions by the theories. Theoretical approaches,
which connect the subtle structural change and the drastic change of relaxation time at
the glass transition qualitatively was demanded for a long time. Especially, there exists
no long range order like crystal, and hence microscopic molecular level measurements
are required.

At the beginning of 1980’s, the mode coupling theory (MCT), which successfully
described the dynamics of critical phenomenon was applied to the phenomenon of glass
transition. The theory predicts two dynamical modes (a-process and (3-process) and an
ergodic-nonergodic dynamical transition according to the freezing of the slow o process

below the critical temperature (7). Many theoretical predictions which could be
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verified experimentally were offered by Gotze [33] and many researchers performed
experiments in order to confirm these predictions by quasielastic neutron scattering,
quasielastic light scattering, dielectric relaxation, nuclear magnetic resonance (NMR),
mechanical relaxation (MR) and so on. From the vigorous researches, it was found that
MCT was approximately valid above T, that is about 1.2 times higher or about 50K
higher than 7}, but not applicable below 7. This is the current interpretation of MCT
[34]. There is some criticism to MCT. Originally MCT was developed to describe
the long wavelength phenomena near a critical point, however the glass transition
is a short wavelength phenomena in a spatial scale at around the first peak of the
structure factor S(@Q). Hence some criticisms were focused on this point. Concerning
to the application of MCT to glass transition, there is a review by Kaswasaki and
please refer it for more detail [35]. Other theoretical approaches, which were not based
on liquid theory have been proposed to describe the glass transition. The trapping
diffusion model [36] is a theory that describes glass transition from stochastic process.
Tanaka [37] has proposed a phenomenological theory based on multi-order parameters.
Another approach is based on on energy landscape [38] in order to describe the glass
transition. Recently, there exists a theoretical approach that introduced free volume or
interstice, which is dependent on time and space into solid with a lot of lattice defect
in order to understand the dynamical properties of amorphous structure [39]. We have
described the theoretical approach for glass transition in this section and we also would
like to describe the experimental approaches for the understanding of glass transition
behaviour.

The key to understand glass transition phenomenon is dynamical heterogeneity and
the evaluation of characteristic length at the glass transition (or size of CRR). It is well
known that density-density correlation function ¢(t) of a process is not described by a
simple Debye type equation but by the so-called Kohlrausch-Williams-Watts (KWW)

equation or stretched exponential function [40].

t\B
ot) = (=) (0< B <) (1.6)
This equation indicates a broad distribution of relaxation time near the glass transition
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and it was assumed that such a broad distribution of relaxation time was attributed
to the dynamical heterogeneity of glass. Various studies by light scattering, photo
probe and NMR methods have identified dynamical heterogeneity on various scales
[41-44] and Zorn et al. and Kanaya et al. evaluated dynamical heterogeneity of glass-
forming materials by inelastic or quasielastic neutron scattering based on non-Gaussian
parameter Ag [45,46].

Concerning the size of CRR, various experiments or simulations have been done and
it was found that CRR has not been estimated from structural analysis, hence CRR
is considered as dynamical characteristic length. The characteristic length of the CRR
was estimated to be 2~6 nm in some molecular glass [47-49] and polymeric glasses
[50-54] near T,, however CRR size is strongly dependent on theories and evaluation
methods. The most effective and simplest way to evaluate the size of CRR without
any assumption is performing experiments concerning the finite size effect. As the size
of the glass-forming materials approaches the cooperativity length scale, the anomaly
or drastic change would be observed near the glass transition temperature or the «
process. Based on this idea, experiments for the finite size effect have been done
using controlled pore glasses (CPGs) [55], Vycor glass [56], the regular porous silicates
(MCM-41 and SBA-15) as a confining media [57,58]. By incorporating glass-forming
into confining media, confinement systems exhibit different behaviour compared to bulk
system. Priss et al. first studied the confinement effect on the o process with glycerol
using Vycor glass by dielectric relaxation and found the broadening of the relaxation
time compared to bulk [59]. First they interpreted this broadening as the change of
the size of CRR by spatial confinement. Richert et al. also reported some results from
dielectric measurements on propylene glycol (PG) and two poly(propylene glycol)s
with different molecular weights confined in CPGs and they observed the broadening
of a-process by confinement and increase of Ty, where Ty is Vogel-Fulcher temperature
[60]. With further investigations, they observed another additional relaxation process
below the a relaxation frequency and this additional process was attributed to the

interaction of a few layers of the confined liquid with the pore. Richert et al. also further

13



extended their work, and they found that the additional process disappeared with
surface modification of CPGs’s wall by silanization [61]. By the surface modification,
it seemed to be possible to evaluate pure finite size effect. However, situation is not so
simple because some of the dielectric works reported an additional relaxation at low
frequency for some molecules even after the surface treatment of confining media [62-
65]. In addition to interaction between confining materials and sample, other factors
like surface and interface effects affect the experimental results very much, owing to the
high surface to volume ratio. Kramer et al. studied the dynamics of propylene glycol
(PG), butylene glycol (BG) and pentylene glycol (PeG) confined to porous glasses with
the pore size of 7.5, 5.0 nm and 2.2 nm [66]. They reported no or slight acceleration
effect of the confinement on « process of PG, BG and PeG in 7.5 nm and 5 nm. On
the other hand, all the samples exhibited slower dynamics than that of bulk confined
in 2.5 nm pores. They used a three-layer model assuming an interfacial layer, surface
layer and bulk-like layer in order to explain the relaxation mechanism.

Therefore it is still difficult to understand the exact reasons for observed results and
extract the genuine finite size effect with decreasing the size of confinement. Similar
situation holds for polymer thin film systems. Exact evaluation of surface or interface
effect or surface interaction effect on the dynamics is indispensable in order to extract
pure finite size effect or CRR size definitely. The advantage of polymer thin film
experiments is that the confining dimension or the thickness can be varied easily and the
second advantage is the inhibition of crystallization that trigger dewetting or collapse
the flat surface with atactic polymer. In the next section, we would like to survey the

prior works on glass transition and related topics of polymer thin films.

1.3 Prior Works on Glass Transition of Polymer
Thin Films

Beaucage et al. first reported the possibility of the investigation of glass transition
of polymer thin films by ellipsometry method [67]. Keddie et al. studied the thickness

dependence of T systematically by ellipsometry and found that T, decreased with film
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thickness for Polystyrene (PS) that has relatively small interaction with the Si sub-
strate [15,68]. After his pioneering works, the various researchers studied the thickness
dependence of T, by various methods like ellipsometry [17,68,69], X-ray/neutron reflec-
tivity [16-18,70], positron annihilation spectroscopy (PALS) [71], local thermal analysis
[72], fluorescence probe intensity [73,74], lateral force microscopy [9] and differential
scanning nanocalorimetry [75,76]. From their vigorous researches, it was found that
the decrease of T, was caused by the existence of mobile surface layer and 7T of such
mobile layer was lower than that of bulk. Kawana et al. collected the reported results
on the thickness dependence of T, of PS supported on Si wafer from various techniques
in one figure and the obtained data seemed to be well described by one single curve

regardless of molecular weight (M,,) [69], as shown in Figure 1-6.

7,0 = Ty00) (1 (2)). )

where h is the thickness of film, T,(oc0) is T, of bulk and A and the exponent ¢ are
constants. According to the Kawana’s investigation, the best-fit parameters were A
= 83 A, and the exponent § = 1.1, respectively. Much larger reduction of T, was
observed for freely-standing thin films than that for supported films and even the M,
dependence of T, was reported with relatively high M,, [77,78].

The glass transition temperature of polymer thin film was well characterized by
various methods, however the definite mechanism of the glass transition of polymer
thin films is still unknown. As noted in the former section, the glass transition is
the relaxational process or the dynamical process, we have to study the dynamical
behaviour of polymer thin films directly in order to understand the glass transition of
polymer thin films. So far, the dynamical studies on polymer thin films were performed
using dielectric relaxation [79-81], dynamic light scattering (DLS) [82], Near-edge X-
ray absorption fine structure (NEXAFS) [83], X-ray photon correlation spectroscopy
(XPCS) [84], scanning probe microscopy [7], dynamical mechanical analysis (DMA)
[85], inelastic neutron scattering [86,87], low energy muon [88] and second-harmonic
generation (SHG) [89]. Other approaches using different techniques such as hole growth

[90], dewetting dynamics [91,92] and nanobubble inflation [93] have been conducted for
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the understanding of the rheological behaviour of polymer thin films with somewhat
different point of view. The direct dynamical information, which cannot be obtained
from the structural studies only has been identified from above dynamical studies,
however the collected results were still not sufficient for the fully understanding of the
mechanism or the singularity of glass transition behaviour of polymer thin films. We
considered that continuing the dynamical studies on polymer thin films was still needed

in this field.

1.4 Motivation of This Work

We felt the importance of studying the polymer thin films from the dynamical point
of view. Neutron scattering covers relatively fast and microscopic dynamics compared
to other techniques as shown in Figure 1-1. It was supposed that the microscopic
dynamics of polymer chains in confined systems would be different from those of bulk
state from the results on the dynamical measurements of molecule with porous media
by inelastic neutron scattering [94] and the studies on microscopic dynamics of polymer
thin films have not been conducted so much, as far as the author knows. There have
been some experimental reports that polymer chain conformation in a thin film was
different from bulk state from small angle neutron scattering (SANS) study [95-97]. We
considered that change of chain conformation would affect the dynamics and investi-
gating the microscopic dynamics would offer some useful dynamical information, which
has not been reported so far. For this purpose, inelastic neutron scattering is suitable
and it can offer both static and dynamical structure. In fact, Kanaya et al. reported
that the decrease of thermal expansivity with film thickness in glassy state was partly
related to the increase of harmonic constant that was evaluated from inelastic neutron
scattering [98]. Inelastic neutron scattering would offer the possibility of understand-
ing the unresolved problems in the field of polymer thin films. There have been some
works on the dynamics of polymer thin films with inelastic neutron scattering method
[92,93], however the reported data were mainly focused on elastic scattering due to the

extremely low inelastic scattering intensity. The information from inelastic and
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quasielastic scattering out of the elastic scattering includes various dynamical informa-
tion like the relaxation time or the excitation energy, which cannot be obtained from
temperature dependence of the elastic scattering only. We would like to focus on the
inelastic or quasielastic scattering from polymer thin films.

In addition to the a process that is mainly related to the glass transition, there
exist several relaxations, which are related to local motion, conformational change, as
indicated in Figure 1-7 [99]. For the clarification of the mechanism of glass transition
of polymer thin films, we also have to understand the glassy dynamics as well. We
don’t consider that there exists no correlation between the a process and the glassy
dynamics, for example, the so-called pico-second “fast process” that onsets far below
T,. Formerly MCT predicted the correlation between the fast process and the a pro-
cess, although it didn’t work for the observed data well, as already shown in former
section, however there exist some experimental results that connect two relaxational
processes. Buchenau et al. reported that the inverse of the mean square displacement
difference between the values in the disordered and ordered phase was linearly propor-
tional to the logarithm of the macroscopic physical value viscosity 1 for selenium (Se)
in the very broad temperature range [100]. This results support the free-volume theory
and they suggested that free volume could be replaced by the mean square displace-
ment of fast motion. Kanaya et al. reported that the onset temperature of fast process
was at around Vogel-Fulcher temperature 7j for polybutadiene (PB) and they also
reported the validity of above notion with PB [99]. As for PS, Kanaya et al. suggested
the possibility of the assistance of the onset of glass transition by the fast process at
above T, [99]. The correlation between fragility index and dynamical heterogeneity
that was evaluated from inelastic neutron scattering (ps dynamics) has been studied
for disordered system [45] and Sokolov et al. also reported the correlation between
fragility index and the intensity ratio of the relaxation process to the Boson peak [101].
Considering these experimental results, the glassy dynamics is closely related to glass
transition and cannot be ignored for the investigation of glass transition. In addition,

the glassy state of polymer thin films have not been studied very much, therefore broad
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temperature range measurements from far below 7j seemed to be needed in order to
understand the glass transition and related phenomenon of polymer thin films from
the viewpoint of dynamics. We would like to study the glassy dynamics and glass

transition of polymer thin film by inelastic and quasielastic neutron scattering.

1.5 Outline of This Thesis

The aim of this thesis is to reveal the mechanism of glass transition and glassy
dynamics of polymer thin films by inelastic and quasielastic neutron scattering. We
will clarify the singularity of the dynamics of polymer thin films compared to bulk in
the broad temperature range, mainly focusing on the understanding of glass transition
of polymer thin films. The contents of this thesis are as follows;

In Chapter 2, the fundamental theories of inelastic and quasielastic neutron scatter-
ing are described and these theories give the physical meaning to the observable in the
later chapters. We will introduce the instruments used in this study and the detailed
sample preparation in the following two sections.

In Chapter 3, we surveyed the effect of Al on the glass transition temperature of
polystyrene thin films with ellipsometry using Al deposited Si wafer as a substrate.
The obtained data was compared with that from X-ray reflectivity (XR) and the effect
of Al on T of polystyrene thin films is discussed.

In Chapter 4, the glassy dynamics of polymer thin films was studied with inelastic
and quasielastic neutron scattering method in meV region. Thickness dependence of
mean square displacement < u? > was investigated and it was found that < u? >
decreased with thickness. In order to analyze the origin of decrease of mobility with
thickness, we focused on the inelastic and quasielastic scattering from thin films. In
order to understand the observed results, we assumed two candidates for the decrease
of mobility with thickness, one is spatial confinement effect and the other is interface
effect.

We observed the decrease of < u? > with film thickness in the former chapter

(Chapter 4) and we considered two possible causes in Chapter 5. In order to clarify

20



which factor is dominant, we studied M, dependence of < u? > by inelastic neutron
scattering.

In Chapter 6, we studied the dynamics of thin films using macroscopically isotropic
samples in the former chapters, and we didn’t know whether interfacial layer affect the
mobility of chain and the molecular motion is really isotropic. In order to confirm the
above problem, we studied the motions in the parallel and perpendicular to surface.
If the interfacial layer existed, the increase of heterogeneity is expected compared to
bulk. We investigated the dynamical heterogeneity of polymer thin films in terms of
non-Gaussian parameter A, and obtained the dynamical information from interface
layer.

In Chapter 7, the glass transition of polymer thin film was studied with a rela-
tively high energy resolution spectrometer and 7j, was evaluated from the temperature
dependence of elastic intensity. We compared the evaluated glass transition tempera-
ture T, with that from the ellipsometry measurements and discussed the singularity of
dynamics of polymer thin films.

In Chapter 8, the distribution of T, in polymer thin films was studied with tri-
layer stacked thin film of d-PS/h-PS/d-PS by neutron reflectivity. The temperature
dependence of thickness and roughness of each layer was studied carefully and discussed
the difference of mobility of each layer.

In the end of the thesis, the whole results and discussions are summarized.
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Chapter 2

Basic Theories of Scattering and
Experimental Techniques

2.1 Fundamental Theories of Neutron Scattering

In this thesis, we mainly used inelastic neutron scattering method for the investi-
gation of dynamics of polymer thin films. we describe the basic theories of inelastic
neutron scattering. After brief description of theories of elastic scattering, we describe
the theories of inelastic neutron scattering and some models for quasielastic neutron

scattering in the following sections

2.1.1 Scattering Theory: Elastic Scattering

We consider the scattering of a neutron by a particle at 7’ and incident neutron is
represented by plane wave exp(ik - r), where r is the position vector and k is the wave
vector. The value of k is equal to 27/A, where X is the de Broglie wavelength. Detail
of the scattering geometry is shown in Figure 2-1 [1]. Schrédinger wave function of this
system is described by below

2

P VAU (r) + V(r)¥(r) = EV(r), (2.1)

where m,, is the mass of neutron. Using the Born approximation, we have a solution

of the Schrédinger equation.

