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Abstract

In the present thesis, the alignment of PS-coated maghemite (v — FeyO3) nanoparticles
(NPs) within varied diblock copolymer (DBC) templates was investigated with regard
to potential magnetic applications. The main focus lies on the effects of several control
parameters on the morphology of the nanoparticles-diblock copolymer hybrid films, in-
cluding the type of DBC, the thickness of the films, and the concentration of incorporated
NPs. On a wide range of length scales microscopic imaging and scattering techniques pro-
vide a thorough understanding of the surface and inner structures of the films, which are
compared to their corresponding magnetic properties. The depth profiles of films are
probed for selected hybrid systems employing Time-of-Flight neutron scattering. The
versatile structures of all investigated NPs-DBC hybrid film systems are tuned using dif-
ferent treatment procedures and environmental conditions driving the film preparation.
These variations lead to different arrays of NPs and thus result in different magnetic
properties. Thereby, the present thesis introduces several possibilities to establish diverse

nanostructures for different potential applications.

Zusammenfassung

In dieser Dissertation wird die Ausrichtung von PS-beschichteten Maghemit (v — FexO3)-
Nanopartikeln (NPs) innerhalb verschiedener Diblockcopolymer (DBC) Template hin-
sichtlich potentieller magnetischer Anwendungen untersucht. Hierbei liegt ein besonderes
Augenmerk auf dem Einfluss verschiedener experimenteller Parameter auf die Morpholo-
gie der NPs-DBC Hybridfilme, wie beispielsweise dem Typ des verwendeten DBC, der
Filmdicke und der Konzentration eingebauter NPs. Auf verschiedenen Groéfienskalen
ermoglichen Mikroskopie- und Beugungsmethoden ein tiefgreifendes Verstandnis der Struk-
turen an der Oberfliche sowie im Inneren der Filme, welche wiederum mit den mag-
netischen Eigenschaften verglichen werden. Die Filmtiefenprofile ausgewahlter Hybridsys-
teme werden durch Verwendung von Flugzeit Neutronenstreuung erforscht. Die vielfalti-
gen Strukturen aller untersuchter NPs-DBC Hybridfilme werden optimiert, indem ver-
schiedene Bearbeitungsverfahren und Préparationsbedingungen wahrend der Herstellung
der Filme variiert werden. Diese Verdnderungen fithren zu verschiedenen Anordnungen
von NPs und somit zu verschiedenen magnetischen Eigenschaften. Damit fithrt die vor-
liegende Arbeit mehrere Moglichkeiten ein, verschiedenartige Nanostrukturen fiir unter-

schiedliche Anwendungsgebiete herzustellen.
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Chapter 1

Introduction

Hybrid nanocomposites, comprising a block copolymer (BC) structural template and in-
corporated inorganic functional nanoparticles (NPs), have attracted great interests due to
the considerable potential of tailoring their properties for plentiful applications. The in-
corporation of versatile functional NP fillers endows the hybrid nanocomposites with spe-
cific advantageous optical, mechanical, electric, thermal, or magnetic properties, rendering
them interesting materials for many fields of applications, such as sensors, packaging, pho-
tonic band gap materials, solar cells, spin-dependent electron transport devices, thermo-
plastic resins, thermo-responsible materials, high-frequency loss-free switching, biomedical
imaging, medical diagnosis and therapy, catalysis, drug delivery, and high-density mag-
netic storage devices. [1-24]

In general, the superiority of NPs originates from their physical and chemical properties
due to the large ratio of surface area to volume. [25] Particularly, maghemite (v-Fe2Os3)
NPs have the potential applications in medical field and magnetic data storage device.
Compared to bulk magnetic material, the low magnetic remanence and coercivity of the
magnetic NPs are typically beneficial. [26]

It has been widely investigated that periodic ordered templates in nanoscale can be es-
tablished via self-assembly microphase separation of diblock copolymers (DBCs), which
consist of two chemically incompatible blocks linked by a covalent bond. By selecting dif-
ferent chemical blocks, changing their molecular weights, and tuning the polymer block
ratios, versatile morphologies of spheres, cylinders, gyroids, and lamella can be fabricated
with a characteristic length scale ranging from 10 to 100 nm. [27-29] For DBC thin films,
besides the microphase separation induced nanostructures, the orientation with respect
to the film/air interface, which can be parallel, perpendicular, or randomly arranged, is
crucial for practical applications as well. Therefore, producing an appropriately oriented,
highly periodic ordered DBC matrix is of the most interest for fabricating well defined
NPs-DBC hybrid nanocomposites. [30,31]
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The control of the NP arrays within the provided DBC template is a challenge for our
targeted NPs-DBC nanopatterns. It can be realized by combing a guiding DBC ma-
trix [32,33] and an external field force, such as an electrical field [34,35] or a magnetic
field [36-38], which profits the desired structures.

The finalized morphologies are equilibrious results of the joint interplays, including en-
thalpic and entropic interactions between DBC blocks, between NPs, and between DBC
to NPs. [39,40] Normally, Using several different approaches, such as vapor deposition,
plasma deposition, electrophoresis, dip-coating, and wet coating, can help control the ar-
rangement of the NPs inside the DBC matrix to some extent. [41] Particular interests are
wet chemical approaches, which use ink-type mixtures of NPs and DBCs, and allow for
large scale fabrication methods such as printing or spray coating. [42] A prerequisite of
the approach is the use of functionalized NPs to promote a preferential affinity to one
of the DBC blocks. [43] Properly functionalized NPs exhibit an enthalpic driving force
for the selective deposition of the NPs inside one domain of the microphase separated
structure during the self-assembly process of the NPs-DBC mixture. [44,45] Moreover,
self-aggregation of the NPs in polymer phase can be prohibited to a certain degree with
such proper coating. [46]

Several studies on the magnetic NP arrays within homopolymers have been demonstrated
previously. [47,48] Compared to homopolymers, DBCs enhance the complexity of the sys-
tem structure and the formation of hierarchically ordered structures. Moreover, a DBC
template incorporated with magnetic NPs allows for creating diverse morphologies. [49,50]
On one hand, the versatile ordered nano-patterns for the arrangement of the NPs can be
provided by guiding DBC templates. [51] On the other hand, the fundamental DBC mor-
phologies can be also modified by the incorporated NPs due to a change of the free energy
density. [52] Related investigations have been reported in literature. For example, Lo et
al. have studied that NPs were well-dispersed in ordered PS domains in case the ratio
of the NP diameter, d, to the PS domain size, D, fulfills d/D < 0.3. [53] When the NP
size equals or is bigger than the domain size of the DBC, a phase transition of a lamella
to a cylinder morphology was found. [53] Zhang group reported that poly(ethylene ox-
ide) (PEO)-functionalized CdSe nanorods were successfully assembled into the channels
and pores in varied polystyrene-block-polymethyl methacrylate (PS-6-PMMA) DBC tem-
plates, Because the surface of the nanorods are covered with PEO ligand. However, other
alkane-covered CdSe nanorods cannot be compatible with this assembly process. [54] Fur-
thermore, the comprehensive effects of the surface modified NPs on the morphology of self-
assembled polystyrene-block-poly 2-vinylpyridine (PS-6-PVP) DBC, including nanorods
length, NP size, NP concentration and molecular properties of DBC, were systemati-

cally investigated by the Lo group. [46,53,55] For a similar hybrid system, the magnetic



pyridine-grafted FeoP nanorods, at short rod lengths, are selectively deposited into PVP
domains because of the preferential interaction between pyridine-tethered nanorods and
PVP, and they align parallel to the interfaces between PS and PVP domains. However,
extensive rod aggregation and macrophase separation appear with long lengths and high
nanorod concentration. [55]

The following Chapter 2 briefly presents important fundamental theoretical backgrounds
related to this thesis, which mainly consist of polymer, magnetism, and scattering basics.
The later Chapter 3 describes all employed experimental techniques in this thesis. Surface
profilometry and X-ray reflectivity (XRR) have been used to examine the film thickness.
The surface topography has been imaged with scanning electron microscopy (SEM) and
atomic force microscopy (AFM) on a small area in nanometer or sub-micrometer scales.
In addition, optical microscopy (OM) also has been employed for measuring large re-
gions with micrometer scale. Grazing incidence small-angle x-ray scattering (GISAXS)
and time-of-flight mode grazing incidence small-angle neutron scattering (TOF-GISANS)
have been applied as the most important characterization technique for probing the inner
nanostructures located underneath the surface over a large illuminated area. Besides, the
chemical identity and the size of the employed maghemite NPs have been determined
with Mossbauer, x-ray diffraction (XRD) and small-angle x-ray scattering (SAXS) mea-
surements. The normal sample preparations are described in Chapter 4. Other specifics
of the investigated samples are detailed in the beginning of the corresponding result and

discussion chapters.

In the present thesis, the investigations mainly focus on the effect of NPs concentra-
tion on the morphological evolution of the metal-oxide NPs-DBC hybrid films and the
corresponding magnetic properties. The thorough understanding of basic principle is of
most important for the realization of highly ordered, well oriented NP arrays. In Figure
1.1, a schematic representation summarizes all the hybrid film systems investigated in this
thesis. All the related questions arise whether it is possible to control the arrangement
of NPs via an easy low-temperature, low-energy cost process by combining the methods
of self-assembly, microphase separation of DBC and wet-chemical surface modified NPs.
On the route to achieve the desired morphologies of hybrid films, several important ques-
tions need to be figured out. What is the critical NP concentration for the formation of
NP-aggregates? Can the structures originated from microphase separation remain, when
any NP-aggregate exists? Is there a correlation between any interfaces, e.g., the interface
of film/substrate, film/air, NP-aggregate enrichment layer/substrate, and NP-aggregate
enrichment layer/air? Is there a limit of the NP incorporation? In particular related to
applications: What is the interrelation between the established structures and the mag-

netic properties? All these questions are addressed in the Chapter 5, 6, 7 and 8 for four
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Figure 1.1: Overview about different hybrid film systems investigated in the present thesis:

films with structures of (a) a perforated lamella with an enrichment layer and (b) a parallel
lamella, which are containing maghemite NPs created via self-assembly of PSd-6-PBMA DBC
with respective preparation method, (c) nano- and micro-structures of magnetic field guided
maghemite NPs in PS-b-PMMA DBC films, and (d) arrangement of maghemite NPs via wet
chemical self-assembly in PS-6-PNIPAM DBC films.



different hybrid film systems (in Figure 1.1). Chapter 5 (in Figure 1.1a) and Chapter
6 (in Figure 1.1b) represent two types of films with structures of a perforated lamella
with an enrichment layer and a parallel lamellar, which contain maghemite NPs created
via self-assembly of PSd-b-PBMA DBC with respective preparation method. Chapter
7 (in Figure 1.1c) mainly focuses on the nano- and micro-structures of magnetic field
guided maghemite NPs in PS-0-PMMA DBC films. Chapter 8 (in Figure 1.1d) shows the
arrangement of maghemite NPs via wet chemical self-assembly in PS-0-PNIPAM DBC
films.

The thesis ends with a concise summary and a short outlook in the Chapter 9.






Chapter 2

Theoretical aspects

The investigated systems are used for magnetic related applications, e.g., high-density
magnetic memory devices and magnetic sensors. The aimed functionality is in a close
relation to the structural properties. Our goal is to investigate the nano-morphology of
DBC films with incorporated ~v-Fe;O3 NPs. For this purpose, the involved theoretical
background of the experiment investigations and interpretations are presented in this
chapter. In the first section, the polymer basics are described with the focus on microphase
separation of DBC. Afterwards, basic magnetic properties are addressed with emphasis
on superparamagnetic behaviors. For the investigation of inner film structure, the final
section introduces a crucial aspect of x-ray and neutron scattering mainly emphasizing

on the grazing incident scattering techniques.

2.1 Polymer

As mentioned in the introduction chapter, the control of arrangement of maghemite NPs
mainly relies on the highly periodic ordered DBC templates. Such ordered structures orig-
inate from microphase separation of DBC. Therefore, the understanding of the polymer
basics in both physics and chemistry aspects are presented in Section 2.1.1, since they are
essential to fabricate the targeted nanostructures. Remarks on microphase separation of
DBC are presented in Section 2.1.2. The most practical film regime of DBC regarding
interface-induced preferential polymer block segregation is described in the final Section
2.1.3.



8 Chapter 2. Theoretical aspects

2.1.1 Polymer basics
General definitions of polymer

In Greek, the meaning of poly and meros is many and part, respectively, which interprets
that the polymer is a large molecule consisted of a large number of identical basic repeating
units. The units are named monomer and are typically connected together by covalent
bonds. [56] The commonly used International Union of Pure and Applied Chemistry
(IUPAC) regulation defines that polymer is a substance composed of macromolecules.
A macromolecule is a molecule having high relative molar mass, the structure of which
essentially comprises the multiple repetitions of units derived, actually or conceptually,
from molecules of low relative molecular mass. [57] Generally, molecules are classified

according to their molecular mass, My, as below: [58]

« micromolecule: My, <1000 g/mol
o oligomer: 1000 < My, < 10000g/mol

 polymer macromolecule: My, >1000 g/mol

Polymer is artificially synthesis by a so-called polymerization process, which is a chem-

ical reaction to covalently bind monomers in order to form a long chain-like molecule, as
A+A+A .. = AAA. .. (2.1)

Since there is no possibility to obtain just one defined chain length of the polymer with an
absolutely identical degree of polymerization, but always with statistical information, all
the definitions regarding polymer are with respect to statistics. The number of repeated
monomeric units in a single polymer chain or a macromolecule is defined as degree of
polymerization, denoted N. Due to the presence of different degree of polymerization,
the most accurate molar mass of polymer can be described by a molar mass distribution
function. In case certain polymer sample contains macromolecules of n moles, the total
weight of the polymer is w. For the component 7 (1 < 7 < n), the molar mass, the number
of macromolecules, and the weight are M;, n;, and w;, respectively. The relations of them

are given as following:
Zni =n (2.2)
Zwi =w (2.3)
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However, the average molar mass is more commonly used. Here simply introduces two
widely accepted definition of average molar mass. Firstly, the number average molar mass

is defined as:

— 2 niM;
M, = 2.5
S (2.5)
The other commonly used weight average molar mass is defined as:
— i« M; i M

v Swi Yng . M;

Besides, another important parameter of polydispersity (denoted P), which defines the
width of the distribution, is in relation to both mentioned average molar mass and is

described as:

P = =U+1 (2.7)

55

where P is the polydispersity index and U is the inconsistency. Both of P and U char-
acterize the width of the distribution function. The polydispersity of polymers strongly
depends on the polymerization process. Since all artificial synthesized polymers are poly-
dispersed, P is always >1. The monodisperse (P = 1) behavior can be only found in
natural or biopolymer regions, e.g., proteins and enzymes. For normal industrial appli-
cations, the control over narrow polydisperse distribution is not quite strict since the
production of polymers with small polydispersity requires high cost investment. How-
ever, a narrow distribution is essential for scientific investigations, because the change of

molecular weight has a large effect on properties of employed polymers.

Constitution, configuration and conformation

As mentioned in last section, polymers are built up with a great number of small, chemi-
cally bonded monomers. For a better understanding of the polymers, more knowledge of
monomer and polymer are required. They are presented here: constitution, configuration
and conformation of polymer chains.

The constitution of a polymer describes the type and the order of the monomers’ ar-
rangement in the backbone chain, which presents the molecular architecture. For clarity,
selected typical simplified formulae of different types of polymers are shown in the Figure
2.1. In the case of only one type of monomer involving, the polymer is defined as ho-
mopolymer (Figure 2.1a), e.g., Polystyrene (PS) and Polymethyl methacrylate (PMMA).
In the case of more than one type of monomers including, the resulting polymer is defined

as copolymer. There are several different possibilities for the architecture of copolymers.
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When monomers randomly distributed among a polymer chain, such copolymer is called
random copolymer (Figure 2.1b). If monomers alternatively distributed, it is called alter-
nating copolymer (Figure 2.1c). In case long sequences well-defined numbers of different
monomers (homopolymer) are bonded together in block style, the resulting copolymer
is called block copolymer. When there are two different monomer blocks involved in
block copolymer, it is called diblock copolymer (Figure 2.1d) and written as polyA-
block-polyB, denoted PA-b-PB, e.g., polystyrene-block-poly(methyl methacrylate), PS-
b-PMMA |, polystyrene-block-poly(n-butyl methacrylate), PSd-6-PBMA, and polystyrene-
block-poly(N-isopropyl acrylamide), PS-0-PNIPAM, which are investigated in the present
thesis. In the case of three blocks involved, the resulting block copolymer is called triblock

copolymer (Figure 2.1e).

@) A-A-A-A-A-----A-A-A-A-A

(b) A-B-A-A-B-----B-B-A-A-A

c) A-B-A-B-A-----B-A-B-A-B

d) (A-A-A---A-A)m-(B-B----B-B-B)n

e) (A-A-A---A-A)m-(B-B----B-B-B)n-(C-C----C-C-C)x

Figure 2.1: Formulae of (a) homopolymer, polyA, (b) random copolymer, polyA-ran-polyB,
(c) alternating copolymer, polyA-alt-polyB, (d) diblock copolymer, polyA-b-polyB, and (e) tri-
block copolymer, polyA-b-polyB-b-polyC. The red, blue and green represent different types of

monomers.

The configuration describes the spatial location of side groups with respect to the
polymer main chain. This geometrical architecture resulted from the arrangement of
atoms is determined by chemical bonds, which can only be changed when chemical bonds
are broken or reformed. The side groups can be atoms or molecules with free bonds, e.g.,
O, H, S, benzen, etc. For the carbon-carbon double bond (-C=C-), there is no possibility
to change its configuration, because the rotation around double bond cannot be realized.
The properties of polymers are greatly influenced by the regularity and the symmetry of
the side groups. When side groups are on the same side of a double bond, the resulting
configuration is called cis; In contrast, the trans configuration arises when the side groups
are sited on the opposite sides of the double bond. The orderliness of the succession of
configurationally repeating units in the polymer main chain is defined as tacticity, which

is an important factor in polymer thermodynamics. [59] If the repeated monomeric units
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are always arranged in the same order, the resulting configuration is called isotactic (in
Figure 2.2a); When the position of them regularly locates at alternative sides of the main
chain, the corresponding configuration is called syndiotactic (in Figure 2.2b); If they are
arranged in a totally random order, the configuration of atactic is obtained (in Figure

2.2¢). Figure 2.2 shows the schematics of these different polymer configurations.

: S
(C) \/..\/\:\o/..\;.\
IS SR (SR

Figure 2.2: Schematics of polymer configurations of (a) isotactic, (b) syndiotactic, and (c)
atactic. The blue solid spheres represent the carbon atoms connected by double bonds, which
functions as a polymer main chain. The red solid spheres represent side groups. Image modified

from reference [60].

The order resulted from the rotation of molecules with respect to the single bonds
is defined as conformation, which brings the diverse construction of a complete polymer
chain because the rotations around carbon-carbon single bond are well possible. For the
single bond, thermal fluctuation of the length and offset angle are small at room temper-
ature. However, the surrounding of the polymer has effects on the chain conformations.
For examples, in a good solvent, open chain conformation (with more stretched chains)
can be achieved because the Gibb’s free energy favors the mixing of solvent and polymer;
In contrast, in a bad solvent, tightly coiled conformation (with Gaussian-like coils) is
obtained since the Gibb’s free energy favors phase separation between solvent and poly-
mer. Therefore, the selection of appropriate solvent to the investigated polymer is crucial.

Based on the potential energy as a function of torsional angle, three typical conformations
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are observed: trans, gauche +, and gauche -, as depicted in Figure 2.3. Torsion angle

describes the angle of rotation offset from the trans-conformation.

potential energy (Kcal.mol?)

Gauche Gauche

-120° Y +120°
1 - 3 I I - 1 )

-120 0° 120

torsion Angle (° )

Figure 2.3: Potential energy of different conformations as a function of torsional angle. Image

modified from reference [61].

The glass transition temperature

The glass transition temperature, denoted T}, is one of the most important physical
characterized temperature for the investigated amorphous polymers in current thesis. 7T}
describes such a critical transitional temperature, above which the polymer starts to be-
have like the soft rubber; below which the polymer starts freezing like the hard glass. [59]
The commonly used examined method for 7T}, is differential scanning calorimetry (DSC).
The distinct polymer transition between glassy and rubbery state can be interpreted with
two different theories: free-volume theory and molecular theory. [62] The free-volume the-
ory describes: when the conformation of polymer backbone deforms, there are extra free
spaces squeezed out for setting in other molecular segments. When the temperature is

well above Ty, molecular segments can be reorganized so that the free volume is reduced.
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In contrast, when the temperature is lower than 7}, the movement of molecular segments
becomes rather slow and can be considered as a frozen state with respect to the experi-
mental time-scale, so that they act like a solid. Based on the other molecular theory, with
the temperature well above T}, the polymer segments have plenty of mobilizable freedom
to reach all possible conformation via the rotation around flexible single bonds; when the
temperature is lower than 7,, polymer segments are frozen as pre-established states, so
that they behavior like a glassy solid. In a word, T, can be considered as a characteri-
zation that describes the melting degree of freedom for the polymer. [59] Since heating
annealing is a widely used post-treatment method to equilibrate the polymer morphology,
the determination of the temperature for heating annealing is essential. The equilibration
process requires the polymer in a mobile state thus, the heating temperature must be
higher than the T of the employed polymers, but it also shouldn’t be too high to destroy
the pre-established ordered structures.

Several factors, including molar mass, chain branching, degree of crosslinking and struc-
tures of repeating unit, the presence of side groups and their size, length and tacticity,
etc., influence the T of polymers. Based on the well acknowledged Flory-Fox relation-
ship, [63] T, of a polymer blend can be calculated from the T, of individual, pure polymer
components and their corresponding volume fraction, which is represented in Equation
2.8 :

9 g g

where ¢4 and ¢p represent the volume fraction of component A and B in the entire
polymer, respectively, T;‘ and 7T f represent the T}, of pure polymer A and B components,
respectively. In current thesis, the Equation 2.8 is applied to estimate the approximate
T, of the investigated DBCs with leaving out of the consideration regarding the chemical

bond between two blocks.

2.1.2 Phase separation

The behavior of the phase separation has been interpreted in this section based on several
text books. [59,64,65] For a polymer blend consisting of two different homopolymers, the
behavior of either phase separation or a homogeneous mixture will be observed in the
case of the different miscibility of homopolymers, which can be explained with Gibb’s
free energy. [64,65] Here, a mean-field theory regarding polymer blends was introduced
by Huggins and later was developed by Flory. [64,65] It defines the interaction of a single

body and its external field, which summarizes all the interactions from the else bodies, to
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replace the theory of many-body interactions with a more complicated system. According
to thermodynamics, the change of Gibb’s free energy (AG) describes the condition of

miscibility, which consists of enthalpic and entropic components:
ANG=AH-TAS (2.9)

where A H is the enthalpy, T is the temperature, and AS is the entropy. AS originates
from a lattice model, in which every site of the lattice can only be engaged once. For a
blend consisting of two polymers (polymer A and polymer B), based on the construction

of the former Flory-Huggins theory, the Gibb’s free energy was developed to

AG,, = RT(ji;;lnqﬁa i ji?bzmb T xbuds) (2.10)
R = kpNa (2.11)

Where R is the gas constant, kg is the Boltzmann’s constant, N, is the Avogadro’s
number. In Equation 2.10 , ¢, and ¢, represent the volume fraction of polymer A and B,
and N, and N, represent the degree of polymerization of polymer A and B, respectively.
The first two components in Equation 2.10 describe the entropic contribution. Moreover,
the enthalpic contribution is written in the last part, which includes the interaction be-
tween polymers via employing the Flory-Huggins interaction parameter y. Further, y

also can be distributed to entropic (ys) and enthalpic (xy) parts:

X = Xs + XTH (2.12)

In case a symmetric blend consists of two polymers A and B with equal degree of
polymerization, N, = N, = N, a theoretical phase diagram is predicted as shown in
Figure 2.4.

The presence of phase separation happens thermodynamically, with the minimization
of the Gibb’s free energy. Therefore, the status of a polymer blend, either a homogeneous
blend or a phase separation, is determined by the minimization of the Gibb’s free energy.
In Figure 2.4 , the binodal (indicated with solid curve) describes the boundary between
a homogeneous blend and a phase separation region. The critical value of x is provided
with the second derivative of AG,, (Equation 2.10 ):

Xe = (2N,) (1 + ﬁ) (2.13)
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Figure 2.4: Phase diagram of a symmetric polymer blend of two polymers A and B with equal
degree of polymerization N, = N, = N at different xN. (i) a homogeneous polymer blend,
(ii) a metastable and (iii) an unstable phase separated polymer region are indicated. The solid
curve and dashed curve are the binodal and spinodal, respectively. The solid dot is the critical

point. Image taken from reference [59].

Besides, in case the polymer blend consists of two polymers A and B with unequal degree
of polymerization, N, # N,, an asymmetric phase diagram is arisen. Either nucleation
and growth, or spinodal decomposition can direct to the demixing process of polymer
blends. [59,66]

Microphase separation behavior of DBC

For the diblock copolymers consisted of two chemically incompatible polymer blocks and
connected with a chemical covalent bond, the new average material characteristics bene-
fited from the advantages of the both blocks are arisen. Although the repulsive interaction
between the chemically different blocks intends to lead them to segregate, the strong chem-
ical bond prevents them from a demixing and macro-phase separation. As a compromise,
a characteristic separation occurs to DBCs with a domain size in a mesoscopic scale, which

mainly depends on the lengths of the both blocks. Since all segregated domains possess a
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homogeneous dimension, they can form a periodic manner fabricating ordered mesoscopic

structures. Such resulted characteristic separation is called microphase separation.

cylinders

gyroid

spheres

lamellae

increasing f,

— N

spheres

gyroid
cylinders

Figure 2.5: lllustrations of the typical equilibrium morphologies created via microphase separa-
tion in DBC systems with the increase of the volume fraction of the block A. Image taken from
reference [67, 68].

Bates et al. first reviewed the theoretical prediction and experimental results of the
microphase separation behavior in BC systems. [69] The typical equilibrium morphologies
created via microphase separation in DBC systems are shown in Figure 2.5. Depending
on the volume fractions of the polymer blocks, different types of mesoscopic structures are
created. For instance, for a DBC PA-b-PB, the volume fraction of the block A is defined

as:

Na

S S 2.14
N4+ Ng ( )

Pa

While, the volume fraction of block B is ¢, = 1- ¢,.
At N, < N, (around f4 <0.17), a body-centered cubic morphology with spherical A do-
mains arranged inside a continuous B matrix prefers to form; at 0.17 <f4 <0.3, a hexagonal

array with cylindrical A domains arranged in a continuous B matrix is created; at f4 &~
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0.5, the length of both blocks are sufficient to be spaced in a lamellar geometry with alter-
native arranged sheet A and B domains. In particular, a bicontinuous gyroid morphology
with gyroidal A domains interpenetrating a B matrix occurs. As the f4 further increases,
the similar morphologies are shown inversely. These diverse morphologies are attributed
to the compromise between several factors: enthalpic penalty at interfaces between block
domains, entropic penalty associated with localized junctions between blocks at interfaces

and configurational entropy of chains.

To some extent, the behavior of a DBC system has an analogy to a binary polymer
blend, where either a homogeneous phase or microphase separation can be found. How-
ever, the most intrinsic difference between them is: there are two individual components
in a binary polymer blends, but only one component presents in DBC systems. Therefore,
the solid line in the phase diagram of the binary polymer blends (Figure 2.4 ), which shows
the phase boundary between a homogeneous mixture and phase separation, includes no
information regarding the internal composition. The transition of an ordered phase sepa-
rated domains to a disordered homogeneous mixture is defined as order-disorder transition
(ODT). [66] This ODT occurs at a value of critical point, x N = 2, for a symmetric polymer
blend (f4 =~ 0.5). However, for a DBC system, having the polymer blocks with the same
types, N, and f compared with a binary polymer blend system, the critical point, YV,
of the ODT increases to 10.5. [69] On the face of it, the DBCs tend to form more stable
phase separation compare to the binary polymer blends. The Flory-Huggins parameter
of the DBC, xa_,_p, is greater or equal to the corresponding interaction parameter of
the binary polymer blends, xa+5, (Xa—s—B > Xa+p). The increase of y originates from
the change of the entropic part, because the end-to-end distance of polymer chain in the
DBCs is larger than that of the binary polymer blends. In addition, based on thermo-
dynamical theory, the physical status of BC is thermally reversible between the ordered

microphase separation and the disordered mixtures as indicated in Figure 2.6. [69]

The resulting phase diagrams of DBC are not quite similar using different theories.
Generally, the majority of theories are valid for monodisperse polymer systems.
The unifying weak- and strong-segregation theories of BC have been reviewed by Matsen
and Bates. [70] The theories were derived from the standard model with full mean-field
theory without any additional approximations. The parameter, y/NV, functions as a quan-
tity to describe the degree of segregation between polymer blocks. For a symmetric DBC
(fa = 0.5), A-segment profiles of the lamellar phase at different x/V is shown in Fig-
ure 2.7. The segregation behavior is mainly divided into three types of regimes: weak-,
intermediate-, and strong-segregation. However, there is no strict standard to categorize

the three regimes. They are generally investigated in ambiguous terms. It is observed
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Figure 2.6: Sketch of the thermally reversible transition between ordered and disordered phase

for a symmetric DBC (f4 ~ 0.5). Image modified from reference [69].

from Figure 2.7, the sharpness of the boundaries of the microphase separated domains

depends on the y/V.