U(r) = exp(ik-r)—% / explik’ |1(%P|” 7] explith — )1 Qg"V(r’)dr’, (2.2)
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Figure 2.1: Scattering of plane wave by spherically symmetric potential field.
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Figure 2.2: Relation between wave vector k for incident neutron and k’ for the scat-
tering neutron. 26 is scattering angle.
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where R’ = r — r’ and k’ is the wave vector of scattered neutron. If there are ny neu-
trons incident on unit area in unit time, and if df2 is an element of solid angle in which
numbers of neutron scattered from 7’ is counted, then this number is proportional both
to ng and to d2. The factor of proportionality is called differential cross-section do/dS2.
In this case, the plane wave term exp(ik - r) represents as wave of unit density and
the spherically-scattered wave fexp(ik - r)/ R/, represents a wave of density |f|?/R",

where the amplitude f is described below

2m,,

f=mp / explih — k) - 1/] x 2 (')’ (2.3)

The number of scattered neutrons per second that cross R"?dS) in the solid angle dfQ is

2 /
’}J;—,L : Zl—k - R?dQ, (2.4)

therefore differential cross-section is written in the below expression

2

do _ 1 |fP BK e K

a2 N R? m, k

1 . 2m,,
E/exp[z(k: —K')-r] 2 V(r")dr'

(2.5)

In the case of elastic scattering k=k’, @Q is given as k — k', as shown in Figure 2-2.

2
do |1 . n2my, Ny
0= 47r/exp[@Q r’] 2 V(r')dr (2.6)
47 sin 6
Q=" 2.7

From the sequence of derivation, it was found that the amplitude of scattering is

proportional to Fourier transform of scattering potential V() [see eq. (2.6)].

Scattering from A Single Nucleus

V(r) is the interaction potential between neutron and atomic nucleus and it is
restricted to nuclear dimensions. In the case of thermal neutron, exp(iQ - r’) is almost

equal to 1, therefore f is described by below relation

1 o,
f= 1 Z; V(r)dr. (2.8)

nucleus
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The quantity —f is called the neutron scattering length of the nucleus and denoted
by b, which is inherent value of nucleus. Since b is independent of @, the differential
cross-section do/dS) for single nucleus is isotropic and the total cross-section oy, is
given by

Otot = / —dQ = 47b?. (2.9)

Scattering from Many Nuclei. Coherent and Incoherent Scattering

Next we consider a case of scattering from many nuclei. The phase of the scattered
radiation is exp(iQ - R), and hence the differential scattering cross-section for many

fixed nuclei is

=) brbw expliQ - (R — R'))] ZbZ
R R’ (2.10)

- Z/ brbr expliQ - (R — R')],

R, R’

> brexp(iQ - R)

the second term in (2.10) excludes the summation in the case R = R’, and first term
is equal to N < b% >, where N is the number of nuclei and there is no correlation
between by andbgs , hence < bpbp >=< by >< by >=< by >2 and second term can

be written

N <bp>" > expiQ- (R— R)] = —N < b >

(2.11)
+N <bp >* ) expliQ - (R — R)],
using N < by >? and (2.11), (2.10) can be written as
2
do 9
o) =N(<b>—-<b>*)+N<b>? )| - (2.12)

The first term is known as incoherent scattering cross-section and the second term
is known as coherent scattering cross-section. The distinction between coherent and

incoherent cross-section can be conducted easily. We consider by as an example.
br =< b > +Abpg, (2.13)

where < b > is the average amplitude and Abg indicates the deviation from average.

The intensity was divided into two parts coherent scattering and incoherent scattering.
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We have the total scattering cross-section per atom
Otor = 4T < b2 >= Oeon + Tineon = 4 < b >2 +4Am(< b* > — < b >?). (2.14)

2.1.2 Scattering Theory: Inelastic Scattering

Eigenstate Formulation

When the energy conservation law is satisfied, the scattering amplitude given by

(2.15)
> brexp(iQ - R) (2.15)
R
can excite transitions from initial energy state to final energy state and the inelastic
scattering happens during the scattering event in which there is a energy transfer. In

order to formulate the differential cross-section d?c/dQdE’, we have to consider below

four factors together.

(1) the squared modulus of the matrix elements of the scattering amplitude between
initial and final states,
> < ilbe exp[—iQ - R||f >< flbrexpliQ - R]Ji > (2.16)
R, R’

(2) the possibility that the initial state is occupied at temperature T°
o—E/kBT

b= cmmr

(2.17)

(3) the ¢ function which ensures the energy-conservation

(4) the ratio of the scattered and incident velocities

The fraction of neutrons scattered per nucleus per unit area into a solid angle AQ and

with neutron energy in the range AFE’ can be represented by

d*o K , . . .
I = T ;PRER: < i|bg exp[—iQ- R']|f >< flbrexpliQ- R]|i > 6(E — E' — hw).

(2.18)
This expression can be directly evaluated if the eigenstates and energy levels of the

scattering system are known. This situation is not always possible, we consider other

two formulations.
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Time-Dependent Formulation

The time variable is introduced through the integral presentation of the ¢ function

§(z) ! / b e“tdt. (2.19)

:% N

Using (2.19), we have the below relation

T[>, :
§(E — FE' — hw) = o / et/ (E=E'=hw) gy (2.20)

Next, we apply the time-dependent Schrédinger equation

_OU(t)

ih—s = = HU(t), U(t) = e /Mg(0), (2.21)

where W(t) is the wave function at ¢t and ¥(0) the wave function at t=0. When ¥, is

the eigenstate of state ¢ with energy E;,
HU; = B, U,(t) = e Et/Mg,(0). (2.22)

We have then the below equation (2.23)

< florexpiQ - R]|i > 0(E — E' — hw)

1 o . '
R em Wt fe—ztE /ﬁ|bR exp[z'Q . RH@ZtE/hH > di
2rh J_ o
1 o - , 2.23
= e—zwt < f|€—th /ﬁbR exp[iQ . R]|€th/h|Z~ > dt ( )
2rh J_ o
1 R . .
=i | ¢ < flomexpliQ - R(D)|i > dt,

which gives the scattering amplitude from atom R written in terms of a time-dependent
operator R(t). All the states are now at time 0 and we sum over initial states, with
probability (2.17), by taking thermal expectation value <>r. Then we obtain a second

basic equation for the differential scattering cross-section:

Lo K1 [
S —iw w exp[—iQ - R'(0)]bg Q - - (2.24
TORIal Hwh/ et " < b exp[—iQ - R'(0)]bg expliQ - R(t)] >1 . (2.24)

—0o0 R, R’
In this formulation, scattering can be seen to arise from the interference between a
wave scattered from a stationary center at R’ and a related wave scattered from the

moving center at R (see Figure 2-3).
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Space-Time Representation

We perform Fourier transform over space and time and first we do this using (2.24)
o K 1 [
dQdE"  k2rh J_
K1 o

- k2rh )

et Y < bbby >< exp[—iQ - R'(0)] expliQ - R(t)] >7

"R

e_wtdt{< bp >2 Z < exp|—iQ - R'(0)] exp[iQ - R(t)] >r
R, R’ (2.25)
H(< 0> = < b >%) D < exp[-iQ - R(0)] expliQ - R(1)] >r |

_ KL

—iwt 1Qr 2 2 2
= E% _Ooe dtZeQ {< br > G('f',t) + (< br” > —<br > )Gs(rat>}a

where we used below definitions

N G(r )@ = < exp[—iQ - R'(0)] expliQ - R(t)] >r (2.26)

N> G(r,t)e® =Y < exp[-iQ - R(0)] expliQ - R(t)] >7 (2.27)

N is the number of scattering nuclei. G(r,t) and G4(r,t) are the Van Hove correlation
functions [2]. We have separated cross-section into two parts: coherent scattering and

incoherent scattering cross-sections.

d20—coh k/ 1 > —iwt ; 2
o NE% 7006 dtZexp[zQ 1] <b>*G(r,t) (2.28)

dZUincoh o E/L o
dQdE "k 2nh )

e”'”tdtZexp[z’Q (< b > — <b>HG(r 1) (2.29)

The equations (2.26) and (2.27) are the quantum-mechanical expressions of Van Hove
correlation functions and the functions can be given a simple physical interpretation

in the classical limit. The operators R’(0) and R(¢) commute and we have

Glr, 1) = % S 6(r + R/(0) — R(1)) (2.30)
G ) = % S 6(r + R(0) — R(t)). (2.31)

G(r,t) gives the probability that if there is an atom R’(0) at at time=0, there will be
an atom at R(t) at time t. Gy(7,t) gives the probability that if there is an atom at

R(0) at time=0, the same atom will be an atom at R(t) at time ¢ (in Figure 2-4).
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Figure 2.4: Schematic view of Van Hove correlation functions.

35



dzacoh K <b >2 ]

1045~ 20k // dr expli(Q - 7 — w)|G(r, t)dt (2.32)
P Tincon K (< b >— <b>2) .
ader - NE o7 R // dr expli(Q - 7 — wt)|Gy(r, t)dt.  (2.33)

(2.32) and (2.33) represent (Q, w) Fourier transform of the Van Hove correlation func-

tions. Normally, we use the below equations.

S(Q,w) = % // dr expli(Q - r — wt)|G(r, t)dt (2.34)

S.(Q,w) = % / / dr expli(Q - T — wt)|Ga(r, 1)t (2.35)

where scattering functions S(Q,w) and S,(Q,w) are known as coherent and incoherent
“scattering laws”. The relations between the double differential cross-sections and the

scattering laws are

Ao k'
b — N— 2 2.
AL hk;<b> S(Q,w) (2.36)
AP ineon k'
ML N—(< b > — 2 . 2.
TdE hk;(<b > — < b>7)5(Q,w) (2.37)

The space-time correlation functions represent basic dynamic properties of a scattering
system, being independent of the properties of the scattered neutron, and the other
scattering techniques can provide information about these functions. For example, X-
ray scattering can tell us about G(r,t) and infra-red spectroscopy about G4(r,t). Van
Hove correlation function is a complex function of ¢, it is unsymmetrical function of
w after the Fourier transformation. The eigenfunction formulation tells us that the

scattering laws for energy-loss (w>0) and energy gain (w<0) are related by
S(Q) w) = S(Qa —(.U) eXp<hw/kBT>’ (238)

a property of S(Q,w) which is frequently known as “detailed balance condition”. In
the classical limit (b — 0), S(Q,w) is a symmetrical function and G(r,t)is a real

quantity. So(Q,w)) is the value that was calculated from classical model and given by

1

50(Q.w) = 5[S(Q.) + S(Q ) (239
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Using (2.38), we can obtain the below equation
1

If scattering function is known from classical considerations, a detailed balance-corrected
function is easily calculated.
Finally, we remark that in the analysis of neutron inelastic from liquids, the correlation

function Gy(r,t) is used. It is defined by
G(r,t) = Gs(r,t) + Gy(r,t) (2.41)
and is called the distinct correlation function (see Figure 2-4).

Vibrational States of A Molecule

The ¢ function in the eigenstate formulation limits the neutron scattering to tran-
sition from an occupied state to another level since the sum over the initial and final
states may be restricted to the single molecule. Unlike the infra-red or Raman scatter-
ing, there is no selection rule for neutron scattering, therefore it is easily understood
by time-dependent formulation of the scattering cross-section. We assume that the

displacement R(t) of the nth atom for a given vibrational mode of molecule is
R(t) = n + un(t), (2.42)

where m is the vector from the origin to the mean position of the atom and

exp(iwopt) + exp(—iwot)

5 (2.43)

u(t) = ug coswot = ug

ug is the amplitude of the vibration and wy its characteristic frequency. Substituting

in (2.24), we have

d20' - E/ 1 /OO e_iwtdtz < b b > ex [ZQ (n —_ m)]
dOdE ~ k 2nh ) mom P

n,m

x < expliQ - (Un(t) — Um(0))] > . (2.44)
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Assuming that ug is smaller than A, (2.43) may be expanded in u as follows.

<expliQ - (un(t) — um(0))] >7=< 1+1Q - (Un(t) — Um(0))
21Q- (nlt) — unO)F 4. >
B 1 ) ) (2.45)
1 (@ unlt) + (@ un(0)))
sexp(iwgt) + exp(—iwot)
2

+(Q - uo)

+ ...+ imaginary terms > .

Ignoring the imaginary terms, the time integration in (2.43) can be given by

Po K1 Z<bb > expliQ - (n — m)]x
IOdE' Kk 27h nOm = CXPU

(15 <@ ) > —5 < (@ wm)? >)5() + (@ - o)6(hw — ) (240)
+%(Q )28 (Fw + Fuwg) + .. ]

By considering the real terms only, we have obtained (2.45) which is valid for classical

limit, however it indicates some important points.
(1) The cross-section includes both elastic term and inelastic term.

(2) The inelastic terms contain a polarization factor (Q - ug)?, showing that inelastic
scattering is a maximum for the scattering vector @ parallel to the polarization

direction ug and is 0 for @ at the right angles to ug.

(3) The vibrational intensities, for a fixed angle between ug and @, are proportional

to Q% = 1672 sin 260/ \2.

(4) Both elastic and inelastic contributions to the cross-section are attenuated by
Debye-Waller factor (DWF). The contents of curly bracket in (2.45) represent

the leading term of the exponential expression for DWF.

(5) The inelastic cross-section contains both coherent and incoherent scattering com-

ponents. This can be clearly seen by considering the one-phonon terms in (2.45).
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d*o! E o1 .
b Eﬁz < b,b,, > exp[iQ - (n — m)|x

(Q wo)*(6(hw + huwy) + 6 (hw — huwy))

. (2.47)
=7 Z <b>?expliQ - (n — m)] x (Q u9)”(0(hw + hwy) + 6(hw — hwy))
+%(< ¥ >—<b>*)N (Q o) (6 (Aw + hwo) + d(hw — hwy)),

where o' indicates the one-phonon contribution to the cross-section. The first term is
the one-phonon coherent scattering cross-section and the second term is the incoherent

scattering cross-section.

Coherent Scattering from Phonons

Using the polarization vector Ug(q), the coherent one-phonon cross-section is given

by

d2 1
okt = 5 ) x 0@ 4
hins +3 £ 3) (2.48)
2%‘((1)

\Z<b> exp(iQ  p)Q - Ujlg)e™

w;(q) is the characteristic frequency of mode j, g, and 7 is the reciprocal lattice vector.
< b >, is the coherent scattering length of atom at p in the unit cell, M, is its mass
and e~ "7 is the Debye-Waller factor. The upper signs in the middle term refer to the
neutron energy loss or phonon creation and the lower signs to the neutron energy gain
or phonon annihilation. All the phonon modes are harmonic oscillators, therefore the
population is described by the Bose-Einstein population factor (ng or ng +1), where
ng is given by
1

" = Toxpliy (@) JleaT) — 11 (2:49)

There exist two delta functions in (2.47) and one represent the conservation on energy

and another is the conservation of momentum and the existence of two delta functions
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means the scattering occurs under special conditions. The last term of (2.47) is not so
important because it only affects the intensity of phonon peaks and not their energy.
However, it can provide a means of distinguishing the various modes in a complex

phonon spectrum.
Incoherent Scattering from Phonons

The incoherent scattering offers less information than coherent scattering because
of absence of momentum 0 function. It also means that the relative orientation of Q
and of the reciprocal lattice vector 7 is of little importance. The differential scattering

cross-section for single-phonon process is given by

d Uzncoh k/ h(ns + % + %)
dQdE" Z o O F Py (@) X ==
(<0? >, — <b>?) 2
> pM p i(q)| e (2.50)

B P

In this formulation, mode polarization term |@ - U|* has lost its structure factor coef-
ficient so that the intensity of a mode is proportional to the square of the vibrational
amplitude of each atom in the mode and to the 47(< b* >, — < b >i) . Assuming
that < (Q-U)? >= 3Q* < u? >, (2.49) can be given by

d?c! hk' 2 2 1 1 d(hw F hw,
'mcoh _ (< b2 > _<b >2)Q <u >( + = :|: 72“’ E i ( )>251)
w

dQdE  k 6 M 2 i (q)

Summation over g can be transformed to an integration over the density of phonon

states G(w):

a5
3N is the total number of phonon states and G(w) is normalized density [~ G(w)dw =

1. Therefore the cross-section formula reduces to

d2 zncoh o k,
dQdE’ k

2 2 1 1
@=u> ;; > (ot L o Ly G

2 2
—(<b">—<b>) 5 2) "

(2.53)

From the simple experimental measurements on a powder sample, we obtain phonon

spectrum. In the case of hydrogenous materials, the observed inelastic scattering is
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proportional to density of states of each mode multiplied by the mean square vibrational
amplitude of the hydrogen atoms in that mode due to the strong incoherent scattering

from hydrogen.

2.1.3 Quasielastic Scattering from Some Models

As described in the former section, inelastic scattering is used for investigating the
vibrational modes under the conservation of energy, however quasielastic scattering
is used for investigating relaxational process that was caused by random motions or
energy dissipation. Basically the observable in quasielastic scattering is differential

d?ol!

cross-section SOdE

that was the same for inelastic scattering, however S(Q, w) is
mainly used for discussion or analysis. We have already described the detail of 5S(Q,
w) in section (1.3.2), using Van Hove correlation functions, therefore we introduce some
models in quasielastic scattering in this section and more detailed models and equations

are referred to a book [3].

Simple Diffusion

In a liquid, in the presence of a macroscopic gradient of concentration, a flux of
atoms occur, taking a direction in order to reduce the concentration gradient, and
proportional to it: the constant of proportionality is denoted D. The concentration
fluctuations in a volume element dr at 7 is given by DV?G(r,t) and is equal to the
time rate of change of concentration

DV2G,(r,t) = %Gs(r,t), (2.54)

where D is a macroscopic diffusion constant. This equation is well-known Fick’s law
and using an initial condition G,(r,0) = §(r) and [ Gy(r,t)dr = 1 , we can solve
easily and obtain with the below equation

2

_ ~3/2 7
G,(r,t) = (4nDt) exp( y Dt) (2.55)
<7 >= / [7|*G(r, t)dr = 6Dt. (2.56)
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Fourier transform in (@, w) space lead to the intermediate scattering function /5(Q,t)

I,(Q,t) = /Gs(r,t) exp(—iQ - r)dr = exp(—DQ?t) (2.57)
S.(Q,w) — % - #%QQ)Q. (2.58)

Energy spectrum exhibits Lorentzian type function and we can evaluate D from the @)

dependence of half-width at half-maximum I (=D@?), as shown in Figure 2-5.
Jump Diffusion Model

With the simple diffusion model, the behaviour of diffusion of liquid cannot be well
described at high @ region, therefore other theoretical model was designed by Singwi
and Sjolander in order to describe the liquid water. In this theory, a molecule executes
an oscillatory motion for a mean time 7y, as shown in Figure 2-6. Then it diffuses by
continuous motion for a mean time 7. The sort of motion is continuously repeated.
To calculate G4(7,t), they divide the motion into steps numbered 0,1,-:*.2N. At t=0,
the particle is assumed to be oscillate about the origin »=0. At later time ¢, it could
have arrived at r after making 0,1,---.2N steps. 0 step corresponds to the oscillatory
motion, step 1 to succeeding diffusive motion, step 2 again to oscillatory motion , step
3 to diffusive motion. G(r,t) is given by the expansion into probabilities related to

the different processes
Gi(r,t)=>_ Fi(r,t). (2.59)
i=0

The successive F;(r,t). are evaluated as follows. One gets for step 0

Fo(r,t) = g(r,t) - p(t), (2.60)

where g(7,t) is the probability for finding a particle at (r,¢) and p(t) is the probability
that particle remains in the same oscillatory motion at ¢. Singwi and Sjolander assumed
for p(t) the simple form

p(t) = exp(—t/7), (2.61)

where 73 is the lifetime of the oscillatory motion and is much larger than the period of

oscillatory motion. The motion of molecule is similar to the solid state, therefore
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Figure 2.5: Scattering law corresponding to a simple diffusion model.
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Figure 2.6: Schematic view of a jump simple diffusion model.
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g(r,t) is chosen based on Debye description. The obtained g(r,t) is given by

2

g(r,t) = [2%7(25)]_3/2 eXp<_2':(t)>’ (2.62)

where 7(t) is the oscillatory width

sinwpt
v(t)z%o(l— wa ) (2.63)

where wp is the characteristic for a harmonic Debye crystal and

3kgT
MwD2

Yoo = (2.64)

is mean square amplitude for vibrating atom. The probability for step 1 is given by

Fi(r,t) = — /Ot dt /drlq(t —t)h(r — vyt —t)p () - g(re, t1). (2.65)

h(r,t) is the probability of finding a molecule at (r,t), when it is performing a diffusive
motion between two equilibrium positions and h(r,t)is the solution of (2.53).
2

h(r,t) = (4w Dyt) %> exp(_4glt) (2.66)

Dy is defined to D; =< [? > /67, where < [? > is mean square displacement (MSD)
in 7; during continuous diffusion take place and ¢(t) gives the probability that particle

remains in the same state of diffusive motion at ¢. It is assumed to have the same form
as p(t).
q(t) = exp(—t/m) (2.67)

The probability that the particle has its oscillatory state between ¢ and t 4 dt is given
by
p'(t)dt = p(t + dt) — p(t). (2.68)

Step 2 is given by
t to
FQ('I”‘,{J) = (—1)2/ dtQ/ dtl /d'l"z/d?"lp(t — t2)9(|'l" — 'I”‘2|,t — tz)q,(tg — tl)
0 0
Xh(|rg — r1|,ta — t1)p'(t1) - g(7r1,11)(2.69)
¢ (t)dt = q(t + dt) — q(t) (2.70)
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In a general way, for step 2N, we have

FQN(’I"t = N/ dtQN/ dtzN 1- / dtl/d’f‘zN/d’l"zN 1. /d’l"l

pta — tan)g(|r — ranl, t — tan )¢ (tany — tanv—1)h(|Pen — Tan—1|,tan — tan—1)

. p/(tl) : g(Tl, tl)(271)

By substituting F; in (2.58), we can obtain G4(7,t) and S(Q,w). After making follow-

ing changes of variables
t—th:TgN+1,t2N—t2N,1 = TONyeevenn tg—tl :Tg,tl =T (272)

we can obtain four terms

1+ 1WTo

A = /000 dt/dr expli(Q - r — wt)|p(t) - g(r,t) = exp( — —Qz'yoo> 462 73)

B - /0 Tt / drespli(@- 7 —wtla) hr ) = grpe (T
C = — /OOO dt/dr expli(Q -7 — wt)|p'(t) - g(r,t) = A/70 (2.75)
D = —/w dt/dr expli(Q - 7 — w)d(t) - h(r. ) = B/, (2.76)
0
We can write using the above equations
/0 Tt / dr expli(Q - 7 — wh)| Fon(r,t) = ACNDN (2.77)
/OOO dt/dr exp[i(Q - r — wt)|Foy i1 (r,t) = BCNTDN. (2.78)
Hence the time space Fourier transform of G4(r,t) is given by
/000 dt/dr expli(Q - r — wt)] Z Fn(r,t) fjgg +. (2.79)

The above expression was derived under the assumption that at t=0, all the particles
start with an oscillatory motion. The same treatment has to be applied, with particles

starting their motion as free diffusing particles.

> - B+ AD
dt [ drexpli(Q -r — wt)] Fy(rit) = ———+.... (2.80)
/0 / NZZO " 1-CD
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By taking account the fractions of particles performing an oscillatory or diffusive motion

1 70 A[l+ Bry! 7 B[l + Ar Y|
S = — . 2.81
Q) 27 | 11+ 7o —% +7'1+7'0 1—;3—TBI (2:81)

Substituting into (2.80) the expression of DWF in a solid
Lo _ o L

with (2.72)-(2.75), we can obtain
_ Lexp(=2W)m (¢ + dw?15?)b

2.
S(Q,w) 1_+_:_(1) b? + W% (f + w?70%9g) 259
where
b = 1+Q°Di7 — exp(—2W) (2.84)
2
c = 1+Q2D1T1+22+<E> exp(—2W) (2.85)
70 70
_ (Ty’
. <7_0> - (2.86)
2
fo= 0H@Dm)+ () + 2 exp(-2I0) o
T0 70
T 2
_ (ny? 2.88
0= () o

if < R >is mean square radius of the thermal cloud developed in the oscillatory motion,
the actual diffusion constant D, taking into account both diffusive and oscillatory

states, is given by
D= R*>+4+ <>
6(m0 + 71)

and differs from D,. Because radius of the thermal cloud is assumed to be small

(2.89)

compared with the mean length of continuous diffusion.

Dy ~= D7y (1 + E>.(Where <R’ ><<I?>). (2.90)
To

We also consider the limiting case when 7y is much larger than 9. (2.82) reduces to

1 DQ?

= _ 2.91
S(Q,W) T w2 + (DQ2)2 ( 9 )
When 79 is much larger than n 7. (2.82) reduces to
. 1— exp(—2W)
0 1+ D71oQ?
5(Q,w) = exp(—2W) - = i eff(_zw) (2.92)
T win? + [1 - 1-ED7'0Q2:|
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e 1 . exp(—2W)
a T0 1 + DT0Q2

In the low Q limit, "= DQ?, which is similar to the simple diffusion.

](2W = %QQ < R?>). (2.93)

In the high @ limit I'= %, which is independent on ().
Jump Model among Two Sites

In real systems, random motions are often limited in a finite space. Hence we
indicate jump motions between two sites as one example of restricted diffusion motion
in this section. We consider the case that the finding probability of particle is described

by p(r1,t) and p(ra,t) at time ¢, 71, r2. Then we can design a set of equations.

d 1 1

EP(TL t) = —;p(rl» t) + ;p(”“za t) (2.94)
d 1 1

d—p(rz»t) = —p(ry,t) — =p(re, t), (2.95)
t T T

where 77! is jump rate probability from one site to the other site with equal probability.

We immediately get

L lp(ra, ) + plra, 1] = 0 (2.96)

p(ri,t) +p(re,t) = 1. (2.97)
The solutions for p(ry,t) and p(rs,t) are of the form:
p(r1,t) = A+ Be 27 p(ry,t) = A— Be 27 (2.98)

where A and B are determined from initial conditions. Assuming that the particle was

initially at ry at t=0
p(r1,0)=A+B=1,p(r:,00=A—-B=0 (2.99)
we obtain
1 1
p(ry,t;71,0) = 5[1 + exp(—2t/7)], p(ra,t;71,0) = 5[1 —exp(—=2t/7)] (2.100)

where p(r;,t;7;,0) denotes the probability that the proton is at r; at time ¢, under the
condition that it was at 7;, t=0. And we can obtain for the case of a proton at r, at

time ¢=0.
1 1
p(r1,t;72,0) = S[1 = exp(=2t/7)] p(ra, ;73,0) = S[1 + exp(=2¢/7)]  (2.101)
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The equilibrium distribution is obtained by taking t — oo
1
p(ry, 00) = p(ra,00) = 5 (2.102)
The intermediate scattering function can be evaluated

1(Q,t) =< @™ = [p(ry, t;71,0) + p(re, t;71,0)e' "2 = ™]p(ry, 0)

+[p(T17 ta T2, O)GiQ.(rl wre + p(r2a ta T2, O)]p(TZa O)(2103)

Assuming that the system was in equilibrium at t=0

p(r1,0) = p(re,0) = % (2.104)

we obtain
1(Q,1) = Ap(Q) + A1(Q) exp(—2t/7), (2.105)

where
A(Q) =[1+cosQ- (ra—71)]/2, A41(Q) = [ —cosQ - (ro — 71)]/2.  (2.106)

After the Fourier transformation with respect to ¢, we finally obtain

1 2T

S(Q,w) = Ay(Q)d(w) + A1(Q);m- (2.107)
In the case of a powder sample, we obtain
1 27
S(Q,w) = Ap(Q)d(w) + Al(@);m (2.108)
Ay(Q) = 51+ (@A), 41(Q) = 511 — Jo(Qd), (2.109)

where jo(z) is a spherical Bessel function of the Oth order and d is the jump distance.

2.2 Instrumentation
2.2.1 Principle of Time-of-Flight (TOF) Spectrometer

We used three time-of-flight (TOF) spectrometers, LAM-40 installed at KENS

spallation cold source in High Energy Accelerator Research Organization (KEK) in
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Tsukuba, OSIRIS and MARI installed at a pulsed neutron source in ISIS, Rutherford
Appleton Laboratory, Didcot for inelastic and quasielastic scattering measurements.
In this section, we would like to describe briefly the principle of TOF spectrometer at
a pulse neutron source. TOF spectrometers are divided into two classes [4]. One is
direct geometry spectrometers and the other is inverted geometry spectrometers.

Direct geometry spectrometers: in which F; is defined by a device such as a
crystal or a chopper, and the final energy Fs is determined by TOF and very simplified
schematic view of this type of spectrometer is shown in Figure 2-7(a). In this spec-
trometer, the incident beam is monochromated using a Fermi chopper. A background
chopper like disc chopper is effectively designed to prevent a large flux of epithermal
neutrons entering the spectrometer where they will be thermalized and produce back-
ground signal. In all cases detector arrays tend to be as large as physically possible
to maximize the efficiency of the spectrometer. In this thesis, MARI is this kind of
spectrometer.

Inverted geometry spectrometers: in which the sample is illuminated by a
white incident neutron and FEj is defined by a crystal or a filter and F; is determined
by TOF. A very simplified schematic view of spectrometer is shown in Figure 2-7(b).
The inverted geometry spectrometers offer access to a wide energy range in neutron
energy loss side. Many kinds of inverted geometry spectrometers with various designs
have been constructed to provide various performances: crystal analyzer spectrometers
like TOSCA at ISIS providing a wide energy window, backscattering spectrometers
like TRIS at ISIS which give a very high energy resolution and coherent excitation
spectrometers like PRISMA at ISIS to see dispersion relationship in the excitation. In
this thesis, LAM-40 and OSIRIS are this kind of spectrometer.

Before going to describing the detail of each spectrometer, we simply explain the
principle of TOF spectrometer, taking an inverted geometry TOF spectrometer as an
example. The time when the neutron emitted from moderator is set to t=0 and the
distance from the moderator to the sample is defined as L; (first flight path) and the

distance from the sample to the energy analyzer and the distance from the energy
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Figure 2.7: Simplified schematic view of (a) direct geometry and (b) inverted geometry
spectrometer at a pulse neutron source.
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analyzer to the detector is defined as Ly/2. The time (¢) after the emission from the

moderator to the detector is given by

L, L
b=t +ty=— + =2, (2.110)
U1 V2

where v; and vy are the incident and scattered neutron velocities, respectively. Nor-
mally L; and Ly are known and v, is calculated from wavelength that was detected by
energy analyzer mirror, therefore we can readily calculate the incident neutron velocity

(v1) and energy (F;) by the below equations.

1 1 L
B = -mul=-m,—t 2.111
D M K (Y e (2.111)
2 . L
by = L_Mn_ P (2.112)

/\1 h (t—Lg/U2)7
where m,, is the mass of neutron. We can estimate the energy transfer AF and scat-

tering vector @ through

1 h?
AE = E2 - E1 = §mn(7}22 - 1)12) = 2mn (k’QQ - k’12) = hw (2113)
Q = (ks—F1) (2.114)
Q1> = |k1|* + |k2|* — 2|k1||k2| cosb. (2.115)

2.2.2 Spectrometers

(1) LAM-40 spectrometer [5]

Figure 2-8 indicates the schematic view of LAM-40, installed at the cold
neutron source High Energy Accelerator Research Organization (KEK), Tsukuba,
Japan. There are seven analyzer mirror with interval of 16 degree on a turn table.
72 pieces of pyrolytic graphite (PG) with the size of 12 mmx12 mmx2 mm were
used as energy analyzer mirror and the Bragg angle for the energy analysis of
scattered neutron was set to 39 degree. The wavelength of scattered neutron was
4.3 A because d spacing of 002 of PG was 3.38 A and the first flight path (L)
and the second flight path (Ls) was 5.67 m and 1.2 m, respectively. In order to
eliminate higher order reflection by PG, Be filter was installed just in front of 3He

counter. The energy resolution of LAM-40 was 0.20 meV at half width at half
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maximum in neutron energy gain side and it has an energy window of about -2
meV to 10 meV. The length of scattering vector ) at the elastic position ranges

from 0.2 to 2.6 A1

(2) MARI spectrometer [6]

Figure 2-9 indicates the schematic view of MARI, installed at S6 beam line
in ISIS and views a CH4 moderator cooled to 100 K. MARI is a direct geometry
chopper spectrometer and the incident neutron energy can be changed from 9 to
1000 meV by Fermi chopper. The first flight path (L;) and the second flight path
(Lg) are 11.7 m and 4.00 m, respectively to give an energy resolution (0E/FE)
of 1~2 % and all the detectors are at the same secondary flight path, and the
resolution is constant for all the detector banks. Two background suppression
choppers are used, the first is a Nimonic chopper and the second is a disc chop-
per made of Boronated resin with a single hole. At present 922 detectors are
installed and they are 10 bar 3He gas proportional counters and their efficiency
and background are almost the same. These detectors cover the angular range

from 3 degree to 135 degree.