(1)

Based on the mean-field theory, for a symmetric DBC (f4 = 0.5):

At YN < 10.5, the interactions between polymer blocks are rather low, and a ho-
mogenous DBC mixture is formed. In this case, polymer chains are not stretched and
can be expressed by Gaussian distribution with R, ~ aN%°. Where R, is the radius of
gyration of the polymer chain, a is a constant, which indicates the statistical segment
length.

At xN < 10.5, a disordered DBC mixture remains yet. However, 15% deviation of

the center of mass is shown, which originates from a Gaussian coils with R, ~ aN®72,

At YN ~ 10.5, a weak demixing occurs to the DBC due to the repulsion between the
two blocks becomes large enough to result in the microphase separation. This behav-
ior is considered as in the framework of the weak-segregation limit. The sinusoidal
profiles with mild slop shown in Figure 2.7 describe the weak-segregation regime. The
Landau theory describes that a second-order phase transition of disordered mixture
to an ordered lamellar phase tends to happen. [71,72] Afterwards, Fredrickson et al.
developed the proceeding work with the Brazovskii’s Hartree method. [73,74] The

investigation indicates the critical value of YN depends on a Ginzburg parameter, N,
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Figure 2.7: For a symmetric DBC (f4 = 0.5), A-segment profiles (solid lines) of the lamellar

phase at different x/N are shown. Dashed lines indicate profiles with first-harmonic approxima-

tions at xV of 11, 12, and 15. Image taken from reference [70].

which is well proportional to the molecular mass of DBC (M,,), N = 63(R2pc)2. Pe
indicates the number density of DBCs. In addition, instead the critical YN is equal
to 10.5, a supplementary definition of the critical xN is given with a weak first-order
transition at a relative lower temperature as (YN),pp = 10.5 + 41N ~'/%. [75] The
expected periodic distance (D) of the lamellar structure originated from microphase
separation is D = 3.2R, NO-5,

At xN > 10.5, the intermediate segregation regime occurs, which is the crossover

from the weak to strong segregation regime.

At xN > 10.5, the middle transition of each block domain is much sharper, which is
shown with the rectangular shape of concentration profiles in Figure 2.7. A so-called
strong-segregation regime occurs. The blocks A and B segregate sharply, which means
they are stretched strongly and the crossover between their internal interfaces is rather
narrow due to the increased immiscibility between them. The theoretical predicted

width of the interface is defined as y /2, which is provided with the self-consistent
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field theory (SCFT). The expected periodic distance (D) of the lamellar structure is
obtained with D = 1.03x/%aN?/3. [76-78]

As discussed above, the expected periodic distance (D) of the lamellar and the width of
the crossover between internal interface of lamellar domains are varied with y/N. Based on
SCFT and SST, the summarized investigations reported by Matsen and Bates are shown

in Figure 2.8 in a logarithmic scale. [70]
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Figure 2.8: For a symmetric DBC (f4 = 0.5), (a) periodic distance, D, and (b) the interfacial
width of lamellar domains, w, as a function of x/N. Solid lines and dashed lines denote the
prediction obtained from SCFT and SST, respectively. The dotted line of (b) describes w =
2a/(6x)"/2. Image taken from reference [70].

In Figure 2.8, the scaling of N'/2 is associated with the absence of segregation. [79]

The solid lines are calculated from a more precise SCF'T, which represent mild exponent



2.1. Polymer 21

jumps when the yN approaches the weak-segregation limit (WST) and cross the critical
point. [79,80] Taking the fluctuations into account, the segregation initials in the dis-
ordered phase, which contributes to the increase of exponent prior to the ODT. [81-83]
This theoretical expectation also keeps consistent with experimental observation. [84,85]
For the transition from weak- to intermediate-regimes, an exponent of 4/5 was obtained
from experimental measurements. [85,86] At the strong-segregation limit, the experiment

observed D is scaled with an exponent of 2/3, which is consistent with the calculation of
Equation 2.15 obtained from SST shown with the dashed line. [77,87, 88]

D 8 1/6

1/6

AUN2 T 2(%) (XV) (2.15)
Meanwhile, at the strong-segregation limit, interfacial width, w, represented with the
dotted line shows the independence of N along w = 2a/(6x)"?. [70] In order to improve
the accuracy of w, Semenov developed an approximation based on SST by including

reasonable segregations, which is shown in Equation 2.16. [79,89]

w 2 4, 3 13

™

Phase diagram of DBC

A large collection of DBC is defined as a polymer melt. Below a certain critical tempera-
ture, the DBC melt will show a phase transition; above this temperature, polymer blocks
are equally distributed disordered throughout the entire material.

The competition of entropy and enthalpy presents in all thermodynamic systems, which
can be rendered as the minimization of the free energy. When temperature is higher than
a certain critical value, polymer melt dominated by the entropy presents highly disordered
homogeneity. At relative low temperatures, the polymer melt shows ordered structures.
In this case, a certain periodic distribution of polymer blocks is formed and several unique
geometries have been created. Some common morphologies have been experimentally ob-
served, such as lamellae, hexagonal cylinders, and body centered cubic. As discussed in
previous section, the lamellar morphology forms at f = 0.5. However, in the case of f #
0.5, the shorter block tends to end up less stretched than the longer block, which leads to
a tendency of forming curved interface. Therefore, instead of lamellar, else morphologies
favor to form. Consequently, the different f results in different corresponding equilibrium
morphologies. These diverse structures with distinct geometries impart specific physical
characteristics to the BCs, which render them a novel class of materials. Each particular

geometry potentially exhibits different physical features thus, the possibility to switch



22 Chapter 2. Theoretical aspects

amongst the diverse phases provides materials with tunable characteristics. In order to
exhibit the possible phase transition, phases of DBC melt are concisely interpreted with
a phase diagram. The most important parameters that influence the phase diagram are
X, NV and f.

In this section, several important phase diagrams of DBC melt have been organized based
on different theories. It is worth to note, to overcome certain complexity in the case of
the DBC in solution status, modest amounts of a neutral solvent to both DBC blocks are
added. Thus, contacts of the A-B are diluted. The selected neutral solvent is one kind of
solvent that has no preferential to each block.

Phase diagram based on SSL
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Figure 2.9: A theoretical prediction of the phase diagram for A-B type DBCs based on the
strong-segregation limit theory. BCC, hex and lam indicate body-centered-cubic (sphere), hexag-

onal (cylinder) and lamellar morphologies. Image taken from reference [69, 90].

Figure 2.9 shows the phase diagram postulated based on the strong-segregation limit
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theory, which was well-established by pioneering investigations of Meier, [89] Helfand
and Wasserman, [91-93] Leary and Williams. [94,95] Notably, Helfand and Wasserman

assumed that the main principal contributions to the free energy originates from: [91-93]

(1) the presence of contact enthalpy in the narrow interfaces between nearly pure A and

B domain.

(2) entropy loss combined with stretched chain configurations to guarantee incompress-
ibility.

(3) confinement entropy arises from the localization of the DBC covalent bonding in the

interfacial area.

The SSL theory is greatly simplified by introducing the narrow interphase approximation,
which assumes that the narrow internal interfaces separate well-developed, nearly pure A
and B domains at the situation of sufficiently strong A-B interactions ( x > 10.5). The

main feature of this phase diagram is:

(1) Phase boundaries only depend on the composition of DBC melt. The exhibited mor-

phology changes with increasing asymmetry.

(2) This theoretical expression is only valid at 10.5 < yN < 100, and it cannot extend

to the weak-segregation regime.

(3) The boundary of the order-disorder transition is inaccurate.

Phase diagram based on WSL

The most far-reaching weak-segregation limit theory were greatly improved by Leibler.
[96] Utilizing the Landau mean field approximation, the phase diagram of DBCs in the
vicinity of the ODT region was mapped out by preserving only the leading harmonics
in a Fourier description of diverse ordered-phase composition patterns. [96] The resulted

phase diagram is shown in Figure 2.10.

According to Landau approximation, at f = 0.5, a critical point at (x/V),= 10.495
is predicted. Only at this critical point, a direct second-order phase transition from
a disordered status to a lamellar phase can be occurred for compositionally symmetric
DBCs. With the increase of YN, the extent of the lamellar phase expands continuously.
The predicted critical point coincides with the spinodal. In addition, the periodic distance
of the lamellar, D = 3.23 Ry, is weakly disturbed by inhomogeneous compositional region.

Whereas, for DBCs with asymmetric composition (f # 0.5), a weak first-order phase
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Figure 2.10: A theoretical prediction of the phase diagram for A-B type DBCs based on the
mean-field theory in the framework of weak-segregation limit. BCC, Hex and LAM indicate
body-centered-cubic (sphere), hexagonal (cylinder) and lamellar morphology. Image taken from

reference [69].

transition from a disordered status to a body-centered-cubic (BCC) phase is calculated
from the mean-field theory. Compared with the conditions of SSL, mean-field theory
provides a first-order transition between solid phases, which can be realized by changing

temperature.

Brazovskii et al. reported the critical point presented in last paragraph is restrained
by large-amplitude order parameter fluctuations. [97] Based on a self-consistent Hartree
method, Brazovskii exhibited a weak first-order phase transition, which is induced via
fluctuations, instead of the previous sole critical point. [98] The resembling fluctuation-
induced first-order phase transitions have been speculated to be happened in various else
physical systems. [98]

In the framework of Brazovskii’s Hartree appraoximation, Fredrickson and Helfand de-
veloped an analysis of the DBC melt computed by Leibler. [97] They demonstrated that
a Ginzburg parameter, N, dominates the fluctuation corrections. The so-called Ginzburg
parameter is defined as N = 63 (Rgpc)z, which is proportional to the molar mass of the
DBCs, where p. is the number density of DBCs in the melt. [83,99] In the case of a
settled YNV with an infinite N, the result of their investigation matches the asymptotically
approached description predicted by Leibler’ mean-field theory. However, with a finite N,
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Figure 2.11: A theoretical prediction of the phase diagram for A-B type DBCs based on the
fluctuation theory in the framework of weak-segregation limit. Hex and LAM indicate hexagonal

(cylinder) and lamellar morphology. Image taken from reference [97, 98].

significant changes of the phase diagram (in Figure 2.11) are shown in both qualitative and
quantitative aspects, which are induced by the fluctuation corrections. The disordered
melts extend to larger x N values, since the critical point ((x/NV),= 10.5, in Figure 2.10)
of symmetric compositional DBC predicted by mean-field theory is replaced by a weak
first-order transition at (xV), = 10.495 + 41.022[63(R§pc)2]_1/3. Due to x o< 1/T, the
phase transition occurs at lower temperatures. The N of the typical employed DBC sam-
ple is in range of 103-10%. Figure 2.11 is exemplified for N = 10%. In this circumstance,
the fluctuation corrections are considerable. Additional, for asymmetric compositional
DBCs, the changes of phase diagram appear even more substantial. Compared with the
phase diagram based on mean-field theory (Figure 2.10), the most distinct differences of
the phase diagram calculated with fluctuation theory is that the direct transition from
disordered melts into lamella phase in a larger amplitude around f = 0.5. Therefore, even
at f=#£ 0.5, both BCC and lamella phase are present at the ODT.

Phase diagram based on self-consistent field theory (SCFT)

Self-consistent field describes a method of simplifying the calculating problem of the
interactions in external fields, which are obtained self-consistently with the composition

profile. This computational approximation is not restricted to any degree of segregation
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and traverses both the weak- and strong-segregation theories.

demonstrated by following the literature reported by Matsen et al. [70]

This section has been
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Figure 2.12: (a) Phase diagram for A-B type DBCs based on SCFT. (b) Partial expanded view
DIS, CPS, QIm3m, H, Qla3d, and L indicate disordered melt,
close-packed sphere, body-centered-cubic (sphere), hexagonal cylinder, bicontinuous la3d cubic,

of the phase diagram in (a).

and lamellar, respectively. Dashed lines present the extrapolated phase boundaries. The dot in
(a) is the ODT critical point. More critical points amongst the phases of DIS + CPS + QIm3m
and H +Qla3d + L are shown with dots in (b). Image taken from reference [70].

Based on the SCF'T, the phase diagram with x N until 120 is shown in Figure 2.12a.
In general, with the increase of the y NV, the stable regions of the classical body-centered-
cubic sphere (Qlm3m), hexagonal cylinder (H), and lamellar (L) grow up. The variation
tendencies of the classical phases are similar with the previous prediction obtained from
weak-segregation theory.
In the partial expanded view of the phase diagram (Figure 2.12b), in agreement with
a theoretical calculation made by Semenov, [100] the narrow amplitude of stable close-
packed sphere (CPS) phases along the ODT boundaries extend approaching the strong-
segregation regime from the critical points (amongst the phases of DIS + CPS + Qlm3m)
at YN = 17.67 and f or 1-f = 0.234. With the increase of xN, the CPS phases sub-
sequently extend to approach f = 0 or f = 1. In principle, for these classical phase
transitions of DIS 4+ CPS and CPS + QIlm3m, the prediction of infinite Y N limit can be
determined with the strong-segregation theory. In this case, excluding the effect of exter-
nal zones, with the implement of the unit-cell approximation, these limits are calculated

to be f or 1-f = 0.117 and 0.299, respectively. [89, 101, 102] Additional corrections are
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suggested by Fredrickson or Likhtman Semenov, who predicted the limit of L + H at f
or 1-f = 0.287 and f or 1-f = 0.293. [92,103] However, a contradict correction described
by SCF'T is that such limit is predicted to be f or 1-f = 0.310 at infinite x N, which also
points out an unidentified bias with the strong-segregation theory.

Seen from Figure 2.12b, the bicontinuous la3d cubic (Qla3d) phases start from the critical
points (amongst the phases of H +Qla3d + L) at yN = 11.14 and f or 1-f = 0.452. With
the increase of x IV, the amplitude (A f) of the Qla3d phase firstly expands and afterwards
follows by a monotonic shrink. The amplitude reaches its maximum of 0.037 at YN =
18, but reduces to 0.019 at yN =~ 40. As the y/N increases further, the amplitude be-
comes narrower and even pinching off. If such behavior is not to occur, it might result in
the trends, which have tardily and monotonically developed, to create an unprecedented
and unphysical reversal. It is too absolute to assert the pinching off, but it seems most
likely that it occurs. Moreover, this assumption is supported by strong-segregation theory
as well. [101,102] Notably, the critical points of the transition for both the Qla3d and
CPS phases calculated with SCFT lag behind the pinch off points of them predicted by
weak-segregation theory, because the principal scattering vectors regarding SCFT do not
form an octahedron. [71] Finally, based on related extrapolations regarding Qla3d phase
boundaries, they are ended at y/N =~ 60. Afterwards, the subsequent phase boundaries
between H and L phases are predicted up to y/N ~ 120.

In summary, all mentioned theoretical phase diagrams have exhibited a thorough mor-
phological manifestation of abstract mathematical principles with the control of the three
main characterized parameters of DBC (yN, N and f). Following the instruction of phase
diagrams, the desirable selection of morphologies can be accessible by using versatile DBCs
with different block ratios.

Experimental observed phase diagram

In previous sections, several theoretic phase diagrams have been discussed. However, in
the circumstance of practical experiments, not all the predictions of the morphologies can
be realized. Therefore, it is also important to establish the actual connections between the
phase behavior and the related impact parameters (YN, N and f) experimentally. [104]
Nevertheless, only a few measured phase diagram can be obtained so far due to the
numerous workload of the phase determination process even for only one type of DBCs.

As an example, Figure 2.13 shows a phase diagram based on experimental observed
phase behavior of 10 different polystyrene-block-polyisoprene (PS-b-PI) DBCs with the
varied block composition in the range of 0.24 to 0.82. Compared with the theoretical

calculated phase diagrams, the main features of the measured phase diagram are:
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Figure 2.13: A phase diagram of Pl-b-PS DBCs as a function of fp;. Hollow and solid circles
indicate the experimental examined order-order transition (OOT) and order-disorder transition
(ODT), respectively. The dash-dot curve represents the ODT predicted with mean field theory.
Solid curves are guidelines used to describe the determined phases but might not match those
precise phase boundaries. Hex and LAM indicate hexagonal cylinder and lamellar morphology.
Disordered, Im3m, HEX, la3d, HPL and LAM indicate disordered melt, spheres (body-centered-
cubic), cylinders, bicontinuous la3d cubic, and lamellae, respectively. The sketches of those

diverse morphologies are shown in the top. Image taken from reference [104].

(1) it is asymmetric.

(2) very complex structures could be observed.

(3) ordered phases are moved to higher values of x NV, which means the disordered phase

is extended to a larger area.

(4) transitions between different phases are possible.



2.1. Polymer 29

To determine the morphology of diverse DBCs, many characterization methods can be
employed, such as atomic force microscopy (AFM), scanning electron microscopy (SEM),
transmission electron microscopy (TEM), small-angle X-ray/neutron scattering (SAXS/
SANS), grazing incidence small-angle X-ray /neutron scattering (GISAXS/GISANS), rhe-

ology, and so on. Some of them will be discussed in details in the next chapter.

2.1.3 Block copolymer films

So far, the phase behavior of DBCs in bulk has been discussed without involving any
surface constrains. However, the most essential and practical applications require the
DBCs in a film regime. In this case, the DBCs are confined between at least two interfaces,
which has a strong impact on the different orientations of the DBCs film with respect to
the interfaces. In the present thesis, the DBC film is installed on a solid substrate and
its top surface contacts with the air, which means the DBC film is located between one
solid wall and one free surface. In this case, surface impacts spread from each interfaces of
DBC/substrate and DBC/air, which can induce ordering at surface. [105,106] In contrast
to the DBC film placed between two hard walls, the periodic distance of the formed
periodic morphology located in the free surface film can achieve an equilibrium value.
Segalman reported the possible orientations of some classic morphologies with respect to
substrates (in Figure 2.14). [107] In particular, perpendicular lamellae (B) and parallel
cylinders (C) are highly interesting for applications of nanowires. [108] Perpendicular
cylinders (D) are greatly appreciable for devices regarding high-density data storage with
their highly ordered patterning of hexagonal arrays, [109,110] which is one of the most
important targeted morphology in this thesis.

Potemkin constructed a phase diagram in the framework of the strong-segregation
theory (Figure 2.15) to show the orientation of lamellae installed in thin, free-surface
films fabricated with compositional symmetric DBCs. [111] The phase diagram is built in
variables and relies on the total number of the film layers (n) and the dimensionless surface
tension coefficient of multiple interfaces (7). In Figure 2.15, region I, at wetting conditions
(the interaction of polymers and the solid substrate are attractive), the stable lamellae
with the perpendicular orientation are observed. If the interactions of the both polymers
with the substrate are comparable, which implies the spreading parameters of the both
polymers are similar, such stable perpendicular orientation can remain even in the thick
film regime. [111] In addition, if the film has a tendency to be spread on the substrate, the
stretching rate of the chains in the lamellae with the perpendicular orientation is larger
than that with the parallel orientation, thus in the case of perpendicular orientation,

the area of the contact interfaces between polymer A and B is smaller. In brief, the
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Figure 2.14: 3D sketches of possible orientations of diverse DBC morphologies. The solid
substrates are marked in black. (A) and (B) are lamellae aligned parallel and perpendicular to
the substrate, respectively. (B) and (C) are cylinders aligned parallel and perpendicular to the
substrate. (E) Spheres. Image taken from reference [107].

incompatibility of the polymer A and B determines the stability of the lamellae with
perpendicular orientation. At nonwetting conditions, if the polymer phases and substrate
are unfavorable, the stable perpendicular lamellae tend to occur with smaller stretching
rate of the chains compared to the parallel lamellae. [111] In other words, the resulting
orientation depends on the interactions between all interfaces and is the consequence of
interfacial energy minimization. This theoretical prediction is an excellent exemplification
of the description regarding structural orientations.

As discussed above, the inner and surface morphologies of the DBC films can be induced
by: (1) the entropic attribution of the chain conformation at each interfaces and (2) the
preferential affinity of the different blocks of DBCs with respect to the different interfaces.
However, such surface induced morphologies can only propagate into limit depth of the
inner DBC films. Therefore, the thickness of the DBC film also greatly affects the film
morphology. [112,113]

All the DBC films have two interfaces: substrate/DBC and DBC/air. With different
ratios of the periodic distance of DBC (D) to the film thickness (), the arrangements



2.1. Polymer 31

05

I

II

051+

10
]

Figure 2.15: Phase diagram of a supported, compositional symmetric DBC lamellar orientation
in free surface films in the framework of the strong-segregation theory. The variables x4 and
xp are defined as Sa/[Yap(n + 1)] and Sp/[Fag(n + 1)] , where S4 and Sp represent the
spreading parameters of polymers A and B, 745 represents the dimensionless surface tension
coefficient of interfaces between A and B, and n represents the total number of the internal A
and B layers within the film, each with the thickness of d/2. 1, Il and Il indicate the regions
of stable perpendicular lamellae, symmetric structure of parallel lamellae with boundary A, and
symmetric structure of parallel lamellae with boundary B layer, respectively. Image taken from
reference [111].

of lamellar morphologies of DBC thin films are approximately presented in four different

regimes.

(1) At 1> D, in case one block of the DBC has preferential affinity to both interfaces,
a parallel symmetric lamellae with this preferable block contacted between the both
interfaces is formed (Figure 2.16a), because the maximization of the favorable contact
minimizes the total free energy of the system. [112,114] In order to minimize the
entropic penalty that results from the chain stretching and also possibly expand the
favorable contact, with the post-treatment of annealing procedure, the film thickness
is quantized by [ & nD, where n is an integer. If each block prefers opposite interfaces,
a parallel asymmetric lamellae with each block contacted with its preferable interface
is formed (Figure 2.16b). When the [ =~ (n + 0.5)D, perfect lamellae is formed. [115-
118] However, if the original film thickness does not match these quantized values,
which depict the optimal conditions of enthalpy, the film surface grows islands and
holes of height of D, depending on the amount of excess material covering the surface
(in Figure 2.16¢). In Figure 2.17, optical microscopy images of PS-6-PMMA DBC
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Figure 2.16: Schematic representation of the cross section of a DBC thin film installed between
two physical different interfaces of air and a solid substrate. The surface induced lamellar
morphologies are occurred based on different regimes regarding the different ratios of the periodic
distance of DBC (D) to the film thickness (I): At [ > D, (a) parallel symmetric lamellar, with
one block in both interfaces; (b) parallel asymmetric lamellar, with each block in different
interfaces; (c) parallel lamellar with islands and holes, in case film thickness does not match
certain quantized values; (d) perpendicular lamellar, blocks of DBC with neutral preferential
affinity to the both surfaces; At | ~ D, (e) symmetric and (f) asymmetric parallel lamellar, (g)
perpendicular lamellar; At D/2 <1 < D, (h) parallel stretched lamellar with two different film
thicknesses; At [ < D/2, and (i) asymmetric parallel lamellar.

films with two different molar mass in gradient film thicknesses show the lamellae with
different surfaces as the film thickness increases. Thus, the flat surfaces, the surfaces
with large holes and islands, and the trasition phase between them are observed.
Moreover, in case both of the blocks have no preferential affinity to any interfaces,

the formation of a perpendicular lamellar is possible (Figure 2.16d). [119]

(2) At I = D, in Figure 2.16e and f, the similar typical flat parallel symmetric and

asymmetric lamellae can be formed due to the similar preferential behavior between



2.1. Polymer 33

the DBC blocks and interfaces discussed previously. In particular, in case both blocks
have neutral preferential affinity to the both interfaces, a stable perpendicular lamella
is favored (Figure 2.16g). [112,119]

(3) At D/2 < | < D, the formation of a film with two different thicknesses of D and
D/2 is possible. The formation of islands and stretched monolayer is shown in Figure
2.16h, which is also determined by related preferential behavior. [120] With the neutral

affinity, perpendicular orientation is much more favored.

(4) At I < D/2, depending on the affinity, preferential segregation induces the formation
of parallel lamellar (Figure 2.16i). Notably, in such thin film thickness, the roughness
of the substrate significantly influences the morphology of DBC film. [121]

Figure 2.17: Optical microscopy images of PS-b-PMMA DBC films with two different molar
mass in gradient film thicknesses showing the addition of lamellae to the surface with increasing
thickness. Image taken from reference [122].

Compared to the lamellar morphology, the cylinder morphology is in a more complex
condition. At the surface of DBC thin films with cylindrical composition, there are various
deviations have been observed, such as perforated lamellae, cylinders with necks, a wet-
ting layer and others. [123,124] However, in principle, the surface induced arrangement of
cylindrical morphology obeys with the analogous theories in lamellar, which is mainly de-
termined with the preferential affinity of blocks of DBC to the both interfaces. At [ > D,
parallel orientated cylinder (Figure 2.14c) morphology is dominant. The formation of
holes and islands is determined by the wetting properties of DBC blocks to both surfaces.
At [ < D, with the condition of neutral preference, stable perpendicular cylinders (Figure
2.14d) are theoretically predicted and experimentally observed. [112,121,123] With the
decrease of the film thickness, the confinement of the thin film between two physically dif-

ferent interfaces plays a more important role, because the interplay between the periodic
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distance of DBC and film thickness becomes more significant. In one result (Chapter 5)
of the present thesis, for a PSd-6-PBMA DBC film with a film thickness slightly smaller
than the periodic distance of the DBC, a special ordered, perforated microphase sepa-
rated morphology with a PSd enrichment layer at the polymer/substrate interface and
perpendicular PSd cylinders in a continuous PBMA matrix at polymer/air interface is
thoroughly investigated. [110] This observation perfectly matches the surface induce or-
dering and the confinement of film thickness regime.

DBC thin films with regular periodic structures in a large length range are used in di-
verse applications. They require uniform length scales. Thus, fully understanding of the

orientation of structures is essential to the desired applications.

2.2 Fundaments of magnetism

Magnetic materials are widely applied in daily life. Their characteristic properties make
them an indispensable type of material. [125] The present chapter is written based on a
classic text book named Introduction to Magnetism and Magnetic Materials, [126] and
gives an insight into fundamentals of magnetism, types of magnetic materials, and mag-

netic nanoparticles.

2.2.1 Basic concepts

(a) (b)

Figure 2.18: Sketches of magnetic fields are produced with (a) a permanent magnet and (b)
moving electrical current. N and S are the north pole and south pole of the permanent magnet.
I indicates the electrical current. The black and red curves with arrows show the magnetic field

lines.
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A magnetic field is the perturbation in a space originated by moving charges oriented
dipoles. [126] The natural magnetic fields present in permanent magnets (Figure 2.18a)
originated from the orbital motion and the spin of the electrons in a material, the be-
havior of which leads to the formation of magnetic moments. Magnetic fields can also be
generated with electrical charges in motion (Figure 2.18b). [126] The first observation of
the produced magnetic field throughout the flow of electrical current in a conductor was
reported by Oersted et al. [127] The magnetic field is a vectorial field, thus, it contains
both a direction and a magnitude at any pointed location. In general, the two different
but related terms of magnetic induction (flux density) and magnetic field are employed to
evaluate magnetic materials, which are denoted as B and H, respectively. In a vacuum

condition, the relationship of them is expressed with:
B = uoH (2.17)

where o is called the vacuum permeability and is a physical constant in a classical
vacuum. The permeability indicates the degree of magnetization of a material in response
to a magnetic field. [126] However, in different medium, the permeability is different. The
magnetization of a material is defined with the total magnetic moment per unit volume
of the material. Instead of a vacuum atmosphere, in a magnetic material, the relationship

of B and H is expressed with:
B = uo(H + M) (2.18)

where M denotes the magnetization vector field of the material, and the quantify poM is
called magnetic polarization. We assume, there are n elementary atomic magnetic dipoles
in each unit volume and a magnetic moment m in each dipole. In case all the dipoles
are oriented parallel, the magnetic moment per unit volume of the material is named

saturation magnetization, and it is denoted as M,.

2.2.2 Magnetic domains

Pierre Weiss reported an assumption that ferromagnetic materials are consisted of mag-
netic domains, which is the first theory to interpret the hysteresis feature. [128] These
magnetic domains are separated by domain walls. On one hand, the magnetostatic energy
increases with the volume of the magnetic materials; on the other hand, the domain wall
energy increases with the total surface area of domain walls. In order to reach the mini-
mization of net energy in the whole system, a critical domain size is obtained. When the
domain size is smaller than the critical value, the formation of the domain is energy unfa-

vorable because of the relative larger domain wall energy. Hence, the magnetic materials
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consist of uniformly magnetized domains and each domain acts like a small permanent

magnet. The radius of the single critical domain size (r.) is expressed as: [129]

(AK,)'?

2.19
MoMg ( )

re~9

where A is the exchange constant, and K, is the uniaxial anisotropy constant. The typical

critical radius of our employed maghemite material is 30 nm. [130]

2.2.3 The classification of typical magnetic materials

Based on the susceptibility of the bulk magnetic materials, the classification of typical
magnetic materials are obtained. The susceptibility, x, is a dimensionless constant, which
describes whether an employed material is attracted into or repelled out of an external

applied magnetic field. [126] Susceptibility is defined as:

X = M (2.20)

H
In our case, vacuum permeability does not properly describe our experimental conditions.
In this case, a relative permeability, .., is introduced into the system, which describes the
permeability in the experimental medium. The relationships amongst these important

characteristics are expressed as:

Iz Iz
B=puyMH+M)=—MH+M)=——-H+M)=pH 2.21
po(HL+ M) = KB M) = () = (221)

where p is the magnetic permeability.

In general, the types of magnetic materials are:

(1) —107% < x < —1075. The materials, which possess small and negative susceptibility,

are defined as diamagnetic, such as gold, silver, copper, and beryllium.

(2) 107° < x <1073, The materials, which have weak magnetization behavior, are called

paramagnetic materials, such as platinum, aluminum and manganese.

(3) x > 0. The materials, which possess positive and strong susceptibility, are defined as

ferromagnetic, such as cobalt, nickel, iron, certain rare earth metals and their alloys.