(3) OSIRIS spectrometer [7]

Figure 2-10 indicates the schematic view of OSIRIS, installed at the N6 (B)
beam line in ISIS and views a decoupled liquid hydrogen moderator cooled to 22
K. The first flight path (L;) and the average second flight path (Ly) are 34.0 m
and 1.58 m, respectively. The pyrolytic graphite (PG) analyzer bank on OSIRIS
is set approximately 0.9 m from the sample positioning the horizontal scattering
plane and covers the scattering angles from 11 to 155 degree. The analyzed
beam is almost back scattered at approximately 170 degree and detected using
a multi-detector composed of 40 rows by 226 column array of PG crystals (10
mmx 10 mmx2 mm) with a mosaic spread 0.8 degree mounted on an elliptically
machined aluminum backing plate. The graphite analyzer intercepts about 9%

of the total scattered beam. PG(002) affords with analyzing energy of 1.85 meV,
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Figure 2.8: Schematic view of LAM-40.

Figure 2.9: Schematic view of MARI.
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providing the energy resolution of 24.5 peV at half width half maximum and the

momentum transfer range at elastic position is from 0.18 A=! to 1.8 A~ .

2.3 Sample Preparation

Finally we would like to describe the detail of sample preparation for inelastic
neutron scattering measurements and the detail of sample preparation for neutron
reflectivity will be described in Chapter 8. We used polystyrene (PS) because physical
properties of the PS thin films have been studied by various methods. PS thin films
were prepared by spin-coating toluene solutions at 2000 rpm on flat glass plates rinsed
with toluene prior to the spin-coating. The film thickness was controlled by changing
the concentration of PS solution. Such prepared thin films were removed from the glass
plate onto water surface carefully and then collected on Al foil 15 mm thick, as shown
in Figure 2-11. Collected thin films were annealed at 413 K, which is well above bulk
T, (~373K) after drying in vacuum for two days. After the annealing, about 300 sheets
of thin films on Al foil were rolled up and placed into a hollow cylindrical Al cell. Even
though we used 300 sheets of PS thin films on Al foil, transmission of neutrons for 300
and 1000 A thin films was 95 %, hence multiple scattering effect was almost negligible

for the inelastic neutron scattering measurements.
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Chapter 3

Glass Transition Temperature (7))
of Polystyrene Thin Films on Al
Deposited Si Substrate

3.1 Introduction

It was reported that the glass transition temperature (7}) of polystyrene (PS) thin
films decreased with film thickness by various methods like ellipsometry, X-ray, neutron
reflectivity, positron annihilation lifetime spectroscopy (PALS) and so on [1-6]. The
decrease of T, with film thickness was understood under the assumption that the mobile
surface layer existed at the free surface. On the contrary, the situation is different in
the case of poly(methylmethacrylate) (PMMA). Both increase or decrease of T, were
observed with decreasing film thickness depending on the surface nature of substrate
[7.8]. On the basis of these experimental results, it was supposed that 7, of polymer
thin films seemed to be strongly affected by surface or interfacial effects.

We observe the dynamical behavior of polymer thin films directly in order to un-
derstand the glass transition of polymer thin films because the glass transition is a
relaxational process. Inelastic and quasielastic neutron scattering can probe molec-
ular level dynamics and such a molecular level dynamics has not been studied very
much, therefore using inelastic and quasielastic scattering supposed to be effective for
the investigation of dynamics of polymer thin films. For the inelastic and quasielastic
scattering study, we have to minimize the background and scattering from substrate

because the scattering intensity from thin films is extremely weak. The neutron scat-
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tering cross-section from Al is smaller than that from Si, hence Al is the candidate
for the substrate for neutron scattering. Fukao et al. investigated the thickness de-
pendence of T, by thermal expansion spectroscopy and dielectric relaxation using PS
thin film that was sandwiched with Al and found the decrease of T, with film thickness
[6]. However, there are no experimental results on T, of PS thin films on Al substrate.
Therefore we studied the Al effect on T}, of PS thin films on Al deposited Si substrate
by measuring the film thickness by an ellipsometry as a function of temperature in this

chapter.

3.2 Experimental

We used amorphous polystyrene (PS) with different molecular weight (M,,) 2.90x10°
and the molecular weight distributions (M, /M,) 1.06, where M,, and M, are the
weight-average and the number-average of the molecular weight, respectively. Al de-
position onto Si wafer was conducted with electron beam (EB) deposition by YA-
MANAKA SEMICONDUCTOR Co., LTD. The thickness of Al layer was at around
100 nm. PS thin films were prepared by spin-coating toluene solutions at 2000 rpm
on the Al deposited Si substrate rinsed in toluene prior to spin-coating. The film
thickness was controlled by varying the concentration of PS in solution and we an-
nealed at 413 K for 12 h after drying in vacuum at room temperature for 2 days. The
ellipsometry measurements were done with spectroscopic ellipsometer (M-2000, J. A.
Woolam, USA) equipped with a temperature-controlled vacuum cell [9]. The sample
was heated continuously at a constant rate of 1.62 K/min as indicate in Figure 3-1.
This data guaranteed the good linear relation of temperature versus time during the

measurements.

3.3 Results and Discussion

Figure 3-2 indicates the temperature dependence of film thickness normalized to
that at room temperature for 4 different thicknesses at room temperature. Due to the

difference of thermal expansivity between glassy state and molten state, we could
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observe the change of slope. For a thick film (=1650 A), which is not shown in Figure
3-2, the change of slope was observed at around 373 K, which is almost same as a
bulk 7, determined by differential scanning calorimetry (DSC). We could also evaluate
the thermal exapnsivity of thin films from the temperature dependence of thickness,
however the exact evaluation of thermal expnasivity is extremely difficult because ther-
mal expansivity is strongly affected by thermal history [10]. Miyazaki et al. reported
that T, value was not affected by annealing time after annealing above T for 2 hours
[3] and our annealing condition satisfied the restriction. Hence we don’t discuss the
estimation of thermal expansivity of thin films and we only focused on T}, of thin films
in this chapter. As indicted by arrows in Figure 3-2, T shifted to lower temperature
with decreasing film thickness and it indicated the similar thickness dependence of T
with that for PS on Si substrate [1-3]. We also compared our data for the PS thin films
on Si substrate studied by X-ray reflectivity (XR) [3]. The thickness dependence of
both data was shown in Figure 3-3 and almost similar tendency was obtained within
experimental error regardless of Al deposition. We try to evaluate the surface 7T, and
thickness of surface layer by assuming a two-layer model consisting of a surface layer
and a bulk-like layer. In this model, the thickness dependence of the T} is described
as followed,
1

Ty =5(A- T + (D — A) - T (3.1)

where D and A are the total film thickness and the surface layer thickness, and T ;’"“‘3
and T;“”f are the bulk 7, and the T, of surface layer. The solid line in Figure 3-3
indicates the result of fit with (3.1) and the evaluated surface 7, was 357.4 K and
thickness of surface layer was 84 A and these values are similar to the reported values
by Miyazaki et al. [3]. It seems that the existence of free mobile surface is supposed
to be the main reason for the decrease of T, and the effect of substrate on T is small
in the case of PS. From ellipsomerty measurements, we could show that the thickness
dependence of T, of PS thin films on Al deposited Si substrate was very similar to that
on Si substrate, confirming the effects of Al on 7}, are not different from Si. This gives

a basis on the discussion in Chapter 7 where inelastic neutron scattering results on PS
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thin films on Al substrate were compared with those on Si substrate.

3.4 Conclusion

In this chapter, we have studied the effect of Al on thickness dependence of T, and
found that Tj decreased with film thickness. The obtained results exhibited similar
thickness dependence of Tj for PS on Si substrate, which were formerly investigated
by various researchers. The result gives a basis on the discussion in Chapter 7 where
inelastic neutron scattering results on PS thin films on Al substrate were compared

with those on Si substrate.
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Chapter 4

Low Energy Excitations and Fast
Process of Polystyrene Thin Films

4.1 Introduction

Glass transition of polymer thin film is the one of the most interesting topics in the
filed of polymer thin film, as was already written in Chapter 3. The glass transition is
not a second order thermodynamical phase transition but a relaxational process, and
the dynamical studies are needed to understand the mechanism of glass transition of
polymer thin film. Dynamical behavior of polymer thin films was investigated by vari-
ous methods such as dielectric relaxation [1-3], Broullion light scattering [4,5], dynamic
light scattering [6], scanning probe microscope [7-11], X-ray photon correlation spec-
troscopy (XPCS) [12,13] and so on. In spite of the vigorous researches using the above
listed methods, the definite mechanism of glass transition is still unknown. Inelastic
and quasielastic neutron scattering provides unique information on fast and local dy-
namics compared to other methods and many dynamical features of bulk amorphous
polymers were studied with this method [14-23]. Kanaya et al. successfully revealed
that the decrease of thermal expansivity with film thickness was caused by the in-
crease of harmonic force constant using X-ray reflectivity (XR) and inelastic neutron
scattering [24]. Inelastic and quasielastic scattering would offer clue to understand the
unresolved problems of polymer thin films by combing the results with those from other
methods.

There have been a few reports on dynamical studies of polymer thin films with inelastic

65



neutron scattering and to the results only from elastic scattering were reported due to
the extremely weak scattering intensity from the thin films [25-27]. In this chapter we
study the dynamical properties of polymer thin films using inelastic and quasielastic
neutron scattering from polystyrene thin supported films in meV region in a broad
temperature range 11 K to 403 K above bulk 7;. We mainly focused on local dynamics
like the low energy excitations including the Boson peak and the so-called picosecond

fast process and the effect of the film thickness on such local fast dynamics.

4.2 Experimental

We used polystyrene (PS) with molecular weight M,, = 2.9x10° and molecular
weight distribution M,,/M,=1.06, where M, and M,, are the weight-average and the
number-average of the molecular weight, respectively. The bulk glass transition tem-
perature T determined by DSC measurements was 373 K. PS thin films were prepared
by spin-coating toluene solutions at 2000 rpm on flat glass plates rinsed in toluene prior
to spin-coating. The film thickness was controlled by varying the concentration of PS
in solution and we prepared films 1000 A and 400 A thick. The film was removed from
the glass plate onto water surface and then collected on Al foil 15 um thick, and then
annealed at 413 K for 12 h after drying in vacuum at room temperature for 2 days.
299 sheets of the films on Al foils were rolled up and placed into a hollow cylindrical
Al cell 14 mm in diameter and 45 mm high in order to get enough inelastic scattering
intensity. Bulk PS sample with thickness of 0.1 mm was prepared as a control sample.

The inelastic neutron scattering measurements were performed with an inverted
geometry time of flight (TOF) spectrometer LAM-40 [28] installed at the cold spallation
neutron source in High Energy Accelerator Research Organization (KEK), Tsukuba,
Japan. In the spectrometer, the final energy of neutron and the energy resolution was
4.59 meV and ~0.2 meV at the elastic position, respectively. The detail of inelastic and
quasielastic scattering measurements were described in chapter 2. The measurements
were carried out at temperatures from 11 K to 430 K, covering the bulk glass transition

temperature T}, of 373 K. The observed TOF spectra of the 299 thin films on Al foils and
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the empty can including 299 Al foils were corrected for the self-shielding, the counter
efficiency and the incident neutron spectrum at each temperature and the empty can
scattering was carefully subtracted from the sample scattering. The PS used in this
experiment is fully protonated one, and the scattering intensity obtained here is mainly
dominated by the incoherent scattering because the incoherent atomic scattering cross-
section of hydrogen atom is much larger than coherent cross-section of hydrogen and

incoherent/cohernet cross-section of carbon atom.

4.3 Results and Discussion

Figures 4-1(a) and (b) indicate the dynamic scattering laws S(Q, w) of the films
400 and 1000 A thick at temperatures from 11 K to 408 K, respectively, which were
obtained by summing up 6 spectra from Q = 0.87 to 2.47 A~'. The intensities were
normalized to the total scattering intensity at the lowest temperature 11 K. A broad
inelastic peak, which is the so-called Boson peak [21,22] characteristic to amorphous
materials, is observed at around 1.5 meV at low temperatures below about 150 K.
With increasing temperature, the shape of spectrum changes from inelastic-like to
quasielastic-like, implying the onset of a relaxation process, which is the so-called
picosecond fast process [14-19].

First we analyzed the elastic scattering intensity I.;(Q) to evaluate the mean square
displacement < u? >. It is known that the Q dependence of incoherent elastic intensity
I(Q) is related to < u? > through I;(Q) ~ exp[— < u? > Q?]. According to this
relation we plotted the elastic scattering intensity I,;(Q) against Q2. In Figure 4-
2, an example of such plot is shown for the bulk and the 1000 A and 400 A films at
230 K, where the elastic scattering intensity Io;(Q).s0x is divided byl.(Q)..x at the
lowest temperature 11 K in order to reduce the effect of coherent scattering under an
assumption that the structure factor does not change with temperature. Therefore,
the observed < u? > corresponds to < u? >,k - < u? >,,x, meaning that the < u? >
is zero at 11 K. The decrease of slope, which corresponds to < u? > was observed with

film thickness. Similar evaluation was done at each temperature, and the
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temperature dependence of < u? > is shown in Figure 4-3 for the bulk and the 1000 A
and 400 A thin films. The mean square displacement < u? > is almost proportional
to T in the low temperature range below about 150 K as indicated by solid lines in the
figure, showing harmonic nature of the vibration. The solid lines were drawn so as to
go through < u? >=0 at T=11 K. As temperature further increases, the mean square
displacement begins to deviate from the linear relationship and shows excess value
over the harmonic contribution. This anharmonic contribution is caused by the onset
of the picosecond fast process. The deviation temperature lies at around 150 K for bulk
[15,16] and the 1000 A film, but seems to shift to higher temperatures for the 400 A tilm
although the exact evaluation is not easy from this data only. It should be noted that
the glass transition temperature 7} is not detected in the measurements because the so-
called a-process is not observed with the present energy resolution ( 6E ~0.2 meV). In
the whole temperature range examined the mean square displacement < u? > decreases
with the film thickness. As an example, the mean square displacement < u? > at 80
K, which is in the harmonic temperature range, is plotted against the film thickness in
Figure 4-4. The mean square displacement < u? > of harmonic vibration is related to

the density of phonon states G(w) through the following relation [29]

< u? >:%/0 écoth( o >G(w)dw. (4.1)

The decrease in < u? > with the film thickness below about 150 K suggests that the
density of phonon states G(w) is shifted to a high energy side or reduced in a low
energy side. In other words, hardening of vibration mode occurs with decreasing the
PS film thickness.

In order to see the origin of the hardening we analyze the inelastic scattering part of
the thin films. The observed S(Q, w) at 80 K was converted to the density of phonon
states G(w) after subtracting the elastic contribution and correcting for the Debye-
Waller factor. For the subtraction, the elastic line was reconstructed from the sample
scattering at 11 K because the shape of the elastic line is affected by the sample shape,
and in addition the inelastic scattering at 11 K was evaluated from the spectrum at 80

K. The Debye-Waller factor used in the calculation of G(w) was evaluated from the
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elastic intensity. The evaluated G(w)/w? are shown in Figure 4-5 for the bulk and the
1000 and 400 A films. Tt is clear that the G(w) decreases with the film thickness in the
energy region of 1 to 10 meV, suggesting that the decrease in < u? > is caused by the
decrease in G(w). Using the observed G(w), we have calculated < u? > for the bulk and
the 1000A and 400A films at 80 K through eq. (1) with M = 104 (monomer mass).
The absolute value of G(w) was evaluated by calculating heat capacity from G(w) and
comparing with the measured one [30], and was smoothly extrapolated to 3/wp® at 0
meV, where wp is the Debye frequency calculated from the sound velocity obtained in
Brillouin scattering. In the calculation we took into account contributions from the
Debye mode and the Boson peak mode, and the contribution of the Debye mode in
G (w) was evaluated from the Debye frequency wp. The contribution of the Boson peak
mode was obtained by subtracting the Debye contribution from the total one. For the
thin films the Debye contributions were estimated assuming that the amplitudes of
the Debye mode and the Boson peak mode are independent of film thickness. The
calculated < u? > was plotted in Figure 4-4 as a function of film thickness. It is clear
that the reduction in < u? > could be attributable to the reduction in G(w).

We now consider which mode is hardening or reduced with decreasing the film thickness
in the low energy region below about 10 meV. In this energy region there exist at least
two modes [21]: the localized mode (Boson peak mode) and the extended mode (Debye
mode). As seen in Figure 4-5, the Boson peak energy (or frequency) lies at around 1.5
meV for all the samples and the peak position is independent of film thickness within
the experimental error. If we assume the peak energy is simply given by w = \/f/_m,
where f and m are the harmonic force constant and the effective mass, the present
result means the hardening of the Boson peak mode is very small. Nevertheless, we
observed the reduction in G(w) with the film thickness. The Debye contribution G'p(w)
to the density of phonon states was calculated for the bulk and the thin films under an
assumption that the amplitude of the two modes are independent of film thickness and
indicated in Figure 4-5 by dashed lines, showing the clear decrease in Gp(w). We also

evaluated the contribution of the Boson peak mode Gg(w) to the density of phonon
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states by subtracting the Debye contribution G p(w) from the total one, and found that
Gp(w) also decreased with film thickness although the Boson peak energy is unaltered
with the film thickness. Therefore, the observed decrease in < u? > could be attributed
to the decrease in the density of phonon states in both the Debye mode and the Boson
peak mode.

We proposed two molecular pictures for the hardening with decreasing the film
thickness. One is the hardening due to polymer chain confinement in a thin film. In
a thin film below polymer coil size, which can be represented by twice the radius of
gyration (2R,), polymer chains could not sustain the normal coil form and the defor-
mation would occur as shown in Figure 4-6(a). Such deformed polymer chains would
have higher restoring force than that of normal coil, resulting in the increase of f with
decreasing film thickness. In fact, the R, of PS used in this experiment is about 147 A
[31] and the twice of R, is about 294 A. Taking into account of the distribution of poly-
mer coil sizes, the confinement effects may be expected for the 400A film, but not for
the 1000 A film. Nevertheless the reduction in < u? > was observed even in the 1000 A
film. This implies another possibility for the hardening. A hard layer at the interface,
which is often called “dead layer” [32], is also a candidate for the hardening. If we as-
sume such hard layer with constant thickness independent of total film thickness at the
interface, it is expected that the average force constant increases with decreasing the
total film thickness because the fraction of the hard layer increases with decreasing the
film thickness as shown in Figure 4-6(b). Assuming < u? > = 0 in the hard layer, we
estimated that the thickness of the hard layer was at least ~110 A, which seems rather
large but still in a range of reported values for the hard layer [1, 26, 32]. We would
like to discuss which possibility is more plausible to explain the decrease in the density
of phonon states of both the Debye mode Gp(w) and the Boson peak mode Gp(w).
The density of phonon statesG p(w) of the Debye mode is related to the average sound

velocity v through the relation [21] Gp(w) = 4”:}2‘”2, where V' is the average atomic

volume. One possibility for the reduction in the Debye mode is the cut-off of the long

wavelength phonon due to the confinement. Zorn et al. explained the decrease of low
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frequency mode in salol and polydimethylsiloxane (PDMS) in porous glass in terms of
the cut-off of the phonon with wavelength longer than the pore size [33, 34]. We evalu-
ated the sound velocity of PS at 80 K based on the generalized Rao function presented
by Schuyer [35]. The cut-off energy (or frequency) using the procedure by Zorn et al.
for the 400 A PS thin films was calculated to be about 0.095 meV. This cut-off energy
is located within the elastic scattering in this experiment (0 E ~0.2 meV), therefore the
cut-off of the long wavelength phonon is not the cause for the reduction in the inelastic
intensity above 0.2 meV with the film thickness. Another possibility for the reduction
in Gp(w) is the increase of sound velocity (v) due to the densification with decreasing
the film thickness. It was reported that polymer chains tend to form ordered structure
exhibiting layering [36] near the interface that is related to the radius of gyration of
polymer [37] as pointed out by Mukherjee et al. [38]. The density of layer at the
interface must become larger due to such ordered structure, resulting in the increase in
sound velocity with decreasing the film thickness. This ordered layer act as the hard
layer (or the dead layer), resulting in the decrease of the Debye contribution Gp(w).
It is noteworthy that no signs of the free surface were observed in the measurements,
to which the reduction in T}, is often assigned. One possibility is that the free surface
motion is too slow to be detected with the present energy resolution 6 E' ~0.2 meV.
The hard layer at the interface could explain the decrease in the Boson peak contribu-
tion Gp(w) as well. The densification near the interface leads to the decrease in the
number of defects or voids. If the origin of the Boson peak concerns defects or voids
[39-42], the decrease of the defects or voids leads to the decrease in the number of the
Boson peak mode, resulting in thee decrease of Gg(w), which is a kind of mode re-
organization. The concept of chain confinement can explain the decrease of the Debye
mode while it seems hard to explain the decrease in the Boson peak mode. Hence, the
hard layer or the dead layer seems more plausible to explain the decrease in the density
of phonon than the chain confinement in a thin film. Further discussion will be given
in Chapter 5.

The energy region that we focused almost corresponds to the temperature region
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range of 5 to 20 K. In this temperature range, the heat capacity C(T') much exceeds
the value that was expected for crystalline solids due to the existence of Boson peak.

The C(T') was calculated from the G(w) through the below relation [43].

00 ofhw 2w
o(T) = /0 (eﬁm(ﬁwl))nggdw, (4.2)

where 3 = 1/kgT. Lupascu et al. have already measured the C(7T') of PS thin films at
around T, [44], however the C(T") due to the Boson peak of polymer thin films has not
been studied yet. Therefore, we tried to evaluate the C'(T") in the temperature range
from 2 K to 15 K. The calculated C'(T") of bulk was multiplied by an appropriate factor
to fit with the observed C(T') of bulk value because we have not measured absolute
G(w) values [45]. By multiplying the same factor as bulk, we have calculated the C(T')
for bulk, 1000 A and 400 A thin films in Figure 4-7. As expected from the thickness
dependence of G(w) , the decrease of C'(T") value was evaluated with film thickness.
In the next, we discuss the quasielastic scattering due to the picosecond fast process
in a temperature range above about 150 K. The observed dynamic scattering law S(Q),
w) was scaled by the Bose factor after the correction for the Debye-Waller factor using
< u? > evaluated from Q? dependence of the elastic scattering. The scaled spectra are
shown in Figure 4-8 for the 1000 and 400 A films, where the reference temperature is 80
K. The spectra were well scaled in the energy range above about 1.5 meV including the
Boson peak, while below 1.5 meV the excess scattering was pronounced with increasing
temperature above about 200 K. This suggests the onset of the so-called fast process
[14-19]. In order to see the deviation from the Bose scaling, we integrated the scaled
spectrum in the quasielastic region (0.70 meV to 1.5 meV) avoiding the effect of elastic
scattering and plotted against temperature in Fig. 4-6 for the bulk and the 1000 A and
400 A films. It is hard to estimate the deviation temperature because the data points
are rather little and the experimental error is large. We assumed that the deviation for
the bulk started at around 150~200 K as reported in the previous works [15], and that
the excess scattering was not yet observed at 150 K as indicated by solid lines in Figure
4-9. From the figure we can say that the temperature dependence of the integrated

intensity in the 400 A thin film is almost flat compared to the bulk and the 1000 A
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thin films in a low temperature region below ~230 K. This qualitatively corresponds
to the higher deviation temperature in < u? > for the 400 A film than the bulk and
the 1000A film. The results suggest that the quasielastic scattering due to thermal
fluctuations becomes hard to occur in the thinner films, agreeing with the picture of
hardening. In order to study the characteristic features of the fast process in more
detail, the observed dynamic scattering law S(Q, w) were fitted to a model function

convoluted with the resolution function of the spectrometer. We employed the following

model function which could describe the S(Q, w) for the bulk [16].

S(Q,w) = C(Q)[(1 = Apast(Q))0(w) + Agast(Q) LI )] + B(Q), (4.3)

where A, (Q) is a fraction of the fast process, and the §(w) and L(I,w) are a 6-
function and a Lorentzian with an half-width at half-maximum (HWHM) I, respec-
tively. C(Q) and B(Q) are constants, representing the Debye-Waller factor and inelas-
tic flat background, respectively. It is not clear how to separate the inelastic scattering
component from the fast process. In this fit, it was assumed that the Boson peak
could be included in the inelastic flat component B(()) at least in the limited energy
range below 3 meV. A §-function was introduced to describe immobile parts of polymer
chains as well as slow relaxation processes within the energy resolution function such
as slow [ process, « process and reptation motion [16,46,47|. The results of the fits
for the 1000 A and 400 A films at 408 K are shown Figure 4-10. We found that he
fast process of PS thin films were also described by a single Lorentzian as was the case
of the bulk [16]. No other relaxation processes were observed even above T}, except
for the fast process in the energy region above ~0.2 meV, meaning that we could not
detect T, due to the limited energy resolution in this measurement. It is noted that
we also performed another analysis, in which we described the Boson peak and the
Debye contributions by a spectrum predicted from the 80 K data by the Bose factor
and fitted an additional Lorentzian to the observed S(Q, w). The results of fits were
not bad, but we employed the former model including the inelastic flat background in
this report because the deviation plot was better than the latter model. In order to

study the nature of the fast process furthermore, logarithms of the relaxation rate I
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and the fraction A,.(Q) are plotted against inverse of 7" in Figure 4-11 for the bulk
and the 1000 A and 400 A films. The relaxation rate I"is almost independent of temper-
ature for the bulk and the 1000 A and 400 A films, showing that the activation energy
of the fast process is almost zero or very small. This result implies that fast process is
a localized motion within a potential well (cage motion) [16], which is also supported
by the fact that the relaxation rate I'is independent of @ [43,47] for all the samples
as shown in Figure 4-12. On the other hand, the fraction A, (Q) of the fast process
increases with temperature, which must correspond to the increase in the amplitude of
the motion because the fast process is a localized motion in a potential well. What we
have to emphasize here is that the fraction Af,s(Q)) decreases with the film thickness.
The film thickness dependence of Ay, ((Q)) is shown in Figure 4-13 As discussed above,
the Boson peak intensity Gp(w) also decreases with the film thickness, which is indi-
cated in Figure 4-13. The film thickness dependence is very similar between Ay, (Q)
and Gp(w), suggesting that the two modes are caused by the same origin. In addi-
tion, both of the relaxation rate I" of the fast process (~1 meV) and the characteristic
energy of the Boson peak (the peak energy ~1.5 meV) are close each other and are
independent of the film thickness. This also suggests that the origin of the two modes
are the same.

In the discussion on the Boson peak, we assumed that the decrease in the density of
phonon states G g(w) was caused by the decrease of defects or voids in the hard layer at
the interface. This picture would explain the decrease of the faction of the fast process
Apast(Q) as follows. Assuming that the fast process is originated from the same defects
or voids as the Boson peak, the decrease of them also induces the decrease in the frac-
tion of the fast process. The fact that the the Boson peak energy and the relaxation
rate I of the fast process are independent of the film thickness would predict that the
defects or voids in the hard layer decreases in the number but not so different from the
bulk in nature, such as the distributions of size and shape. It is therefore considered
at the moment that the hard layer or the ordered layer is one of the most plausible

causes for the decrease of Boson peak mode as well as the fast process.
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4.4 Conclusion

In this chapter, we have studied the low energy excitations and the picosecond fast
process in polystyrene thin films using inelastic and quasielastic neutron scattering in a
temperature range from 11 K to 430 K, covering the bulk glass transition temperature
T,. We found in the analysis of elastic scattering that the mean square displacement
< u? > decreased with the film thickness in the whole temperature range, showing the
hardening in the thinner films. In the inelastic scattering, we also found that the den-
sity of phonon states G(w) decreased with the film thickness in both the Debye mode
and the Boson peak mode although the Boson peak energy was unaltered. Further-
more, in the quasielastic scattering, the fraction of the picosecond fast process A s, (@)
decreased with the film thickness without changing the relaxation rate I. The thick-
ness dependence of Af,s(Q) is very similar with that of the density of phonon states
of the Boson peak Gp(w), suggesting that the Boson peak and the fast process are
originated from the same molecular origin. We have examined two possibilities for the
hardening: chain confinement effects in a thin film and the hard layer at the interface.
Assuming that the defects or voids are the molecular origin for the both modes, the
decrease in the number of the defects or voids in the hard layer without changing the
nature could explain all the observations in the experiments. It is therefore concluded
at the moment that the hard layer at the interface is one of the most plausible reasons

for the hardening with decreasing the film thickness.
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Chapter 5

Molecular Weight Dependence of
Mean Square Displacement in
Polystyrene Thin Films

5.1 Introduction

We studied the glassy dynamics of polymer thin films with inelastic neutron scat-

2 > as well as the

tering to observe the decrease of mean square displacement < u
inelastic and quasielastic neutron scattering intensity with film thickness in Chapter
4. We considered two main possibilities for the decrease of < u? > with film thickness.
One is the hardening of polymer chains due to the spatial confinement (confinement ef-
fect) as was shown in Figure 4-6(a). When the film thickness decreased in in a size less
than the polymer chain coil size that is characterized by twice radius of gyration (2R,),
polymer chains cannot sustain the normal coil form and the deformation of polymer
chains would occur. Under this condition, the deformed polymer chains would have
higher restoring force than the normal coil, resulting in the decrease of mobility. The
decrease of mobility (=< u? >) was observed even for 1000 A thin film, which is much
larger than 2R, in bulk. In order to understand this phenomenon, we assumed that
the hard layer (lower mobility layer) would exist at the interface between the polymer
thin film and the substrate. With decreasing the film thickness, the fraction of such
a hard layer becomes large under the assumption that the thickness of the hard layer

is independent of the total film thickness. This is another possibility (interface effect)

as was shown in Figure 4-6(b). Except the two possibilities we considered other minor
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possible reasons for the decrease of < u? >. One is the end group effect. According
to the experiment by Satomi et al. [1], it was negligible for M, above 10° but not for
M,, below 10°. The other is the surface roughness of polymer thin films. Miyazaki
et al. investigated the surface roughness of PS thin films for different M, by X-ray
reflectivity (XR) in a wide thickness range [2], however the observed roughness was less
than 7 A and not dependent on thickness or M,,. Therefore, this is negligible either.
In the former chapter, we concluded that the interface effect was the candidate
for the decrease of < u? > with film thickness. However, it was not enough for the
final conclusion. In order to settle this problem, we prepared thin films with same
film thickness for different molecular weights (M,,), giving different ratios of the film
thickness (=d) to the twice radius of gyration (2R,). If the confinement effect were
dominant, the decrease of < u? > would be observed with the decrease of ratio of
d/2R, because decreasing the ratio d/2R, means the increase of spatial confinement.
And if the interface effect were dominant, < u? > would be constant regardless of the
ratio d/2R, because the ratio is constant under the same film thickness. Conducting
the experiment of M, effect, we can understand which factor is responsible for the

decrease of < u? > with film thickness.

5.2 Experimental

We used three amorphous polystyrenes (PS) with different molecular weights (M,,)
2.90x10°, 1.05x10° and 1.88x10° and the molecular weight distributions (M,,/M,)
1.06, 1.07 and 1.13, respectively, where M,, and M, are the weight-average and the
number-average of the molecular weight, respectively, and calculated values of Rz, are
147, 280 and 374 A for M, = 2.90x10%, 1.05x10° and 1.88x10°, respectively, under
the unperturbed chain approximation [3]. The detail of preparation of thin films was
already described in Chapter 4 and we prepared films 400 A in thickness for three
different M,,’s and this film thickness is less than the size of 2R, for M,=1.05x10°
and 1.88x10°. The annealing condition was already described in Chapter 4. 300 sheets
of the films on Al foils were rolled up and placed into a hollow cylindrical Al cell 14

90



mm in diameter and 45 mm high and inelastic neutron scattering measurements were
performed with an inverted geometry time-of-flight (TOF) spectrometer LAM-40 and
the energy resolution was about 0.20 meV the elastic position on the energy gain side.
The measurements were carried out at temperatures from 11 K to 300 K that is far
below the bulk glass transition temperature 7, (=373 K), meaning that we mainly

focused on the glassy state.

5.3 Results and Discussion

The mean square displacement < u? > can be evaluated from the Q2 dependence
of elastic intensity I;(Q) using the equation I;(Q) ~ exp[— < w? > Q?%. The
mean square displacement < u? > decreases with film thickness for the PS films with
M,=2.90x10° and the thickness dependence was well described by the following equa-

tion.