The response behavior of a material to an applied magnetic field is the most crucial
factor in their related applications. To estimate the magnetic materials, the M-H curve
(magnetization as function of magnetic field curves) is essential. In the following sections,
the magnetic features of diamagnetic, paramagnetic, and ferromagnetic materials are

introduced.
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Diamagnetism

The intrinsic property of magnetism in materials originates from the motion of electrons
in atoms. However, in diamagnetic materials, there are only filled electron shells. The
net magnetic moment of diamagnetic materials is zero, because the magnetic moments of
the electrons, which spin in the different directions inside the full filled shells, counteract
each other. Hence, when diamagnetic materials are subjected to an applied magnetic
field, the induced magnetization resists the external applied field and presents fairly weak
and negative susceptibility (oblique line) as shown in Figure 2.19. Based on the Langevin

theory regarding the diamagnetic materials, the susceptibility is defined as:

poZe*n < r? >
X =— . (2.22)

where, Z is the number of the electrons in each atom, e is the charge of the electron,
n is the number of atoms in each magnetic domain, < r? > is the root-mean-square
(rms) atomic radius, and m, is the mass of the electron. The diamagnetic susceptibility

is independent of temperature.

OXOX®
OXOX®
OXONO)

Figure 2.19: The M-H curve of diamagnetic materials. The hollow circles indicate the net

magnetic moment of zero. Image taken from reference [131].

Ferromagnetism

Ferromagnetic materials possess rather high and positive relative permeability. There
are a large number of unfilled electron shells in ferromagnetic materials. The individ-

ual magnetic moments generated by such electrons are highly-ordered and well-oriented.



38 Chapter 2. Theoretical aspects

magnetization

remanence ~ saturation

M

dOd

6 b

b b
>

magnetic field
H

coercivity
H.

v

Figure 2.20: The M-H curve of ferromagnetic materials. The closed curvilinear loop is a typical
magnetic hysteresis loop of the ferromagnetic materials. The inset of hollow circles with parallel
arrows in the same orientation indicates the well-orientated magnetic moments. Mg, M, and

H_ is saturation magnetization, remanence, and coercivity, respectively.

Therefore, the net magnetic moments of ferromagnetic materials are nonzero. A typical
magnetic hysteresis loop of ferromagnetic materials and important ferromagnetic features
are depicted in Figure 2.20. The ferromagnetic materials are not magnetized at the ini-
tial stage (zero point in Figure 2.20). As the strength of the external applied magnetic
field increases, the induced magnetization (M) shows a non-linear behavior (process (1)
marked in Figure 2.20). When the materials are subjected to a rather high magnetic field,
all the magnetic moments will be oriented following the direction of the external magnetic
field, and any further increase of the magnetic field strength cannot make the magneti-
zation increase further. Thus, the ferromagnetic material reaches saturation. Saturation

magnetization is denoted as M, (M, in Figure 2.20). The M, equals:

M, =nm (2.23)
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where n is the number of magnetic domains, m is the magnitude of each individual
magnetic moment. Afterwards, when external magnetic field decreases, the M decreases
non-linearly but in a different track as the increasing process, which is called demagne-
tization (process (2) marked in Figure 2.20). When the external magnetic field has been
completely removed (H=0), the remaining magnetization of the material is called rema-
nence, M, (M, in Figure 2.20). Further, when an applied field equals to the coercivity,
H., (H. in Figure 2.20) in a negative direction, the magnetization will be reduced to zero
(process (3) marked in Figure 2.20). Both M, and H. are important characteristics to
describe the magnetic features of materials. In addition, H. is highly sensitive to domain

arrangement and orientation.

Paramagnetism

>
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Figure 2.21: The M-H curve of paramagnetic materials. The inset of hollow circles with arrows
in disordered directions indicates the randomly arranged magnetic moments. Image modified

from reference [131].

The paramagnetic materials possess a small, positive susceptibility, and fall in between
diamagnetic and ferromagentic materials. They have the atoms with unfilled electron
shells, which contribute to a nonzero net magnetic moment. However, each atom of para-
magnetic materials has an indivdual, randomly arranged magnetic moments (in the inset
of Figure 2.21), which results in the zero net magnetic moment. By applying an external
magnetic field, all the magnetic moments are reorganized and oriented along the same
direction of the external magnetic field. Figure 2.21 presents the typical paramagnetic

behavior. It is observed, with the increase of the field strength, more magnetic moments
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are oriented thus, M linearly increases along the direction of the field. If the field with-
draws, the magnetic moments back to the random status, and the net magnetic moment
returns to zero again. In this case, both M, and H, of the ideal paramagnetic materials
are zero. Based on the Curie law, [132] the susceptibility of the paramagnetic materials

is inversely proportional to the temperature (T) and is expressed as:

X= % (2.24)

where C' is the Cuire constant. In particular, when ferromagnetic materials are subjected
to a sufficiently high temperature, they will turn to paramagnetic materials. The transi-
tion temperature is defined as Curie temperature. [132] Beyond this critical temperature,
due to the large thermal agitation involved, the M, and H,. drop to zero, and the per-
meability of ferromagnetic materials sharply reduces. The slope in Figure 2.21 shows
the linear increasing behavior of magnetization of the paramagnetic materials. A clas-
sic Langevin function well describes this relationship among the magnetization, magnetic

field and temperature:

M H kT
— = coth('uom b

_ 2.25
nm kgT ,uomH> ( )

where kp is the Boltzmann’s constant. Usually, uomH/kgT < 1, thus, with the Equations
2.25 and 2.24, the Cuire constant, C, can be expressed as:

TL,uoIl’l2

C =
3kp

(2.26)

2.2.4 Superparamagnetism

Superparamagnetic materials consist of single-domain ferromagnetic particles. [132] These
particles are sufficiently small thus, they can flip randomly due to the thermal fluctua-
tion. Therefore, without external magnetic fields, the entire material is not magnetized.
Commonly, the magnetization of these single-domain ferromagnetic particles is oriented
parallel or anti-parallel to a specific direction, which is defined as the easy axis. Such easy
axis is caused by magnetic anisotropy (details in the later Section 2.2.5). The magnetic

anisotropy energy (denoted F) of the uni-axial, single-domain particles is defined as:

E = KVsin®0 (2.27)
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Energy

Figure 2.22: Schematic view of the potential energy of a single-domain particle with uni-axial
anisotropy as a function of the direction of the magnetization. Ep indicates the energy barrier,
which is required for the rotation of the magnetization. 6 indicates the angle between the net

magnetization and the easy axis. Image taken from reference [132].

where K is the anisotropy constant, V' is the volume of particle, and # is the angle between

the magnetization and the easy axis.

In Figure 2.22, two energy minimums of parallel (¢ = 0) and antiparallel (§ = 7) (with
respect to the direction of the easy axis) magnetization are separated with an energy bar-
rier (Ep = KV'). The flip behavior has been explained by Néel: if the single-domain
particles are sufficiently small, KV becomes small enough so that the anisotropy energy
can be overcome by energy fluctuations. Thus, the spontaneous magnetization reversal of
a particle from one easy axis to another can take place, even without applying an external
magnetic field. [133]

Based on an assumption of ignoring all interactions between particles, at kgT > KV,
the system behaves similarly as a paramagnet. The single-domain ferromagnetic particles
include more than 10° atoms ferromagnetically coupled by exchange forces. [134] Such
system is defined as superparamagnetism. At kgT ~ KV, the magnetization fluctuation
between two energy minima may occur depending on the time scale of the measurement,

which can be described with a frequency f or a characteristic relaxation time 7 = 1/27 f.
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In the framework of an Arrhenius-type activation law, the Néel-Brown expression is de-

veloped:

T = Tg€$p(]§(]:;) (2.28)
where 75 ~ 1071% is the inverse attempt frequency. The Equation 2.28 reveals the tem-
perature has a great effect on the dynamics of the magnetization reversal. At relatively
high temperatures, magnetic moments fluctuate rather fast, which means the relaxation
time is short, because they possess enough thermal energy to overcome the energy barrier.
With the decrease of the temperature, the fluctuations decrease. At rather low tempera-
tures, the attainable thermal energy is too low to overcome the energy barrier, hence the
fluctuations are strongly suppressed and even are completely blocked eventually. For a
selected time scale of a measurement, a characteristic blocking temperature (denoted Tp)
is present. Below Tz, the magnetic moments appear blocked; Above Ty, the fluctuation
of magnetic moments take place. At Ty, the timescale of both the fluctuation of magnetic

moments and the particular measurement are comparable, which is expressed as: [132]

KV
Tewp = T(Tp) = Toexp(kBTB) (2.29)
=
KV
ITg=——F—— 2.30
B kpln(Tesp/T0) ( )

where 7, is the time scale of the measurement. For the Mdssbauer spectroscopy exper-
iment used in this thesis, 7., is in the range of 107! ~ 10~"s. Ty is not an intrinsic
property of the magnetic system and is determined with the experimental observation
time.

The identification of superparamagnetism contains at least two conditions: [132]

(1) According to thermodynamic theory, with infinite time scales, there is no hysteresis

shown in the system regardless of the temperature.

(2) When ignoring the effects resulting from particle interactions, for isotropic materials,
the hysteresis loops measured at different temperatures must be superimposed and

show temperature dependence in M, and H..
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2.2.5 Magnetic anisotropy

The dependence of the internal energy on the orientation of magnetic domains in mag-
netic materials is called magnetic anisotropy. The magnetic moments of the materials
with magnetic anisotropy prefer to lie along the easy axis due to the energetic favor. In
particular, the shape anisotropy, which is attributed to the dipolar moments and is cal-
culated under the assumption of a uniform distribution of magnetic poles, [134] is mainly
focused in this thesis. The shape anisotropy is absent for the magnetic materials with
complete symmetric structures in all directions, because the demagnetizing factor in one
direction is fully cancelled with that in the antiparallel direction. The magnetic shape
anisotropy is shown in the magnetic materials with asymmetric shape. The magnetization
occurs along the shorter axis, since the demagnetizing field of the shorter axis is smaller

than that of the longer axis.

2.2.6 Magnetic nanoparticles

The term nanoparticles (denoted NPs) describe one type of particles, the dimension of
which is below 100 nm. The most significant advantage of NPs is attributed to the
large surface to volume ratio. [135] The so-called magnetic NPs are the NPs that exhibit
magnetic properties and behave like magnetic materials of ferromagnetic, paramagnetic
and superparamagnetic. Due to their irreplaceable magnetic features, magnetic NPs are
wildly used in various applications, such as the contrast agent in magnetic resonance
imaging, drug deliverer in targeted therapy, the elements of inductor in magnetic sensors,
and especially the single-bit elements in high-density digital storage medium. [21,26,136—
138] The metal, metal alloy, and metallic oxides of cobalt (Co), nickel (Ni), and iron
(Fe) are most commonly fabricated to be the employed magnetic nanoparticles. With
several types of surfactant or selected polymer chains grafted or coated onto the surface
of NPs, the monodispersity of NPs can be realized, and the self-agglomeration of NPs can
be suppressed as well. [109,110] In case NPs are incorporated into a DBC film with the
purpose of fabricating the NPs/DBC hybrid film, the more important function of such
surface chemistry is to enhance the compatibility of the NPs to the desired block of the
DBC. This process is called direct self-assembly approach, since the enthalpic interaction
at the interfaces between NPs and selected domains favors mixing. [41,139] In the present
thesis, PS-coated 7 — Fea0O3 NPs in two different sizes (6.5 and 10 nm) are employed with
the purpose of fabricating NPs/DBC hybrid films for the potential applications in the

fields of magnetic medical instruments, magnetic sensors and magnetic recording devices.
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2.3 Scattering techniques

The inner structures of the investigated NPs/DBC hybrid films are crucial for fully under-
standing the film morphologies and their evolution with the incorporation of NPs. X-ray
and neutron scattering are advanced, nondestructive techniques to examine the inner mor-
phologies with excellent resolutions down to several nanometers. The basic conceptions of
elastic scattering , which assume the wavelength of the scattering wave remains constant
throughout the entire scattering event, is described in the following Section 2.3.1. The
introduction to the x-ray specular reflectivity and the scattering contrast for neutrons are
in Sections 2.3.2 and 2.3.3. The primary used scattering methods in the present thesis of

grazing incidence scattering measurement are introduced in Section 2.3.4.

2.3.1 Scattering basics

Based on the definition given by Tolan, the physical mechanism of the scattering event
shows that an electromagnetic wave or a particle deflects from an object or in matter. [140]
The scattering basics regarding x-rays are described in the present section, however, they
apply for neutron scattering as well with the introduction of specific characteristics of
neutrons (in Section 2.3.3).

The electric field vector (E (7)) for a plane electromagnetic wave is defined as:
E(7) = Epexplik;7] (2.31)

where E, contains the polarization and the amplitude, EZ and 7 represent the wave vector

and position. The modulus of the wave vector is given by:

k= |k;

=27/ (2.32)

where ) is the wavelength. The Hemholtz equation explains the process of the propagation

of an electromagnetic wave in a medium: [140]
AE(F) + E*n?(F) E(7) = 0 (2.33)

where n(7) is the refractive index of the medium. This position dependent refractive index

is defined as:
n(r) =1—0(F) +i8(F) (2.34)

where 6(7) and §(7) are the dispersion and the absorption, which can be written as:

57) = 5 rep(Py) (23)
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and

87) = preo@ S I = A (236

p(7) is the position dependent electron density. N is the number of the electrons in the

unit volume, which indicates that the equations of the dispersion and the absorption are
based on the sum of N atoms in unit volume. r. is the radius of the classical electron,

which can be written as: [141]

re = e /(4megmc?) (2.37)
The forced oscillator strength of the atom j is written as: [140]

fi=1+ f(E)+ f (E) (2.38)

with respect to the small scattering vector:

—

7=k —k; (2.39)

15;» and k_} represent the incident and exiting x-ray wavevectors, and fj0 is described
with the number of the electrons of the atom j. For x-rays, the refractive index n(7) only
slightly deviates from 1, hence the total reflection appears at small angles (usually < 1°).
In case the refractive index n(7) is position independent in matter, the dispersion and the

absorption are represented with 6 and 3. The total reflection occurs at

e V26 (2.40)

and ¢ is usually on the order of 107>, which sets o, at < 1°. In the case of hard x-ray (>
8 keV) with the soft matter, the typical absorption f3 is rather small of about 107¢. Thus,

the effect of the absorption on the thin films is nonsignificant.

Figure 2.23 shows the sketch of the reflection geometry of the principle scattering
setup. The incident wavevector k; and the sample determine the coordinate system. The
scattering plane is in the x-z plane. The exiting wavevector k} can be splitted with the
vectors following the directions of the exit angle ay and the exit angle ¢; in the out-of

plane direction. The penetration depth A of the scattering signal can be written as: [142]

A= \/%W(zi 1) (2.41)
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Figure 2.23: Sketch of the reflection geometry of the principle scattering setup. k; and k} are
incident and exiting beam. «; and ay are incident and exit angle in the scattering plane. v is

the out-of-plane angle in the sample plane.