< u? >=< u® >puk [1 — (%)5}, (5.1)

where < u? >y, d, dy, 6 are mean square displacement of bulk, film thickness, con-
stant, exponent, respectively. Although we have no theoretical basis for this equation,
we used it in analogy with the thickness dependence of T, suggested by Keddie et al.
[4]. In this chapter we studied < u? > for the film thickness of 400 A as a function
of molecular weight M,,. First we focus on the temperature dependence of elastic
intensity for three different molecular weights. Figure 5-1 indicates the temperature
dependence of elastic intensity normalized to that of the lowest temperature (=11 K)
for M,=2.90x10%, 1.05x10° and 1.88x10° at Q=2.20 A~! and the error bars were
evaluated from the raw counts of TOF spectrum at each temperature. The logarithm
of the normalized elastic intensity decreases almost linearly with temperature as shown
by solid lines in Figure 5-1 in the low temperature range, indicating that the vibrational
motion is harmonic. In the case of bulk PS, onset of fast process is observed at around
200 K, leading to the deviation from the harmonic behavior [5,6]. However, the onset
temperature of the fast process increases (260 K for the 400 A film) and the obtained

spectrum were well scaled by Bose population factor at 230 K for 400 A thin films, as
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shown in Figure 4-8. Thus, the fast process is suppressed and hard to observe as the
film thickness decreases. Even if the fast process observed at 230 K, the effect on < u? >
is so small that the discussions in this chapter are not affected. Therefore, we don’t
go into the detail about the fast process in this chapter and focused on the vibrational
behavior under the harmonic approximation (7'<260 K). The temperature dependence
of elastic intensity for 3 different M,’s was almost the same within the experimental
error. We also evaluated temperature dependence of < u? > and show the results
in Figure 5-2 for 3 different M,’s. The error bars in Figure 5-2 were estimated from

2 > is almost proportional to T as shown in Figure

the uncertainties of the fit. < u
5-2, indicating again that the motion is harmonic. Evaluated values of < u? > for
different M,,’s lie on a straight line within the experimental error. It was found that
< u? > in the 400 A film is independent of M, in the temperature range examined.
To confirm this, < u? > values for 400 A thin films are plotted as a function of M, at
some temperatures in Figure 5-3. If the confinement effects were dominant, a decrease
of < u? > would be observed with increasing M,, because higher M, is more spatially
confined than lower M,, under the same film thickness. It was therefore concluded that
the confinement effect was not the main reason for the decrease of mobility with film
thickness.

Unfortunately we have to admit that the experimental error is not so small because
of the very weak scattering intensity from the thin films in the present measurement. If
the molecular weight M, dependence of < u? > due to the confinement effect is within
the error, we could not conclude that the decrease of < u? > was caused by the interface
layer and we have to deny the possibility of confinement effect. Unfortunately we have
to admit that the experimental error is not so small because of the very weak scattering
intensity from the thin films in the present measurement. If the M,, dependence of
< u? > were so small that it falls within the error bounds, we could not conclude that
the decrease of < u? > is caused by the interface layer. To check it, we plotted < u? >
as a function of the ratio of film thickness to twice of radius of gyration (d/2R,) in

Figure 5-4(a), which can be regarded as a measure of the deformation of polymer coils
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[7]. In the figure < u? >’s for different film thicknesses from Chapter 4 and Chapter
6 are included. We also plotted the same data as a function of the film thickness d
for different molecular weight M, in Figure 5-4(b). It is very clear that the < u? > is
scaled by d, not d/2R, within the accuracy in the measurements. This directly sug-
gests that the < u? > is not dominated by the deformation of polystyrene coils. It is
concluded that the main reason for the decrease of < u? > with film thickness is not
the confinement of polymer coils but the interface hard layer.

Zhang et al. [8] revealed orientation of molecular chain axis of poly(methyl methacry-
late) at the interface using reflection-absorption infrared (RAIR) and surface-enhanced
Raman scattering (SERS). Especially in the case of PS, phenyl rings tend to orient par-
allel to the interface between PS and substrate, revealed by IR-visible sum-frequency
generation (SFG) spectroscopy [9]. Such orientation or ordering at the interface be-
tween polymer and substrate may be related to the hard layer so-called “dead layer”.
As the result of orientation or ordering at the interface, the mobility would be smaller

than that in bulk due to the high contribution from the hard layer.

5.4 Conclusion

We have investigated the effect of molecular weight (M,,) on mean square displace-
ment < u? > in order to disclose the origin of decrease of < u? > with film thickness.
Observed < u? > values are independent of the molecular weight M, within the ex-
perimental error, and the molecular weight dependence of < u? > expected from the
confinement effect could not describe the observed reduction of < u? > well, even
though experimental errors were considered. It was therefore concluded that the de-

crease of < u? > with film thickness was caused by the interface hard layer.
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Chapter 6

Dynamic Anisotropy and
Heterogeneity of Polystyrene Thin
Films

6.1 Introduction

The decrease in T, with film thickness is often discussed in terms of a mobile layer
at the free surface, which was directly confirmed by atomic force microscopy (AFM)
measurements [1,2] and the decrease in thermal expansivity with film thickness [3-6],
which is often discussed in terms of three layer model consisting of a surface layer,
a bulk-like layer and an interface hard layer. The idea of two-layer and/or three-
layer model is supposed to be a candidate for understanding the structure of polymer
thin film. More generally, multi-layer structure with different 7}, in a polymer thin
film has been proposed and experimentally examined by Torkelson et al. [7,8] using
fluorescence/multilayer method.

We found that the decrease of the mean square displacement < u? > with film
thickness was caused by the hard layer at the interface as shown in Chapter 4, 5.
This result suggests anisotropic and heterogeneous structure of polymer thin films. We
believe that one of the most important keys to solve the unusual properties of polymer
thin films is heterogeneous structure or multi-layer structure. We propose to study the
heterogeneity of polymer thin films in terms of non-Gaussian parameter Ay, which can
be evaluated using a neutron spectrometer that is accessible to high @ region [9,10]. In

addition, we also studied the dynamic anisotropy of polymer thin films. It is expected
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that the hard layer has ordered structure of polystyrene, exhibiting layering [11]. If
the picture is correct we expect that the dynamic anisotropy would be observed in a
very thin film having a total thickness comparable with the hard layer. As far as we
know, there are no experimental reports on the dynamic anisotropy of polymer thin
films in the glassy state although a molecular dynamics (MD) simulation has been
done on polymer thin films in melt to see the dynamic anisotropy in a time scale of
diffusion [12]. In this Chapter we have studied anisotropic motions in polystyrene thin
films in the glassy state in meV region by measuring the thin films in transmission
and reflection geometries. In the former and the latter we can set scattering vector )
parallel and perpendicular to the film surface for the elastic scattering at scattering

angle of 90°.

6.2 Experimental

The sample used for the scattering experiments was amorphous polystyrene (PS)
with molecular weight M,,= 2.90x10° and molecular weight distribution M,, /M, =1.06,
where M, and M, are the weight-average and the number-average of the molecular
weight, respectively. This polymer is the same as in the previous chapters. The detail of
sample preparation was written in Chapter 4 and we prepared films 1000 A and 200 A
thick in this chapter. 300 sheets of the films on Al foils were placed into a cylindrical
Al cell 42.1 mm in diameter and 66.5 mm high to keep two scattering geometries;
transmission and reflection geometries. In the former and the latter the scattering
vector () is almost parallel and perpendicular to the film surface, respectively, and
hence we can observe the molecular motion parallel and perpendicular to the surface
direction as was shown in Figure 6-1. In the present experiments, the film surface was
set at +45° to the incident neutron beam, therefore exact parallel and perpendicular
geometries are hold at @ = 3.8 A~! for the elastic scattering. We used 300 sheets for
both 1000 and 200 A films, and the total thickness is different between them.

Elastic and inelastic neutron scattering measurements were performed on a direct

geometry spectrometer MARI installed at the pulsed neutron source in ISIS, Rutherford

99



(a) Perpendicular geometry (b) Parallel geometry

.
.
.
=
R

%
/5@6)
g

Figure 6.1: Sample geometry for MARI measurements. (a) Perpendicular and (b)
Parallel geometry. The figure corresponds to the case of elastic scattering (k; = ky).
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Appleton Laboratory, Didcot. In the present measurements, we have selected an inci-
dent energy to achieve a high-energy resolution 6 F of 0.34 meV, which was evaluated
from the half-width at the half-maximum of elastic scattering on the energy gain side.
The neutron detector banks of the MARI spectrometer are spread from 3 to 134° with
1000 detectors, so that a very wide and continuous range of @) is covered. Under the
present experimental condition, the @) range was from 0.2 to 5 A=, which is extremely
wide compared with a conventional time-of-flight (TOF) spectrometer at a cold neutron

source [13-15]. This wide @ range is a distinct feature of this experiment.

6.3 Results and Discussion

Figure 6-2 indicates the observed dynamic scattering law S(Q, w) for the 1000 A
and 200 A thin films at @ = 3.8 A~! in the parallel and perpendicular geometries
at various temperatures. Apparently the inelastic and quasielastic intensities hardly
depend on temperature even above the glass transition temperature (408 K), but it is
due to the large Debye-Waller factor. The inelastic scattering spectra were well Bose-
scaled for both the scattering geometries after correcting the Debye-Waller factor, as
shown in In Figure 6-3. The excess intensity over the Bose-scaled spectrum at a high
temperature above T, (408 K) was observed for 1000 A due to the onset of fast process,
which was also observed in chapter 4. However, the fast process was hard to be seen
for 200 A thin films because of the large statistical error. The decrease of fraction or
intensity of the fast process with film thickness might be related to above results, as
was already discussed in chapter 4.

First we paid our attention on the temperature dependence of the incoherent elastic
scattering intensity I.;(Q) in order to examine the dynamic anisotropy of the thin films.
We plotted the elastic scattering intensities I;(Q) from the 200 and 1000 A films in
Figure 6-4 against temperature for the two scattering geometries at @ = 3.8 A=, which
satisfies the exact parallel and perpendicular geometries. The elastic intensities were
normalized to that at the lowest temperature (~5 K). In case of the 1000 A film no

differences in the temperature dependence were observed in the parallel and
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temperatures at Q=3.8 A~! in perpendicular and parallel geometries.
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perpendicular geometries, showing that the dynamic anisotropy is negligible. On the
other hand, the elastic scattering intensity of the 200 A film in the perpendicular
geometry decreases with temperature more steeply than in the parallel geometry, sug-
gesting that molecules (or segments) are more mobile in the perpendicular direction
than in the parallel one although the difference is not so large (about 20% difference
at 408 K). We also found that the temperature dependence of the elastic scattering
intensity I,;(Q) for the 200 A thin film was smaller than that for the 1000 A thin film
in both the geometries, indicating the decrease in mobility with the film thickness. In
Chapters 4 and 5, we found that the mean square displacement < u? > for isotropic
polystyrene thin films decreased with film thickness, showing the potential hardening
with film thickness. The present observation corresponds to the decrease in the mean
square displacement < u? > with film thickness. We also discussed the cause of the
hardening in the chapter 4,5 to conclude that it is not due to the confinement effect
of polymer chains but a hard layer at the interface between the polymer thin film and
the substrate. The thickness of the hard layer was estimated to be ~110 A which is
in a range of the reported values although they are rather scattered [3, 16, 17]. The
interface hard layer is supposed to be a candidate for the dynamic anisotropy in the
200 A film. It was reported that polymer chains tend to form ordered structure or
layering at the interface [18,19], and Zhang et al. [20] revealed orientation of molecu-
lar chain axis of poly(methyl methacrylate) at the interface using reflection-absorption
infrared (RAIR) and surface-enhanced Raman scattering (SERS). In case of PS, IR~
visible sum-frequency generation (SFG) spectroscopy [21] has shown that phenyl rings
orient parallel to the surface near the interface. Torsional motion of oriented phenyl
rings to the surface have larger amplitude of motion in the perpendicular direction
than in the parallel one, agreeing with the present observation in the 200 A film. For
the 1000 A thin film, on the other hand, the hard layer is only ~10% in the total
thickness and 90% must be isotropic bulk-like layer. In this situation the bulk contri-
bution is much larger than that of the hard layer, and hence the dynamical anisotropy

was not observed for the 1000 A film. We now consider the inelastic and quasielastic
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scattering, which is a counter part of the elastic scattering. In the spectra of the 200
and 1000 A films in Figure 6-3 the boson peak is hardly recognized even in the spectra
at 80 K although it was seen in the previous measurements by LAM-40 with energy
resolution of 0 = 0.20 meV. This is not surprising because a rather long tail of the
energy resolution function of MARI (0 £ = 0.34 meV) hides the boson peak which lies
at around 1.5 meV in PS. However, we can recognize the excess scattering over the
Bose-scaled spectrum, which corresponds to the so-called picosecond fast process, in a
low energy region below about 2 meV in a high temperature region above about 200
K. This is demonstrated in the Bose-scaled spectra after correcting the Debye-Waller
factor in Figure 6-3.

In order to study the characteristic features of the fast process, the observed dy-
namic scattering law S(Q, w) at the highest temperature (= 408 K) were fitted to
a model function convoluted with the resolution function of the spectrometer. We
employed the same model function, which was used for the fitting of quasielastic scat-
tering obtained with LAM-40 (Chapter 4). The results of the fits for the 1000 A and
200 A films at 408K for the two geometries at @=3.8 A~! are shown Figure 6-5. Al-
though the fitness is not bad the statistical error in the data is rather large, and hence
we have to admit the results of fits include large error. The evaluated half-width at
half-maximum [, which corresponds to the relaxation rate, and the fraction of the
fast process Ajqus(Q) were shown in Figure 6-6 as a function of film thickness for the
parallel and perpendicular geometries. The relaxation rates I' are at around 1meV
regardless the film thickness while the fraction of the fast process decreases with the
film thickness. These results agree with the previous experiments for 1000 A and 400
A thin films, as shown in Figure 4-11 and we again confirm that the fraction of the fast
process decreases with the film thickness. On the other hand, the differences of I" and
A5t (Q) between the two scattering geometries could not be observed for the 1000 A
film. As for the 200 A film, Afast(Q) in the perpendicular direction is larger than the
parallel direction by ~20 %. This qualitatively corresponds to the elastic scattering

results (see Figure 6-3), but it is hard to discuss this difference because of the large
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statistical error in the quasielastic scattering spectra.

Next, we examined the ) dependence of the incoherent elastic scattering inten-
sity I(Q) in order to evaluate the mean square displacement < u? > as well as the
dynamic heterogeneity in the thin films. Figure 6-7 indicates the Q* dependence of
elastic scattering intensities I.;(Q) for the 1000 A and 200 A films in the transmission
and reflection geometries at 230K which were divided by I.;(Q) at the lowest temper-
ature (= 5 K) in order to reduce the contribution from the coherent scattering. It is
well know that the ) dependence of incoherent elastic scattering under the Gaussian

approximation is described by

La(Q,t) = exp(—aQ?), (6.1)

where @ = < u? >. As seen in Figure 6-7 it is obvious that I.;(Q) cannot be described
within the Gaussian approximation, deviating in a high Q region above about 2.5 A=,
This must be due to higher order terms of (). In order to describe the () dependence of
1,(Q) we have to take into account higher order terms of @, including non-Gaussian
parameter Ayg. The non-Gaussian parameter was first introduced by Rhaman et al.
[22]. According to them, the incoherent intermediate scattering function (@), t) is

obtained from the cumulant expansion up to the order of Q* as follows

< Ar? > (1)
6

Ao(t)[< Ar? > (1))?

2
@ 72

1(0Q,1) = exp(— Q4). (6.2)

In this expression, the integrals of the velocity correlation functions, denoted by 7, (t)
and 7»(t) in ref. [22], have been expressed in terms of the mean square displacement

< Ar? > (= 6< u? >). The non-Gaussian parameter Ay(t) is given by an expression

3 <A s (1)
Aolt) = s r (6.3)

In the Gaussian approximation, the intermediate scattering function is given in the
form up to the order of Q2. This approximation perfectly holds for harmonic oscilla-
tors, perfect gases and diffusion processes at infinite time though it is valid only for
a low ) range in real systems. In a high ) range, we have to take into accounts the

non-Gaussianity. It has been shown by Zorn [23] that the non-Gaussian parameter
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could be due to different phenomena such as dynamic heterogeneity, anharmonicity
and dynamical anisotropy. In glass-forming materials the most plausible origin of non-
Gaussian parameter Ay was attributed to dynamical heterogeneity due to the difference
of local environments using several polymeric glass-formers [24-26]. In case of polymer
thin films in the glassy state the dynamic heterogeneity must be a leading term in the
non-Gaussian parameter. In addition, we have to consider the heterogeneity due to
multi-layer structure (or heterogeneous layer structure) in the thin films. However, con-
tributions to the non-Gaussian parameter from other factors such as anharmonisity and
dynamic anisotropy seem very small in the PS thin films. Almost linear relationship
between the mean square displacement and temperature in the thin films up to 230 K
supports that the anhamonisity effect on the non-Gaussian parameter is negligible. As
shown in Figure 6-4, we observed the small dynamic anisotropy in the 200 A film. This
effect is not large even in the unoriented bulk sample. We now measure the oriented
samples, and hence the effect is negligible. Therefore, we analyze the () dependence of
the incoherent elastic scattering intensity assuming that the non-Gaussian parameter
in the thin films arises from the dynamic heterogeneity intrinsic to bulk glassy state
and the multi-layer structure.

Let us assume that the motion in the individual environment is Gaussian, so that
the intermediate scattering function (@, t) is given by eq. (6.2). It is further assumed
that the mean square displacement has a distribution g(a)). There are many possible
distribution functions such as Gaussian, log-Gaussian and bimodal distributions. For
simplicity of calculation, we assume a Gaussian distribution as follows:

2

1 (v — @)

g(a) = Norw] eXP<—T>7

(6.4)

where 62 = Aa? = (a — @)?. From egs. (6.1) and (6.4), the incoherent intermediate
scattering function I(Q, t) up to the order of Q* is obtained by averaging over the
distribution:

Aya®

1(Q, 1) = exp<—aQ2 + TQ4)’ (6.5)

where the non-Gaussian parameter A is given by
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Figure 6.7: Q2 dependence of I,;(Q) for 1000 A (O) and 200 A (o) thin films in
transmission and reflection geometries at 230 K and solid lines indicate the results of
fit with eq. (6.7).
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—— (6.6)

In the present experiment, we observe the incoherent elastic scattering intensity of

dynamic scattering law S(Q, w=0) as a function of ), which is given by
N e
S(Q,w=0) = exp(—aQ + §A0a Q ) (6.7)

As seen in eq. (6.6), the non-Gaussian parameter is a dimensionless normalized stan-
dard deviation, hence, it is a measure of dynamic heterogeneity of a system. Equation
(6.7) was fitted to the observed data in Figure 6-7 and the results of fits are shown by
solid curves, giving good agreements. From the non-Gaussian fits, we have evaluated
the mean square displacement and the non-Gaussian parameter Ay. Note that the
evaluated does not contain the contribution from at the lowest temperature (= 5 K)
because the elastic scattering intensity I.,(Q)) was divided by that at the lowest tem-
perature in order to reduce the effects from coherent scattering. We have evaluated the
@ at the lowest temperature from the density of states G(w) below 10 meV obtained
in the Chapter 4 and corrected @ for this effect. These corrected mean square dis-
placement @ and non-Gaussian parameter Ag from both geometries are plotted against
temperature in Figure 6-8 for the bulk, 1000 and 200 A films. Note that the bulk data
were taken from the previous paper [24], which were evaluated using triple axis spec-
trometer with energy resolution of 1 meV. In Figure 6-9, we also indicated the scaled
distribution function of reduced «/@ with different film thickness using obtained A,
values. The mean square displacement @ increases almost linearly with temperature
in the glassy state although it slightly deviates from the linear relationship in the bulk
sample above about 200 K. It is due to the onset of the fast picoseocnd process. In
case of thin films the onset of the fast process is suppressed, and hence the deviation is
hard to see in Figure 6-2. In this chapter, therefore, we do not discuss the fast process
any more. As the film thickness decreases the mean square displacement @ decreases,
and the non-Gaussian parameter A, increases with decreasing temperature and film

thickness, showing that the dynamic heterogeneity increases with decreasing
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temperature and film thickness. No differences of Ay and @ were observed for the 1000
A thin film between both geometries, indicating no dynamical anisotropy. On the other
hand, the difference of @ value was observed for the 200 A thin film. The A, value in
the transmission geometry is slightly larger than that in the transmission one for the
200 A film, which must come from the anisotropic motion. However, as mentioned
above the contribution from the anisotropy to Ag is very small and the errors in the
fit are relatively large (about 20%), and hence we don’t discuss the difference in both
the geometries in this paper.

In order to see the film thickness dependence of @ and A, quantitatively we plotted
a and Ay at 230 K in Figure 6-10 as a function of film thickness. The bulk sample
(d =100pm) shows the non-Gaussian parameter of 0.32, which represents the dynamic
heterogeneity intrinsic to the bulk glassy state [24-26]. As the film thickness decreases
the non-Gaussian parameter increases. It is about 0.43 at 1000A for both geometries,
which is slightly higher than the bulk value, and shows steep increase below 1000 A .
The value of Ag is about 0.80 and 0.70 for the transmission and reflection geometries
at 200 A . It is clear that the dynamic heterogeneity increases with decreasing film
thickness. This excess heterogeneity must be caused by the multi-layer structure of
polymer thin films, consisting of the bulk-like layer and the interface hard layer. The
latter has smaller mean square displacement than the former. If the thickness of the
hard layer is very small compared with the total thickness, the heterogeneity due
to the multi-layer structure must be small. The steep increase in the non-Gaussian
parameter Ay below about 1000 A may suggest that the thickness of the interface hard
layer becomes not negligible below 1000 A . In fact, the thickness of the interface hard
layer [3, 16, 17] evaluated in the Chapter 4 is ~110 A, supporting the hypothesis
that the increase in the non-Gaussian parameter is due to the multi-layer structure
of the polystyrene thin films. In order to analyze the thickness dependence of Ag we
calculated Ag assuming that the thin film consists of a bulk-like layer and an interface
hard layer (bi-layer model). Here, we neglected the effect of surface layer (mobile layer)

because it was not observed or detected in the glassy state. Under this assumption
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@ and o? were calculated using equations (6.8) and (6.9).

a = <1 — g) /ozg(oz)bulkdoc—i—g/ozg(oz)deaddoz (6.8)

a? = (1 — g) /OzQQ(Oé)bulkdOé + g /an(a)deaddCz, (6.9)
where d, §, g(a)pur and g(@)geaq are the total thickness, the hard layer thickness,
distribution functions of « in the bulk-like layer and in hard layer, respectively. In this
calculation we assumed that the hard layer thickness was independent of the total film
thickness. Using the thickness of the hard layer d and the mean square displacement
in the hard layer as adjustable parameters in the bi-layer model we have calculated
both Ay and @ to reproduce the observed film thickness dependences at 230 K and the
results are shown in Figure 6-10 by solid curves. The bi-layer model seems to describe
the thickness dependences of observed Ay and @ well. We found in this calculation that
the thickness of the hard layer was ~130 A and was ~ 0.018 A2 at 230 K. The estimated
value of the thickness is very close to that evaluated from the thickness dependence of
< u? > in Chapter 4. The value of @ in the hard layer (~0.018 A?) at 230 K is very
small compared with the bulk value (~0.066 A?), supporting the multi-layer (bi-layer

model in this calculation) structure in polymer thin films from dynamic point of view.

6.4 Conclusion

In this chapter, we have studied the dynamic anisotropy and the dynamic het-
erogeneity of polystyrene thin films in the glassy state by means of inelastic neutron
scattering. We found that the small dynamic anisotropy was observed for the 200 A
film, not for the 1000 A film, from the temperature dependence of the elastic scattering
intensity. In case of the 200 A film the mobility in the perpendicular direction to the
film surface is slightly larger than that in the parallel direction, and the decrease of the
mobility with the film thickness was observed for both the parallel and perpendicular
directions. The dynamic anisotropy as well as the decreases in the mobility were well
explained in terms of the interface hard layer between the polymer and the substrate.

The dynamic heterogeneity was also studied in terms of the non-Gaussian parameter
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Ag. We found that Ay increased with decreasing the film thickness, showing the in-
crease in the dynamic heterogeneity. Assuming that the heterogeneity arises from the
multi-layer structure in addition to the intrinsic heterogeneity in the bulk glass state,
we analyzed the thickness dependence of the non-Gaussian parameter using a simple
bi-layer model consisting of the interface hard layer and the bulk-like layer to find
that the hard layer has the thickness of ~130 A and the mean square displacement of
~0.018 A% at 230 K. These results obtained here support a picture that the polymer

thin films have multi-layer structure, at least in dynamics.
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Chapter 7

Glass Transition of Polystyrene
Thin Films by High Energy
Resolution Spectrometer

7.1 Introduction

In the previous chapters, we have studied the meV dynamics of polymer thin films
by inelastic neutron scattering, and we observed only one relaxational process (the
picoseconds fast process) that is related to the local relaxation even above bulk Tj.
We could not observe the relaxational process that is directly related to the glass tran-
sition even above the bulk 7. Even in the case of bulk PS, the glass transition was
not observed with the energy resolution at around 6E ~0.20 meV [1]. The failure of
detection of glass transition is due to the lack of energy resolution. From the former
glass transition studies on bulk amorphous polymers by inelastic neutron scattering, it
is clear that energy resolution of about peV is necessary to detect the glass transition
and such a high energy resolution [2-4] can be obtained in neutron backscattering spec-
trometers (BS) and neutron spin echo spectrometers (NSE). In the case of polymer thin
films, Soles et al. have successfully detected the glass transition temperature (7}) using
backscattering spectrometer with several amorphous polymers [5,6]. In this chapter,
we have studied the glass transition dynamics using relatively high energy resolution
TOF spectrometer OSIRIS (0E ~0.025 meV) [7] in order to study the mechanism of
glass transition of polymer thin films from dynamics. This energy resolution seems to

be insufficient for the detection of glass transition, however Kanaya et al. reported
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the possibility of detection of high frequency tail of the o process with similar energy
resolution (0F ~0.016 meV) for several amorphous polymers [8]. Therefore, we believe

the detection of glass transition with this energy resolution.

7.2 Experimental

The sample used for the scattering experiments was amorphous polystyrene (PS)
with molecular weight M,,= 2.90x10° and molecular weight distribution M,, /M, =1.06,
where M, and M, are the weight-average and the number-average of the molecular
weight, respectively. The detail of sample preparation was written in Chapter 4 and
we prepared films 1000 A |, 400 A and 200 A thick in addition to bulk in this chapter
and 300 sheets of the films on Al foils were placed into a cylindrical Al cell 20 mm in
diameter and 45 mm high.

Elastic and inelastic neutron scattering measurements were performed on an in-
verted geometry time-of-flight spectrometer OSIRIS installed at the pulsed neutron
source in ISIS, Rutherford Appleton Laboratory, Didcot. In the present measurements,
the final energy E; was set to 1.85 meV and the energy resolution 0 £ was 0.025 meV,
which was evaluated from the half-width at the half-maximum of elastic scattering on
the energy gain side. We have conducted elastic energy window scans in addition to
the full spectra measurements, and the measurements were carried out at temperatures

from 33 K to 423 K, covering the bulk glass transition temperature 7} of 373 K.

7.3 Results and Discussion

Figure 7-1 indicates the one example for dynamic scattering law S(Q, w) obtained
with LAM-40 at 403 K (Chapter 4) and OSIRIS at 408 K for 1000 A thin films at the
almost same @) values. The S(Q, w) spectrum from OSIRIS was within the resolu-
tion function of LAM-40, indicating that OSIRIS could detect slower dynamics than
that from LAM-40 because energy resolution was inversely related to the detection
time. First we studied the temperature dependence of elastic scattering intensity and

temperature dependence of 1,(Q) at Q=1.76 A1 for bulk and 1000 A was shown in
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Figure 7.1: Dynamics scattering law S(Q, w) of 1000 A PS thin films measured by
two TOF spectrometers LAM-40 at 403 K (o) and OSIRIS () at 408 K with energy
resolutions § £=0.20 meV and § E=0.025 meV.
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Figure 7.2: Temperature dependence of elastic scattering intensity I.(Q) obtained
from bulk (o) and 1000 A thin films ((J) at Q=1.76 A~' and arrows indicate the onset
of relaxational process.
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Figure 7-2. The slope of temperature dependence of I.;(Q) for bulk was larger than
that of the 1000 A thin film, indicating the decrease of mobility in the 1000 A film. In
the low temperature region below about 200 K, /(@) linealy decreased with increasing
temperature while it began to decrease more steeply with increasing temperature above
about 200 K, indicating the onset of quasielastic scattering. As indicated by arrows in
Figure 7-2, there exist two changes of the slope in the temperature dependence of I.;(Q);
one is located at around 200 K and the other is at around 370 K for both the samples.
This suggests that there exists at least two relaxational process in the temperature
range examined. As reported in Chapter 4, the change at ~200 K was attributed
to the onset of the fast process and the onset temperature seemed to shift to higher
temperature with decreasing the film thickness, suggesting the hardening of polymer
chain with decreasing the film thickness. The onset temperature at ~373 K coincided
with T, determined by DSC for bulk PS. Definite physical origin of the relaxational
process that onsets at ~370 K is still unknown and under discussion. Kanaya et al.
suggested that this relaxational process was related to the conformational change of
polymer chains and also indicated a possibility of the high frequency tail of o process
[8]. In any case this relaxation process appears at the glass transition temperature, so
that in this chapter, we defined this onset temperature as 7}, for thin films. As can been
seen in Figure 7-3, the onset temperature for the 1000 A film is higher than that for
the bulk. In order to identify this behavior clearly, we have evaluated the temperature
dependence of mean square displacement < u? > for bulk, 1000 A , 400 A and 200 A
thin films using the same procedure as that described in Chapter 4. The temperature
dependence of < u? > is indicated in Figure 7-3 and the decrease of < u? > with film
thickness was also observed in the high energy resolution measurements (0E ~0.025
meV). As indicated by arrows in Figure 7-3, the onset temperature of the relaxtional
process appearing at ~370 K in the bulk shifted to higher temperature with decreasing
film thickness, suggesting increase of T, with decreasing the film thickness. Figure 7-4
shows the thickness dependences of Tj, which were obtained from the inelastic neutron

scattering with OSIRIS and ellipsometry. The latter was taken from Chapter 3.
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Figure 7.3: Temperature dependence of mean square displacement < u? > for bulk
(o), 1000 A (O), 400 A (A) and 200 A () thin films and arrows indicate T, evaluated
from the onset temperature of relaxational process.
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Although the sample conditions were almost the same for both the measurements,
totally different thickness dependence of T, was observed. In the case of 200 A thin
films, the value of T, is 40 K higher than that of bulk. Similar contradiction for the
thickness dependence of T, was observed by Soles et al. They studied the thickness de-
pendence of T} for polycarbonate (PC) thin films by X-ray reflectivity (XR), positron
annihilation lifetime spectroscopy (PALS), and inelastic neutron scattering by a back
scattering machine (JE ~0.001 meV) [5]. The data from XR and PALS exhibited
the decrease of T, with film thickness, however only the data from inelastic neutron
scattering exhibited the increase of T, with decreasing the film thickness. Soles et al.
studied the dynamical behavior of polymer thin films by neutron back scattering using
several amorphous polymers, too [6] and found that < u* > decreased and T, increased
with decreasing thickness for all the polymers investigated regardless of strength of in-
teractions with substrate [6]. Considering these reported results, it was supposed that
the increase of T, and decrease of < u? > with film thickness revealed by the inelastic
neutron scattering might be related to some nature of polymer thin films though we
don’t have definite physical picture in order to explain this contradiction results. Soles
et al. reported the frequency shift of alpha relaxation might be concerned with the
contradict results, however the satisfactory explanation was not obtained from this
physical picture [5].

In the following, we would like to discuss several possibilities for the explanation
of our results. First possibility is the broadening of relxational time of the a process.
In fact, the broadening of relaxation time of the o process with decreasing film thick-
ness was observed by dielectric relaxation (DR) [9] and dynamic mechanical analysis
(DMA) [10], and it confirms the heterogeneous dynamics of polymer thin films. The
investigated time region strongly depends on measurement methods as shown in Fig-
ure 1-6. If the broadening of relaxation time of « process occurred with decreasing
thickness, the observed distribution of relaxation time of « process in thin films would
change apparently compared to that of bulk, depending on evaluation methods. As

the result of the apparent change of distribution of relaxation time of « process, the
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average relaxation time of o process over the frequency of thin films also change with
the film thickness. Apparent increase or decrease of T}, of polymer thin films would
occur compared to bulk and different thickness dependence of T, would be observed.
In fact, Sconhals et al. studied the dynamics of poly(methyl phenyl siloxane) (PMPS)
confined to nano porous glass by combing dielectric spectroscopy (DS), temperature
modulated DSC (TMDSC) and inelastic neutron scattering. In high frequency region,
bulk exhibited faster dynamics than that of confined PMPS, however bulk exhibited
slower dynamics that that of confined one in the low frequency region [11]. We sup-
posed that the broadening of relaxational time might be related to the contradictory
results from two different methods as to thickness dependence of Tj,.