2

iy = J (sin?(a.) — sin®(ovu/f)) + \/(sz’nQ(ai/f) — sz‘n?(ac))2 + % (2.42)

Commonly, the penetration depth of the x-rays with respect to the softer matter is in ym

scale even at shallow angles.

2.3.2 Specular reflectivity

The term of x-ray reflectivity (XRR) denotes the case if the out-of-plane angle (i) is
zero, which records the specular scattering vs. the incident angle «;, namely, the exit
angle ay equals the incident angle «;. In the geometry of XRR, the scattering vector ¢ is

perpendicular to the sample plane, and only the z-component is collected: [140]

4
¢ = Tﬂsm(ai) (2.43)

When the incident beam impinges on an interface, which is installed between two different
materials with different refractive index n, the beam is approximately split into two parts
of transmitted and reflected beams. Furthermore, Snell’s law describes the angle of the

transmitted beam ;. The Fresnel transmission coefficient ¢/ and the Fresnel reflection
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coefficient " are employed to describe the ratios of the amplitudes of the transmitted and

reflected beam, respectively. The transmission and reflectivity can be written as: [140]
F F|?
T" = |t (2.44)
and
F F|?
RF = |r"| (2.45)

So far, the discussed scattering behaviors are based on one assumption that the interfaces
are perfectly flat and involve no interfacial roughness. Interfacial roughness describes the
deviation from a flat interface, which is commonly demonstrated with the root-mean-

square (rms) surface roughness ,.,: [143]

1 NU'rms
Orms = N Zi:l A 212 (246)

Orms

where N,

Orms

is the number of the selected sampling spots following the interface, and Az;
is the distance between the specific sampling spot i and the average interface. Taking
into account the interfacial roughness for the analysis, the Fresnel reflection coefficient
can be corrected with an exponential function of Névot — Croce factor. [144] However,
in case the roughness is beyond the film thickness, this correction cannot be applied any
more. [140]

Figure 2.24 is an exemplification of a typical XRR data of measured reflectivity of a
PS-b-PBMA DBC thin film on a silicon substrate. At o; < ac(ps—s—pBuma), total reflection
occurs; at a; = a(ps—p—pBmA) and a; = ay(s;), the intensity drops sharply, which indicate
the minimum for PS-b-PBMA and silicon; at a; > (g, oscillations appear, which are

defined as Kiessig-fringes and reveal the information of the film thickness, d: [145]
d=21/ Nq, (2.47)

where Ag, is the distance between two neighboring minima of the Kissing fringes.

2.3.3 Scattering contrast for neutrons

X-rays interact with the electron cloud of atoms, while neutrons are scattered from the
nuclei of atoms. In the reflectivity regime, the (). component of the neutron wave function
Yn(2) can be obtained with a 1D Schrodinger equation: [146]

[— om, A +V(2)[hn(2) = En(2) (2.48)
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Figure 2.24: Measured XRR reflectivity intensity of the PS-b-PBMA thin film on the supported
silicon substrate. Green and red arrows point out the critical ¢, of the PS-b-PBMA and silicon,
respectively. Ag, is indicated with the distance between two of the neighboring minima of the

Kiessig fringes.

where £ is the reduced Planck’s constant, m,, is the neutron mass and V' (z) is the potential.
An analogous expression of so-called Helmholtz equation can be applied to interpret the
neutron reflectivity:

hkgn; (2)

2m,,

V(z) = — +E (2.49)

where k, is the wavevector of the plane wave solution arisen from the Equation 2.48.
For x-rays, n,, indicates the refractive index. However, for neutrons, n,, is the scattering

length density (SLD). In accordance with x-rays, the SLD is commonly written as: [147]
np=1—9,+1i0, (2.50)

The absorbing part (,, in neutron scattering is so small that it can be ignored for most of
elements. [147] Since the neutron interacts with the nucleus of the atom, the dispersive
part d,, can be changed by replacing certain original atom with its isotopes without alter-
ing its chemical properties. In the present thesis, for some batches of samples, selected
hydrogen atoms (H) of the investigated DBC are replaced with the deuterium atoms (D)
to enhance the scattering contrast, the process of which is called deuteration.
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2.3.4 Grazing incidence small angle scattering

In addition to the specular scattering information, the diffuse scattering information arisen
from interfaces can not be obtained with a reflectivity method (in previous Section 2.3.2).
Besides the interface roughness, the lateral structures as well contribute to diffuse scat-
tering. Such lateral contribution can be probed with the grazing incidence small angle
x-ray/neutron scattering (GISAXS/ GISANS). In the geometry of GISAXS/ GISANS
(see Figure 2.23 with «; < 1°), for examining a large sample area with higher statistics,
a small grazing incidence angle a; < 1° is commonly selected. In general, the typically
size of the mesoscopic structures is in the range of several nms to 2 pum. [148] The diffuse
scattering of these structures is recorded on a 2D detector. Based on the geometry, the

scattering vector ¢ is defined as: [149]

o cos(ag)cos(vy) — cos(a;)cos(1;)
q= ~ cos(ay)sin(yy) — cos(ay)sin(i;) (2.51)
sin(oy) + sin(oy)

For small exit angles ay, the g, contribution can be ignored due to its rather small
value. [150] Based on the commonly used distorted wave Born approximation (DWBA),
the diffuse scattering process is treated as a perturbation of an ideal system. [151,152] The
calculation regarding the scattering cross section can be realized with first-order pertur-
bation theory. [151] In this case, flat interfaces are considered as the ideal system, while
the lateral structures and roughness are treated as perturbations. Thus, the differential
cross section is given by

do  COn?

aQ A

where C' is the area of the illuminated surface, and F'(q) is the diffuse scattering factor.

(=l [t F(@) o« F(@) (2.52)

This transmission function has a feature maximum, which brings a characteristic intensity
in the diffuse scattering. This maximum occurs at oy = . (a. is the critical angle of the
probed material) and is called Yoneda peak. [153] a is determined by the scattering length
density p of the probed material. [153,154] The transmission function works only as the
overall scaling factor, and the scattering signal is proportional to the diffuse scattering
factor F(¢). [155] Bodies with a specific dimension and an interference function on a
reflecting substrate are employed to simulate and thus to interpret a specific GISAS
scattering pattern within the DWBA. Based on the assumption of the presence of N

identical bodies in a random orientation, F'(¢) can be expressed as: [156]

F(§) < NS(QF(]) (2.53)
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where S(q) is the interference function (structure factor), which explains the spatial ar-
rangement of the bodies, and F(q) is the form factor of the bodies. [156] The expression
2.53 is commonly applied for analysis of the lateral structures obtained from GISAS scat-
tering patterns. [150]

In the present thesis, GISAXS/GISANS is the most important characterization method
for probing the inner structures of our investigated NPs-DBC hybrid films. For a thor-
ough investigation, 1D cuts of the obtained 2D GISAXS/GISANS data are analyzed
based on a constructed modeling composed of cylindrical objects. In the modeling, a 1D
paracrystal (1IDDL) is considered as the structure factor. Those cylindrical bodies are
supposed to be arranged periodically, and the deviation of the position increases with the
increasing distance from the origin. Hence, instead of the long-range order, the short-
range order is shown. Notably, the arrangement of 1DDL is irrespective of the direction
in the system. [157] In addition, the size distribution of the bodies are included using a
local monodisperse approximation (LMA). Details regarding the LMA is described else-
where. [146] Furthermore, the contributions originated from reflections before and after
the scattering (in the DWBA regime) have to be considered. Taking into account all con-
tributions, the final form factor is realized. While, the roughness effect within the possible
scattering events can be included with the Fresnel reflection coefficients as well. [158]

To fit the line cuts made from 2D GISAXS/GISANS data, the form factor of the modeled
cylinders are fitted with a Gaussian distribution, which is given by: [159]

1 (z—=g)?
flw) = o (2.54)

NG

xo is the value of the peak center, and o is the standard deviation. The full width at
half maximum (FWHM), which indicates the ordered degree of the assumed structure, is

determined with the standard deviation:

FWHM = 2v2In20 (2.55)

GISANS with TOF-mode

Time-of-flight (TOF) mode GISANS is realized via a bunch of neutrons with different
wavelengths separated by a double-chopper separation system due to the time resolved
detection arising from their different velocities, i.e. the neutrons with different wavelengths
have different velocities, thus the time is different when they pass the identical distance
between two choppers, then with such neutron flight process a wavelength discrimination
is achieved (seen in Figure 2.25). [160,161] With the TOF mode, GISANS measurements
applying a bunch of neutrons with different wavelength can be carried out simultaneously,

which equals to multiple GISANS measurements with a single wavelength performed with
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Figure 2.25: Sketch of double-chopper separation system for the neutron wavelength discrimi-
nation. The green plates are choppers, which rotate with the directions marked with blue curve

arrows. The colorized straight arrows indicate the neutrons with different wavelengths.

several different incident angles. [160] Therefore, compared with regular GISANS, TOF-
GISANS has a large advantage in time consumption.
The wavelength of the neutron is determined by the momentum of the neutrons p(v,) via

deBroglie wavelength, which can be written as: [66]

(2.56)

where h is the Planck’s constant, and p(v,) is determined by the velocity of the neutron
vn. Accordingly, the neutron with a shorter wavelength has a higher velocity. During
the GISANS measurements, the neutrons drop in negative ¢, direction due to the gravity
effect. Neutrons with longer wavelengths suffer from a more serious gravity effect, because
their lower velocities result in longer flight time. In the subsequent analytical process, the

gravity effect is corrected and the details of correction are described elsewhere. [66]






Chapter 3

Characterization methods

In the present thesis, four batches of NPs-DBC hybrid films with different purposes and
fabricating methods are fully characterized with a variety of techniques. The film struc-
tures are investigated with several real-space and reciprocal space techniques. The mag-
netic properties are probed with a magnetic property measurement system (MPMS) of
a superconducting quantum interference device (SQUID). Furthermore, Mossbauer spec-
troscopy, x-ray reflectivity and small angle x-ray scattering are applied to examine the
employed maghemite NPs. All the characterization techniques employed in this thesis are
introduced in the present chapter.

In detail, the real-space techniques optical microscopy (Section 3.1.1), scanning electron
microscopy (Section 3.1.2) and atomic force microscopy (Section 3.1.3) are applied to
probe the surface structures of the hybrid films. To examine the buried nanostructures,
the reciprocal space techniques grazing incidence small angle x-ray scattering (Section
3.1.8) and time-of-flight grazing incidence small angle neutron scattering (Section 3.1.9)
are used. To investigate the magnetic functionality of the hybrid films, SQUID magne-
tometer (Section 3.2.1) was performed. Furthermore, to examine the chemical identities
and the sizes of NPs, Mossbauer spectroscopy (Section 3.2.2), x-ray reflectivity (Section
3.1.5), and small angle x-ray scattering techniques (Section 3.1.7) are applied.

3.1 Structural characterization

3.1.1 Optical microscopy (OM)

Optical microscopy (OM) allows for the examination of the surface structures of the hybrid
films in micrometer scale, which is used for the determination of the length and the width

of metallic wires in our investigations, and is also applied as a fast quality check of the

93
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magnification [x]| resolution [pm/pixell

1.25 6.26
2.5 3.11
10 0.82
20 0.17
100 0.082

Table 3.1: Resolutions for corresponding different magnifications of OM.

prepared films. The used OM is an Axiolab A microscope (Carl Zeiss) equipped with five
different magnifications objectives from 1.25x to 100x and combined with a PixeLink
USB Capture BE 2.6 charge coupled device (CCD) camera. The size of the obtained OM
images is 1280 x 1024 pixels. The corresponding resolutions of each pixel for different
magnifications are presented in table 3.1. For measuring the length and the width of the
metallic wires, the magnifications of 50x and 100x are used. To process and analyze the

images, the software ImageJ 1.46r is applied.

3.1.2 Scanning electron microscopy (SEM)

To probe the surface structure of the hybrid films with a much higher resolution compared
with OM, scanning electron microscopy (SEM) is applied. Instead of optical visible light,
electrons are used in SEM, which can provide a higher resolution due to the smaller
wavelength. There are two possibilities for generating the electrons, supplied by either
a hot cathode or a field emission electrode. [162] In the case of using a field emission
electrode, the electrons are produced by a strong electrical field that allows them to be
emitted from the cathode. Afterwards, the electrons are accelerated by a voltage of several
kV and are focused by a set of magnetic and electrostatic lenses. The accelerated electrons
hit the film surface and cause the emission of secondary electrons out of the hit material.
Subsequently, the secondary electrons are recorded on a detector at small sample-detector-
distance. Meanwhile, backscattering of the electrons and cathodoluminescence appear.
[162] However, they do not contribute to the generation of the SEM images. The intensity
of the emitted secondary electrons is collected for each scanned point and influenced by
the nature of the material and the sample-detector-distance. Depending on different
examined materials and their topography, a monochrome SEM image with corresponding
brightness values can be obtained with a penetration depth within 10 nm. [154] However,

the perpendicular changes with respect to the film surface have very limited contribution
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to the secondary electron intensity.

In the present thesis, all SEM images are collected from a FESEM Gemini NVision 402
(Carl Zeiss) controlled by the software SmartSEM (Carl Zeiss). To get possible high
resolutions and avoid oversaturated charging for SEM images, acceleration voltages of 0.4,
2 and 4 kV at working sample-detector-distance of 0.9, 1 and 1.2 mm with an aperture
of 10 pum are used. For a stable working environment, the vacuum pressure of the gun
and the system are 2 x 107 and 2 x 107% mbar, respectively. The signal of secondary
electrons is recorded on an InLense detector, which is placed around the primary electron
beam with a ring-like shape. All SEM images are processed and analyzed by adjusting
brightness and contrast, tuning Gauss blur parameters, and making FFT patterns via
software ImageJ 1.46r.

Although the embedded metal-oxide NPs are conductive, the probed hybrid films are
still considered as a non-conductive material because the ratio of the incorporated NPs
is fairly low in the entire hybrid film system. Because of the poor electrical conductivity
of the hybrid film, it can easily be charged up in a short time. Hence, the obtained
image quickly appears dark, which increases the difficulty of the focusing. By selecting
appropriate working parameters, SEM measurements for the non-conductive hybrid films
can be realized. In this case, highly conductive substrates are necessary in order to
conduct the accumulated electrons away from the films. In the present thesis, silicon
is used as a proper conductive substrate. To modify the measuring process, a highly
conductive graphite tape is used. A long strip shaped graphite tape is pasted close to
the investigated position and is connected to the metallic sample holder to accelerate the
transport of the accumulated charges. To check the sample homogeneity, the SEM images
are taken at several selected spots, which are located close to the four corners and at the

center of each sample.

3.1.3 Atomic force microscopy (AFM)

Since OM and SEM only provide 2D structural image, the height profile of the film
surfaces is inaccessible. A 3D map of the film surface can be obtained by atomic force
microscopy (AFM) with full quantitative preservation of the height profile.

The primary working principle of AFM is based on the atomic interaction between the
AFM tip and the sample surface. The AFM tips are rather small, and the typical radius
of them is only a few nanometers. The tips can approach the sample surface very closely.
In this case, an extremely small interatomic force is accessible. AFM measurements have
three basic modes: tapping, contact, and non-contact mode. In order to minimize surface

damage of our investigated soft materials from the AFM measurements, tapping mode is
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applied in the present thesis. Figure 3.1 presents a sketch of a simplified AFM setup and

its functional principle.

photodiode

laser source

feedback
electronic

signals, data
processing

‘_J obtained AFM image

piezo sample stage

cantilever with tips

Figure 3.1: Sketch of AFM equipment. The sample is placed horizontally on a 3D mobilizable
piezo sample stage. The cantilever is placed above the sample, with 3 tips on its front end
communicating with the sample surface. A laser beam is focused on the top of one of the
tips. The tip moves along with the film surface. The displacement of the tip is detected via a
reflective laser recorded on a photodiode. The readjustment of the sample position and the data

processing are realized with a feedback system connected with a computer.

The tips are installed on a cantilever with a well-defined spring constants. In tapping
mode, the applied cantilever is excited to its constant resonance frequency w, and the
sample is mounted underneath the tip with a sample-tip distance smaller than 100 nm.
The sample holder is controlled by a piezo stage, which enables the sample movement
in the zy-plane. During the measurement, the tip touches the sample surface with high
frequency. The information of the change in height is passed to the cantilever and induces
a change of its amplitude. Meanwhile, the changed amplitude is detected due to a change
in the deflected laser signal, which focuses on the topside of the cantilever near the tip
region, on a multi-segmented photodiode. The feedback electronics collect the data and
adjust the sample to a new position along z-direction. In this way, the initial sample-tip
distance is restored. The sample surface is being scanned line by line and the height
profile (vertical change of each position) is recorded simultaneously.

All AFM measurements are carried out in ambient conditions. Two different AFM in-
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struments are employed in the present thesis. The corresponding functional parameters

are presented below:

(1) AFM-1: JSPM-5200 AFM (JOEL). The applied tips, with a curvature radius of less
than 15 nm, are mounted onto the one cross-side of the cantilever (ULTRASHARP
NSC35/ALBS, MikroMasch) with a spring constant of 7.5 N/m and a resonance
frequency of 170 kHz.

(2) AFM-2: Autoprobe CP Research AFM (Veeco Metrology Group). The applied tip,
with a curvature radius of 10 nm, is mounted onto the backside of conically shaped
cantilever (Ultralever OLNC-B) with a spring constant of 2.1 N/m and a resonance

frequency of 75 kHz.

The AFM data collected from both AFM instruments contain 256 x 256 data points.
The software WinSPM v2.14 is used to process and analyze the obtained AFM data, e.g.,
background subtraction, roughness calculation, and line cuts representation of topography

images.

3.1.4 Surface profilometry

Film thickness can be measured with a surface profilometer in a simple and fast procedure.
In the present thesis, a Dektak XT Surface Profiler (Bruker) is employed to examine the
height deviation between the supported silicon substrate and top surface of the film,
which is defined as film thickness. To proceed, part of the film is required to be lifted
off from the substrate with the help of a sharp plastic knife. Afterwards, the prepared
sample is horizontally placed on a sample stage installed underneath a measuring tip.
The computer controlled tip descends to the film surface and approaches a selected edge
of the substrate and the film. With a slow scan speed of 1 ym/s and a stylus force of 9.8
1N, the tip crosses over the edge, and then the film thickness is obtained after the data
processing. For statistics, 3 edges and 5 times measurements of each edge are examined

for each sample.

3.1.5 X-ray reflectivity (XRR)

In order to get more information on the vertical dimension of thin film samples, x-ray
reflectivity is employed. The regarding theoretical basics have been discussed in the re-
flectivity part of Chapter 2 (Section 2.3.2).

XRR measurements were performed on a D8-advance (Bruker). The software XRDcom-

mander and XRDwizard are used to control and program the measurement protocols,
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respectively. The x-ray radiation is supplied by a copper anode with a wavelength of \¢,
= 0.154 nm. The examined sample should be longer than 2.5 cm to avoid the experi-
mental inaccuracy caused by over-illumination. During the measurement, the sample is
placed horizontally on a circular sample stage.

The XRR instrument mainly consists of an x-ray source tube, a sample stage and a signal
detector. The change of the incident angle 6 is realized by varying the angle 26 between
the detector and the incoming x-ray beam. [163]

In order to block the noise originating from part of the x-ray beam, a knife-edge is placed
above the sample with only tiny spacing. The knife-edge confines the illuminated region
to obtain a high angular resolution. To well define the x-ray beam, narrow slits with the
width of 0.05 and 0.1 mm are installed at the x-ray entrance and before the detector,
respectively. In this case, a high resolution and decreased intensity are accessible. A
typical XRR curve in the present thesis is measured for an angular range of 0° < 20 < 7°
with an increment size of 0.01°. An absorber is applied to block the high intensity of the
total reflected signal. For our probed samples, a counting time of 20 s is selected. Film
thickness information is obtained by fitting the reflectivity profiles using the software of
Parratt algorithm. [164]

3.1.6 X-ray diffraction (XRD)

The x-ray diffraction (XRD) is necessary for the determination of the chemical identity
of the employed NPs. In the present thesis, the previous discussed XRR instrument has
been applied for the XRD measurement. Working principles of the XRD are similar to the
XRR as well. The most important difference is that no knife-edge is applied in the XRD
measurement. Typical XRD data in the present thesis are performed with an angular
range of 15° < 26 < 70° with an incremental size of 0.01°. A counting time of 40 s for
each step is selected. Slits with the width of 0.05 are installed both at the x-ray entrance
and before the detector.

3.1.7 Small-angle x-ray scattering (SAXS)

To determine the dimension of the NPs, small-angle x-ray scattering (SAXS) is performed
on a Ganesha 300XLWSAXS-WAXS system (SAXSLABApS, Copenhagen/Denmark).
The x-ray is produced at 50 kV and 0.6 mA, using a Cu anode with a wavelength of
0.154 nm. [108,110] The sample-to-detector distance is 1.051 m. For avoiding NP ag-
gregation and other possible effects, a highly diluted NP solution is made with the NPs

dissolved in the solvent toluene. The NP solution is injected into a glass capillary, which
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functions as a sample holder and allows for x-ray transmission. [108,110] The transmission
data is recorded on a 2D detector. For a quantitative analysis of the NP dimension, a line
cut of the azimuthal integration of the intensity distribution from the 2D SAXS data is
required. Such a line cut is fitted using SAXSFit 2.3 software [165] assuming hard sphere

particles to get the precise NP size with its distribution.

3.1.8 Grazing incidence small-angle x-ray scattering (GISAXS)

To probe the inner structures underneath the film surface with high statistical relevance,
grazing incidence small-angle x-ray scattering (GISAXS) is performed. The corresponding

theoretical basics have been described in the Section 2.3.4.
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Figure 3.2: A schematic view of the GISAXS geometry. The x-ray impinges on the sample with
a shallow incident angle (o; < 1°), and an exit beam with an angle of ay is recorded on a 2D
detector. The sample-detector distance (SDD) can be adjusted based on the structures to be

probed. The scattering plane is defined in the zz plane.

The GISAXS measurements are performed at the beamline P03, Micro- and nanofo-
cus x-ray scattering (MiNaXS) of the PETRA III storage ring (DESY, Hamburg, Ger-
many). [166,167] The details of alignment are explained elsewhere. [168]

A schematic view of the GISAXS geometry is shown in Figure 3.2. The selected x-ray
wavelength is Apgs = 0.0957 nm with the x-ray energy of 13.0 keV. The shallow incident
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angle (a;) is set to 0.35°, which is well above the total reflection angles (critical angles)
of all the materials involved in our investigated hybrid film systems. In this case, the
entire films can be fully penetrated with the selected x-ray beam. Hence, the provided
scattering data contain the information throughout the full depth of the films. The x-ray
beam size at P03 is shaped to 20 x 40 um? in vertical x horizontal direction by parabolic
beryllium compound refractive lenses (Be CRLs). [169]

The samples are horizontally placed on a 3D movable sample stage. The scattered data
are recorded on a 2D detector (Pilatus 300K Dectris Ltd., Switzerland, with 487 x 619
pixels, pixel size 172 x 172 um?). To access the desired dimension range, SDD are set
to 2.49 and 2.55 m, respectively. To minimize the scatter noise from air, an evacuated
flight tube with a flexible length is installed between the sample stage and the detector to
cross over the gap. For avoiding oversaturation, two point-like beam stops are installed
in front of the detector at the positions of the direct beam and the specular reflection,
respectively. For interpreting the intensity in the 2D GISAXS data (seen in Figure 3.2),
a color bar from black via purple, blue, green, yellow, orange, and red to white is used.
The software fit2d (developed by Andy Hammersley, ESRF, Grenoble) is applied to anal-
yse the 2d GISAXS data. The different scattering directions provide the structural in-
formation relative to the substrate. For a quantitative analysis, based on the geometry
of GISAXS, the so-called horizontal cuts (g, direction, parallel to the substrate, marked
with a green arrow in Figure 3.2) and vertical cuts (g, direction, perpendicular to the
substrate, marked with red arrow in Figure 3.2) of the 2D intensity distribution are in-
tegrated from the 2d data. The integration averages the intensity over approximately 5
pixels for statistics. Furthermore, for a precise determination of lateral structures, the
horizontal cuts (g, profiles) are fitted with a model assuming a Lorentzian distribution of
length scales, the details of which are described elsewhere. [90] The lateral structural size
and its distribution are revealed via the fit results.

In particular, due to shape anisotropy, one batch of samples in the present thesis regarding
the fabrication of nano- and microwires (in Chapter 7) were measured in two orientations:
The x-ray beam was oriented parallel or perpendicular with respect to the wire shaped
NP aggregates, which were visualized on top of the hybrid films. Combined with the
understanding of the GISAXS geometry, the horizontal cuts, which were probed with the
direction of x-ray beam parallel or perpendicular to the wire shape aggregates, show the

lateral structures perpendicular or parallel to the NP wires, respectively.
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3.1.9 Time of fight grazing incidence small-angle neutron scat-
tering (TOF-GISANS)

As an alternative to x-rays, neutrons also can be applied for scattering under grazing
incidence. A different contrast can be obtained with neutron scattering, and thus more
structural information can be accessed. In the present thesis, nanostructures and compo-
sition for two batches of hybrid films are investigated with GISANS in the time-of-flight
mode, which is called TOF-GISANS. The related theoretical basics have been discussed
in Section 2.3.4.

TOF-GISANS measurements were carried out at the REFSANS instrument of the Helmhol
tz Zentrum Geesthacht at the Heinz Maier-Leibnitz Zentrum, Garching, Germany. [170—
173] A sketch of the TOF-GISANS experiment set-up is shown in Figure 3.3. The basic
geometry of GISANS is similar to that of GISAXS (in Figure 3.2). The main difference in
GISANS is that an extra transmission signal can be detected, because the silicon substrate

is transparent to the neutron source.

Yoneda peak
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Figure 3.3: Sketch of the geometry applied in the TOF-GISANS measurements. The incident
and exit angle are indicated with a; and ay. The horizon (dashed line) separates the reflected

and transmitted signal. Image taken from reference [110].

During the TOF-GISANS measurements, the neutron beam impinges on the sample

with a fixed incident angle of 0.50°. The critical wavelength for total external reflection
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is at A.= 0.97 nm for our investigated DBC films. Instead of a monochromatic neutron
beam, a continuous neutron spectrum with a varied wavelength range from 0.23 nm to
1.22 nm is applied. For wavelength discrimination, the incident neutron beam is split by a
high-speed rotated double-chopper system. [172] The basic principle of the TOF mode has
been described in Section 2.3.4. For data processing, the neutron spectra are on purpose
sliced into several wavelength channels with a resolution of 10% for each channel. [174]
Neutrons with short wavelengths can fully penetrate the investigated hybrid films, while
neutrons with a wavelength longer than 1.02 nm are only scattered at a finite depth of less
than 60 nm at the selected incident angle. [110] The penetration depth strongly depends
on the scattering length density, p, of the investigated material. Therefore, depth profiles
of the film structure can be obtained from the TOF-GISANS data with corresponding
neutrons in different wavelengths.

The sample is horizontally placed on a movable sample stage. The scattering signal is
detected on a 2D 3He detector (consists of 340 x 340 pixels, pixel size 1.38 x 1.38
pm?) with a SDD of 10.52 m. [171] To obtain sufficient statistics, the counting time is
set to 24 hours. For protecting the detector from large intense damage, a beam stop
is installed at a fixed position in front of the detector to block the direct beam. All
measurements are performed at ambient conditions with no solvent present. The software
LAMP (v6.2) developed by ILL, Grenoble is used to process the 2D GISANS data. A
color bar, from black via purple, blue, green, yellow, orange, and red to white, represents
the intensity. Similar to data analysis procedures of GISAXS, structural information in
different orientations is obtained from horizontal (g, direction, parallel to the substrate)
and vertical cuts (o + ay direction, perpendicular to the substrate) of the 2D GISANS
data. The horizontal cuts (g, profiles) were fitted with a model assuming a Lorentzian
distribution of length scales. The information of the critical angles corresponding to
different components in the hybrid film systems is obtained from the vertical cuts, which
are fitted with a linear function of the neutron wavelength with the slope proportional to

their scattering length density (seen in Equation 2.50).

3.2 Characterization methods of magnetic property

3.2.1 SQUID magnetometry

Direct current (DC) magnetization measurements as a function of temperature are per-
formed with a superconducting quantum interference device (SQUID) magnetometer
(MPMS XL-7, Quantum Design, San Diego, CA, USA). A schematic view of the SQUID

setup is represented in Figure 3.4. The probed sample is cut into 0.6 x 0.6 cm? and
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is inserted inside a plastic straw, which functions as a sample holder without magnetic
disturbance. The sample is placed in the center of a superconducting solenoid. The
sample chamber is sealed and is fully filled with liquid helium. For our investigated mag-
netic material (maghemite, v-Fe;03), to reach its saturation magnetization, the sample
is measured with an applied external magnetic field varied from -700 to 700 mT. Dur-
ing the measurement, the sample is surrounded by a superconducting pick-up coil with
four windings, which collect the magnetic signal from the sample. For transferring the
magnetic flux from the sample to an rf-SQUID device placed in the liquid helium bath,
a SQUID sensor is connected to the coil and functions as a converter of magnetic flux-
to-voltage. The voltage is amplified and is shown by the electronics of a magnetometer.
The sample is oscillated in vertical direction with amplitude of 3 cm. Such oscillation
results in the change of the magnetic flux in the pick-up coil, which causes a change of
the output voltage of the SQUID device. Moreover, the measuring result of magnetic
moment is proportional to the output voltage as well. The investigated hybrid films are
in nano scale, which results in rather small magnetic responses. Therefore, the employed
measuring device requires extremely high sensitivity, which can be obtained by locking
the frequency of the readout to the frequency of the movement (RSO). [175] More details
regarding the setup and the conversional principles of the SQUID device are described
elsewhere. [175]

The measurements were performed at different temperatures of 2, 3, 4, 5, 10, 20,
50, 100, and 200 K. For examining the magnetic shape anisotropy, one batch of samples
regarding the fabrication of nano- and microwires (in Chapter 7) was measured in two
orientations: The magnetic NP wires on the sample were oriented either parallel or per-
pendicular to the direction of the external magnetic field. In the data analysis, a strong
diamagnetic contribution originating from the silicon substrate was subtracted. Impor-
tant magnetic characterizations of the investigated hybrid films, including magnetization

saturation, remanence and coercivity, are extracted from the measured magnetic moments.