Inelastic neutron scattering (INS) probes dynamics in relatively microscopic scale
(~A), hence dominant @ value or spatial scale by INS is very different from those
of other methods. In addition, strong ) dependence of relaxation time of o process
(1 ~ Q1) was observed for glass-forming polymer even in the time region investigated
by INS [12]. This implies that the average relaxation time would be also strongly
affected by spatial scale. The average @ value is at around 1 A~' in this INS mea-
surements and the spatial scale is equal to the thickness of thin film in ellipsometry
measurements, hence probed spatial scale differed much between the INS and ellipsom-
etry measurements. Therefore, it was supposed that different spatial scale affected the
average relaxation time of a process and the different thickness dependence of T}, by
two methods. This is a second possibility to explain the contradiction results.

Compared to neutron back scattering spectrometer (0 E ~0.001 meV), the energy
resolution of OSIRIS (§F ~0.025 meV) is not high and it indicates the low sensitivity
to dynamics of « process. Therefore OSIRIS needs higher temperature for the detec-
tion of o process than real one and about 40 K increase of T}, for 200 A thin film might
be related to the lack of energy resolution. Low sensitivity to a process with this INS
measurement might be related to the contradiction results by two different methods.

At present stage, we don’t know the appropriate explanation for the contradiction

of T, and more experimental investigations are needed in order to extract the final
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conclusion.

7.4 Conclusion

In this chapter, we have studied the glass transition of polymer thin films with in-
elastic neutron scattering, using relatively high energy resolution spectrometer, OSIRIS.
We observed another relaxational process in addition to the fast process and defined
the onset temperature of the relaxational process as T, from inelastic neutron scat-
tering because the onset temperature coincided to the glass transition temperature of
bulk. On the contrary to our expectation, 7, increased with decreasing film thickness
from the inelastic neutron scattering, and we observed totally different thickness de-
pendence of T, between the ellipsometry and inelastic neutron scattering measurements
under the same sample condition. At the present stage, we don’t have definite physical
picture in order to understand this contradiction, however we discussed three possible
reasons for the contradiction: the broadening of the distribution of the relaxation time,
the different spatial scales probed by the two methods, and the low energy resolution
of the OSIRIS measurements. More experimental investigations are needed in order to

extract final conclusion.
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Chapter 8

Distribution of (Glass Transition
Temperature (7;;) in Polystyrene

Thin Films

8.1 Introduction

The singularity of polymer thin films including 7, behaviour is understood in terms
of the heterogeneous structure of polymer thin film [1-5] and we have also reported that
polymer thin films are more heterogeneous than bulk from the point view of dynamics,
as shown in Chapter 6. As pointed out by de Gennes [6] “future experiments should
aim not at the determination of a single 7, but a distribution of 7,”. The notion of
multi-layer structure or distribution of 7}, in a thin film was confirmed by Torkelson et
al. experimentally using multilayer thin films including large fluorescent dye molecules
[7,8]. However, Torkelson et al. only focused on the temperature dependence of in-
tegrated intensity of fluorescence molecule, other factors like the annealing effect [9]
and/or inter-diffusion effect [10-12] were not discussed clearly in the work. In order to
reveal the mechanism of glass transition of polymer thin films in more detail, we have
to study the distribution of glass transition temperatures in the polymer thin films. In
this chapter, we study the distribution of 7, in polymer thin films using multi-layered
thin film by stacking hydrogenated PS (h-PS) and deuterated PS (d-PS) with neutron
reflectivity (NR). Neutron can discern h-PS layer and d-PS layer clearly due to the
difference of neutron scattering length density, hence we can evaluate Tj at a given

position. We can evaluate accurate thickness and roughness by NR, and we believe
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that NR can reveal another aspect of the glass transition of thin films compared to

fluorescence/multilayer method.

8.2 Experimental

We used hydrogenated polystyrene (h-PS) with molecular weight (M,,) of 7.69x10°
and molecular weight distributions (M,,/M,,) 1.18 and deuterated polystyrene (d-PS)
with molecular weight (M,,) of 7.31x10° and molecular weight distributions (M,,/M,,)
of 1.08, and we prepared d-PS/h-PS/d-PS tri-layered thin films. We chose relatively
high molecular weight for both h-PS and d-PS in order to minimize the inter-layer
diffusion effect. The bulk 7}, of both h-PS and d-PS were 376K, which was determined
by DSC. First we prepared a d-PS layer onto a 3 inch Si substrate by spin-coating
toluene solutions at 2000 rpm and dried in a vacuum oven at 343 K for 24 h after
drying in vacuum at room temperature for 2 days in order to remove residual solvent.
For the second film preparation, we conducted surface treatment of Si substrate in order
to remove thin films from Si substrate easily. We immersed a 4 inch Si substrate into
80/20 volume ratio solutions of concentrated HoSO4 (97%) and Hy042(34.5%) at 393 K
for 1h and rinsed with water and ethanol several times in order to remove HySO4/H504
solution [13]. Finally we can obtain a 4 inch Si substrate with hydroxyl surface. After
the surface treatment with HoSO,/H504 solution, we prepared h-PS layer onto the 4
inch Si substrate with hydroxyl surface by spin-coating toluene solutions at 2000 rpm.
Such prepared thin film (h-PS layer) was transferred from 4 inch Si substrate onto a
water surface and collected onto the first d-PS layer, which was already prepared onto
3 inch Si substrate. Collected h-PS/d-PS bi-layer was dried in the vacuum oven at 343
K for 24 h after drying in vacuum at room temperature for 2 days in order to remove
residual solvent. Using the similar procedure, we could obtain d-PS/h-PS/d-PS tri-
layer thin films. After making d-PS/h-PS/d-PS tri-layer, we annealed this thin film
at 365 K that is about 10 K below bulk 7}, for 12 h in order to minimize the effect of
inter-layer diffusion between h-PS layer and d-PS layer.

The neutron reflectivity measurements were done with MINE-II reflectometer [14]
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installed JRR-3M reactor, Tokai and the measurements were performed at several
temperatures from 298 K to 403 K in a vacuum cell. In order to avoid the inter-
diffusion between different layers especially above T}, data acquisition times at a given

temperature were limited to 1.5 h.

8.3 Results and Discussion

Figure 8-1 indicates the reflectivity at several temperatures obtained from d-PS/h-
PS/d-PS tri-layer. If the severe inter-diffusion between different layers occurred, the
fringes disappeared due to the large roughness between layers [10-12]. In this exper-
iment, the fringes were clearly visible even above bulk 7}, indicating that the inter-
diffusion was depressed in the experimental time scale. The reflectivity profiles were
analyzed with the formula derived by Parratt [15]. Figure 8-2 indicates the results of
fit with a three-layer model at 298 K and 403 K and inset indicates the depth pro-
file of neutron scattering length density. The agreements of the fits are very good for
both temperatures, indicating that the three-layer model is appropriate to describe
the obtained reflectivity profile from d-PS/h-PS/d-PS tri-layer both above and below
bulk T,. Using a simple three-layer model, we have evaluated the film thickness and
roughness at each temperature. First we examined the temperature dependence of
the total film thickness, which was obtained by simply adding the thickness of each
layer in Figure 8-3. With increasing temperature from 298 K, the total film thickness
increased, which was supposed to be caused by the thermal expansivity in glassy state.
However, the total film thickness began to shrink above 388 K on the other hand,
indicating the occurrence of so-called negative expansivity. Orts et al. first reported
the negative expansivity of polymer thin films thinner than 250 A by XR and Kanaya
et al. reported that the negative expansivity in glassy state was mainly caused by the
unrelaxed structure due to the lack of annealing [9,16]. In this experiment, we have
annealed the stacked thin film below bulk 7} in order to avoid the inter-layer diffusion
as much as possible, therefore the structural relaxation was not enough. Kanaya et al.

also reported that the T}, value was not affected regardless of annealing condition even
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in the case of below T}, [9]. We tried to evaluate T} of the stacked film from Figure 8-3,
the intersection of solid lines was located at around 378K. The evaluated T}, value was
almost the same as T}, evaluated from DSC (~376 K) and reported 7}, value of thin PS
films with similar thickness was not so different from the bulk value [2,3]. Therefore,
we could estimate T}, from the temperature dependence of thickness in spite of the
negative expansivity. Next, we examined the temperature dependence of thickness
of each layer (h-PS or d-PS layer) independently as shown in Figure 8-4. The top,
middle and the bottom figures correspond to the surface d-PS layer, the middle h-PS
layer and the bottom d-PS layer at the Si substrate, respectively. The temperature
dependence of thickness of the middle h-PS layer and the bottom d-PS layer was similar
to that of total film thickness, showing negative expansivity. The surface d-PS layer
also exhibited small negative expansivity, however the slope is not so large compared
to other two layers and the onset temperature of negative slope of the surface layer
seemed to be lower than those of other two layers. We have already shown that the
decrease of T, with thickness was caused by the high mobility of the surface layer
in Chapter 3 and the layer near the substrate has lower mobility than that of bulk in
Chapter 6. Although we don’t have the physical picture to understand this behavior at
present stage, we supposed that these observations might be related to the mobility of
each layer and the different mobility of each layer affected the structural relaxation. In
order to confirm this supposition, we have to study the annealing effect on multi-layer
thin films clearly. From the intersection of the solid lines shown in Figure 8-4, we have
evaluated T} of each layer and the evaluated Tj of each layer from the top to bottom
is 363 K, 390 K, and 383 K, respectively. Certainly, T, of the middle layer and the
bottom layer are higher than that of surface layer and this indicated the heterogeneous
structure of polymer thin films. Tanaka et al. also reported that 7, at the solid/polymer
interface was higher than that of bulk 7}, by fluorescence lifetime measurement using
evanescent wave excitation [17]. First we assumed that 7, monotonously increased
with approaching to the substrate, however Tj of the middle h-PS layer is the highest

among three layers. Though the definite answer is unknown at present stage from
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this data only, the annealing effect or other factors might be concerned. Figure 8-5,
we showed the temperature dependence of roughnesses in order to analyze the thermal
behvaiour in more detail. The roughness at the interface between the surface d-PS layer
and the middle h-PS layer (d-PS/h-PS interface) is much larger than that between the
middle h-PS layer and the bottom d-PS layer (h-PS/d-PS interface), reflecting the
higher T; of the bottom d-PS layer than that of the surface d-PS layer. If each layer
has the same glass transition temperature, such an asymmetry of roughness would
not be observed. The difference of Tj, of each layer is related to the difference of the
roughness.

Finally, we estimated the root of mean square displacement of center of mass
(v/< r2 >) for the evaluation of inter-layer diffusion effect. We assumed that the inter-

layer diffusion was mainly caused by reptation, hence we used the below relation

V<rt>=./6Dt/3=2Dt, (8.1)

where ¢ is annealing time and D is bulk-diffusion diffusion constant D [10]. Compared
to the calculated v/< r2 >, the roughness at the interface between the surface d-PS
and the middle h-PS exhibited similar value. On the other hand, the roughness at
the interface between the middle h-PS and the bottom d-PS was much smaller than
V< 12 > from reptation. It was supposed that the reduced mobility of polymer chain
of the bottom d-PS layer compared to that of the surface d-PS layer might be related

to the present result.

8.4 Conclusion

In this chapter, we have evaluated the distribution of 7, in a polymer thin film
using tri-layer stacked thin film. Due to the lack of annealing, the negative expansivity
was observed, however the evaluated T value from the total film thickness was not so
different from the value evaluated from DSC. Therefore we evaluated T}, of each layer
from the temperature dependence of the thickness. Tj of the surface layer was lower
than that of bulk, and 7} from the middle layer and the bottom layer were higher than

that of bulk. Although we have to consider the annealing effect of multi-layer thin films
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clearly, we could roughly withdraw the distribution of 7} in the thin film. The interface
roughness between the bottom d-PS layer and the middle h-PS layer was much lower
than that between the middle h-PS layer and the substrate d-PS layer. This data
would be related to the difference of T} of each layer, supporting the heterogeneous

structure of the polymer thin film.
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Summary

This thesis includes studies on dynamics of polymer thin films by inelastic neutron
scattering. The contents of the respective chapters are summarized below.

In Chapter 1, the author gave a brief summary of glass transition phenomenon and
reviewed the previous works on glass transition of polymer thin films to show a basis
of the studies in this thesis.

In Chapter 2, the fundamental theories of neutron scattering were described, mainly
focusing on inelastic and quasielastic scattering, and the principles and the perfor-
mances of the spectrometers used in this thesis were explained.

In Chapter 3, effects of Al on T of polystyrene thin films have been studied using
ellipsometry. It was found that the decrease of T}, with thickness was for Al deposited
substrate, and thickness dependence of T, was very similar with that obtained from
X-ray reflectivity with Si substrate. It was supposed that weak interactions between
polystyrene and Al might be concerned for this result.

In Chapter 4, the glassy dynamics of polymer thin films have been investigated
with inelastic and quasielastic neutron scattering methods. We found that decrease
of < u? > with film thickness. In order to understand the decrease, we also analyzed
the inelastic and quasielastic scattering data. As for the inelastic scattering, we stud-
ied the low energy excitations so-called Boson peak of thin films. No significant peak
shift of boson peak has not been observed regardless of thickness, however the inelastic
scattering intensity decreased with film thickness. As for the quasielastic scattering
data, we focused on the local relaxation so-called fast process. The relaxation time of
fast process has not been affected by thickness and only the scattering intensity de-

creased with thickness. Similar thickness dependence was observed for the Boson peak
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and the fast process, suggesting a common physical origin of both dynamics. In order
to interpret these experimental results, we assumed two possibilities: one is a spatial
confinement effect and the other is an interfacial effect. Considering the obtained ex-
perimental results, the interfacial layer is supposed to be a candidate for the decrease
of mobility with thickness.

We observed the decrease of mobility with thickness and assumed two possibilities
in the former chapter. In Chapter 5, in order to draw a final conclusion, we studied the
molecular weight dependence of < u? > with the same film thickness, indicating the
change of degree of spatial confinement. Any significant M, dependence of < u? > has
not been observed within the error, implying that the interfacial layer is the dominant
factor for the decrease of mobility. Such an interfacial layer is supposed to be formed
by the orientation of polymer chain near the substrate.

In Chapter 6, the anisotropic and heterogeneous dynamics of polystyrene thin films
have been studied, using a high () accessible spectrometer. As for the anisotropy, we
could not observe dynamical anisotropy for the 1000 A thin film, but for the 200 A thin
films. The mobility in the perpendicular direction to the surface is higher than that
in the parallel direction, and these results were also explained by the hard interfacial
layer. We also evaluated the dynamical heterogeneity using the notion of non-Gaussian
parameter Ag. We found that Ay value increased with film with decreasing thickness,
indicating the increase of heterogeneity with decreasing thickness. Assuming a simple
bi-layer model that is constructed of bulk and interfacial layers, the experimental re-
sults were well described and we found that the interfacial hard layer was 130 A thick.

In Chapter 7, we studied the glass transition of polystyrene thin films using a rela-
tively high energy resolution spectrometer with an energy resolution of 0.025 meV, and
T, evaluated from the temperature dependence of mean square displacement < u? > in-
creased on the contrary to our expectation. The totally different thickness dependence
of T, was obtained from two different methods: ellipsometry and inelastic neutron
scattering. We assumed that the broadening of the relaxation time in the a process,

which is directly related to glass transition, might be concerned. The second possibility
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is the different spatial scales probed by two methods and the third possibility is related
to the low energy resolution of the OSIRIS measurements.

In Chapter 8, we studied the distribution of 7} in polystyrene thin films using a
tri-layer stacked film of d-PS/h-PS/d-PS by neutron reflectivity. From the temperature
dependence of the thickness of each layer, we evaluated T} of each layer and found that
surface Ty is about 15 K lower than that of bulk 7}, and the T} of the bottom layer is
about 5 K higher than that of bulk and we could also confirm the heterogeneous distri-
bution of Tj of polystyrene thin films from the temperature dependence of roughness

of each layer.
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