3.2.2 Mossbauer spectroscopy

Mossbauer spectroscopy provides precise information regarding the local magnetic and
electronic environment of Modssbauer nuclei in the probed materials. In contrast to
SQUID, no external magnetic field is required during the Mossbauer measurement. With-
out the disturbance of the external magnetic field, the sensitivity of the device is strongly
enhanced. Hence, observation of rather weak magnetic interactions is possible. [177]

The basics of Mossbauer effect is the observation of fine structure in the transition be-
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Figure 3.4: A schematic view of a simplified SQUID setup. Image taken from reference [176].

tween different nuclear energy levels through nuclear resonance absorption or fluorescence
radiation. [134] In the measurement, a source of >’Co nuclei supply excited *"Fe nuclei,
which decay into ground state with a y-ray emission. [134] In case the -ray energy equals
the energy gap in the probed material, a nuclear transition occurs in absorption. [134]
The source shifts with a certain velocity and the v-ray frequency can be fine regulated
due to the Doppler effect, which is rather remarkable due to the high frequency of the ~
photon. Therefore, all the splitting of the ground state of the source or absorber nucleus,
which could produce the magnetic or other interactions, can be examined. [134] Details
of the splitting regime can be found elsewhere. [134]

In the present thesis, Mossbauer spectra were measured in transmission geometry with
a standard electromechanical spectrometer using a sinusoidal velocity waveform and a
source of ®’Co in rhodium. [178] The measurement was performed at 4.2 K in a liquid He
bath cryostat, with the source and the absorber at the same temperature. The original
data were folded for reducing the geometry discrepancy. The processed data were fitted
with two sets of sextet Lorentzian distribution function lines. [178]

The measured spectrum was fitted using the software Mos90 with two Lorentzian distribu-
tions, which indicate two different Fle3T lattice constructions of octahedral and tetrahedral

individually.



Chapter 4
Sample preparation

The employed materials and the film fabrication involved in the present thesis are de-
scribed in this chapter. The particular details for the different topics are presented at the
beginning of the corresponding chapters. All investigated materials are shown in Section
4.1, following by the substrate cleaning procedures in Section 4.2. Section 4.3 presents
the coating methods of the hybrid films. The post-treatment of thermal annealing is

described in Section 4.4.

4.1 Materials

The involved materials can be mainly divided into two groups: DBCs act as structural

templates, and magnetic NPs as functional fillers.

4.1.1 Diblock copolymer

With the purpose of fabricating desired nano-structures with different types, three DBCs
are selected: polystyrene-block-polymethyl methacrylate (PS-0-PMMA), polystyrene-d8-
block-polyn-butyl methacrylate (PSd-6-PBMA), and polystyreneg;-block-polyN-isopropyl
acrylamide;s, (PS-b-PNIPAM). Details of the investigated DBCs are listed in the table
4.1. The chemical structures of the DBCs are shown in Figure 4.1.

All these DBCs are so-called coil-coil like copolymers, which indicates that both blocks
of the DBCs are coil-like polymers. Based on the Flory-Huggins segment-segment inter-
action parameter (x) and the degree of polymerization (N), the investigated DBCs of
PS-0-PMMA and PSd-6-PBMA lie in the intermediate segregation regime. According
to the theoretical phase diagram of DBCs discussed in the previous Section 2.1.2, the
sphere, cylinder, and lamella are expected for the bulk DBCs of PS-6-PMMA (fps =

65
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Figure 4.1: The chemical structures of the investigated DBCs.

0.15), PSd-0-PBMA (fps = 0.53), and PS-b0-PNIPAM (fps = 0.32), respectively. PS-b-
PMMA and PSd-b-PBMA are commercially synthesized. Moreover, PS-0-PNIPAM was
synthesized via consecutive RAFT polymerizations of styrene and NIPAM using n-S-
butyl-S’-benzyltrithiocarbonate as chain transfer agent in the group of A. Laschewsky
in Potsdam. [182,183] Details of the synthesis protocols and polymer characterizations
for such type of DBC are described elsewhere. [184, 185] With the purpose of improv-
ing the scattering contrast in the TOF-GISANS experimental, the structure of the DBC
PS-b-PBMA is modified with deuterated polystyrene (d8-PS) to PSd-s-PBMA.

4.1.2 Nanoparticle

Maghemite (v-Fea03) NPs acted as the functional filler also can modify the morphology
of hybrid films to some extent. The NPs are properly functionalized with surface coated
PS chains, thus they exhibit an enthalpic driving force for the selective deposition of the
NPs inside one domain of the microphase separated structure during the self-assembly
process of the NPs-DBC mixture. [44,45] Furthermore, such surface coating can prohibit
NPs self-aggregation in the polymer phase as well. [46] The length scales of the selected

NPs are on the same order magnitude as characteristic periodic distance of the employed
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polymer M, [kg/mol] PI polymer block M, [kg/mol] T, [°C]

PS-b-PMMA 218.0 1.18 PS 32.7 107 [179]
PMMA 185.3 105 [180]

PSd-b-PBMA 158.0 1.07 PSd 83.7 95

PBMA 74.3 20

PS-b-PNIPAM 21.0 1.14 PS 6.7 107
PNIPAM 14.3 152 [181]

Table 4.1: Properties of the structure-directing DBCs: number average molecular mass M,,,
polydispersity index PI, and glass transition temperatures T}, of the different blocks of the DBCs

are given.

DBCs. Therefore, the NPs can be well arranged in the DBC templates and the interac-
tion between them benefits the desired morphologies. The maghemite NPs coated with
PS chains were synthesized using a-lithium polystyrenesulfonate (LPSS, purchased from
Polymer Standards Service Mainz, Germany). [186] The NPs were synthesized in toluene
solution with a density of 1.09 g/cm?® by the addition of an aqueous mixture of FeCl, and
FeCls. The weight ratio of NPs in toluene solution was 2 wt%. [187] In our investiga-
tions, the employed NPs have the mean diameters of 6.5 and 10 nm, with the width of
log-normal size distribution of 0.2. The specific chemical identity and the size of the NPs
are examined using Mossbauer, XRD, and SAXS measurements, which are provided in

the corresponding chapters.

4.2 Substrates

The n-type Si 100 wafers with a diameter of 10 cm and a thickness of 525 pum pur-
chased from Si-Mat are selected as the solid substrates. The entire silicon wafers were
cut into pieces with the sizes of 25 x 25 mm? or 70 x 70 mm? according to the different
requirements of the investigation techniques applied to samples. The silicon wafer was
firstly scratched on the back side with a diamond cutter, following the careful break on
the scratching. To well proceed the scattering techniques, it is important to avoid the
bending of the substrate. Due to the undefined surface properties of silicon substrates
as received, cleaning procedures are mandatory to obtain a well-defined silicon surface.

Due to the difference of the investigated hybrid film systems, different substrate cleaning
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ingredient volume [mL] purity company

HySOy 200 95.0% Carl Roth
H50, 70 30.0% Carl Roth
H-O 130 99.9% -

Table 4.2: The composition of the acid cleaning recipe used for silicon substrate cleaning.

methods are required for the DBC films preparations. In the present thesis, acid cleaning

and basic cleaning are mainly used.

4.2.1 Acid cleaning

For the hybrid film systems based on the PS-6-PMMA and PSd-b-PBMA DBC templates,
a well-defined hydrophobic surface is required. Therefore, an acid cleaning method based

on sulfuric acid is applied, the specific composition of which is presented in Table 4.2.

Both sides of precut silicon substrates were rinsed with deionized (DI) water to remove
any possible dust particles. Afterwards, the substrates were vertically installed in a Teflon
sample holder and were immersed into a fresh prepared acid bath at 80 °C for 15 min.
Thereafter, they were taken out and stored in the DI water, and each piece was vigorously
rinsed with deionized DI water (around 350 mL). Subsequently, the substrate was drying
with oil-free Nitrogen (Ny) gas and placed in petri dishes. Normally, the acid cleaned

substrates are required to be used on the same day. [18§]

4.2.2 Basic cleaning

Because the PS-0-PNIPAM DBC is composed of a hydrophobic PS block and a hydrophilic
PNIPAM block, a basic cleaning method is required to establish a hydrophilic silicon oxide
layer of 1 nm at the Si surface. The detailed composition of the basic bath is presented
in Table 4.3.

The pre-cleaning procedures are the same as the acid cleaning. Afterwards, the Si
substrates were immersed in dichloromethane (purity 99.5% ) at 46 °C for 30 min,
followed by strong rinsing with DI water. In order to remove any possible organic traces,
substrates were immersed in the basic bath at 76 °C for 2 h. Then, substrates were stored
shortly in DI water. Before spin-coating, all possible traces from the basic bath were

removed by copious rinsing with DI water, followed by thorough Ny blow drying. [109]
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ingredient volume [mL] purity company

NH; 30 30.0% Carl Roth
H,0, 30 30.0% Carl Roth
H-O 350 99.9% -

Table 4.3: The composition of the basic bath used for silicon substrate cleaning.

4.3 Film preparation method

Because the employed DBCs and NPs are organic solution soluble, hybrid films can be
easily fabricated out of well-mixed solutions with techniques such as spin coating, dip
coating, solution casting, doctor blading, and printing etc. In the present thesis, solution
casting and spin coating are applied, which are described in details in following Section
4.3.2 and 4.3.3.

4.3.1 Solution preparation

The most important precondition is that all the involved materials have to be well dis-
solved in the selected solvent. Besides the employed substrate cleaning procedures, an
appropriate solvent is essential for obtaining homogeneous films. Therefore, different types
of DBCs require different kinds of solvents. For the investigated systems based on the
DBCs of PS-0-PMMA or PSd-b-PBMA, toluene was used; for the DBC of PS-b-PNIPAM,
1,4-dioxane was selected.

All materials were used as received without any purity. The materials were placed in
a pre-cleaned welted glass container and were weighed with a precise electronic auto-
balance. The calculated amount of solvent was added into the glass container with a
precise pipette. To avoid the evaporation, the container was closed with a cap and was
sealed with a tape. Afterwards, to ensure the thorough dissolution of all the involved
materials, the container was placed on a shaker, which keeps shaking for 24 hours.

To probe the effects of the NP incorporation on the morphology and magnetic properties
of the hybrid film system, the mixed solutions contain maghemite NPs and DBCs with
varied weight ratios. Different hybrid film systems were targeted for different types of
applications, which require different film thicknesses accordingly. In this case, different
fabrication methods are selected. The details of the concentration of DBCs and NPs in

the solution are described in the beginning of each chapter separately.



70 Chapter 4. Sample preparation

4.3.2 Spin coating method
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Figure 4.2: Schematic representation of the
working principle of the spin coating. Black and
blue cuboids indicate the silicon substrate and the

established film, respectively.

In the present thesis, three batches of hybrid films were fabricated with a simply, fast,
and highly reproducible spin coating method, which was performed with a spin-coater
Delta 6 RC TT (Siiss MicroTec Lithography GmbH). The schematic representation of the
working principle of the spin coating is shown in Figure 4.2. Firstly, a pre-cleaned silicon
substrate was placed horizontally on a rotator of the spin coater and was sucked on the
backside via small holes in the rotator connected with a vacuum pump. Afterwards, the
prepared, well-mixed solution was dispersed and was fully covered on the surface of the
substrate. Immediately, the rotator started with pre-set parameters. Finally, a homoge-

nous film with well-defined film thickness was obtained.

In general, such spin coating procedure can be explained with a three-step regime:
[189]

(1) The majority of solution is thrown away from the substrate due to the strong cen-

trifugal force.
(2) Convection is dominating.
(3) The solvent diffuses through the film surface.
The resulting film thickness can be predicted with an equation: [190,191]

d = Aw Y 2coM'V* (4.1)
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Where A is an experimental parameter depending on the employed spin coater and the
actual environmental situations, w is the speed of rotation, ¢j is the concentration of the
solution, and M is the molar mass of the employed polymer. From the results of pre-test
experiments, the parameters of spin coating procedures were fixed at acceleration time 9
s, spin-coating time 30 s, and spinning speed 2000 rpm, at room temperature 22 °C and
relative humidity 40%. With these fixed parameters, the film thickness can be simply
tuned by varying the concentration of the polymer in the solution. The concentration

dependence can be described in three regimes: [191]

(1) At rather low polymer concentrations, not sufficient polymer material is present and

no continuous and homogeneous film can be formed.

(2) At mediate polymer concentrations, a linear relation between film thickness and poly-
mer concentration (described in Equation 4.1) is established under the assumption of

the absence of the solution viscosity.

(3) At relative high polymer concentrations, due to the viscosity is too large to ignore,

the linear behavior remains but with steeper slope.

Therefore, the viscosity has a direct effect on the film thickness in principle.

4.3.3 Solution casting method

The hybrid films based on PS-b-PMMA were fabricated with solution casting method,
which proceeded with an applied external magnetic field. The schematic representation
of the special designed solution casting set-up is shown in Figure 4.3. The desired external
magnetic field was realized with two plate-shape permanent magnets (Ferrit Y35, 4100G,
Magnetsdyou GmbH), which were separated with two plastic spacers. The entire set-up
was installed inside a plastic box on a leveled bottom plate. Magnetic fields with different
strengths can be achieved via simply adjusting the distance between the magnets. In our
investigation, the varied magnetic field of 149, 329, 657 and 1112 G were used. In Figure
4.3, a glass sample holder, the height of which equals to the half-height of the applied
magnets, was placed in the middle between the magnets. The pre-cleaned substrate was
horizontally placed on the sample holder. In this case, the external magnetic field was
parallel to the sample surface. For each sample, the same amount (350 pL) of solution
was casted and was fully covered on the whole substrate surface. Afterwards, the box was
closed with a lid to create a stable atmosphere, which can isolate the external disturbance
and keep the solvent evaporation in a slow and defined condition. To ensure the film

being completely solid, the solution casting procedure lasted for 24 h. The edges of the
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established film were thicker than the centric part of film. To avoid unnecessary errors in

the subsequent measurements, all the thicker edges were completely removed. In contrast
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Figure 4.3: Schematic representation of the solution casting set-up. All the components are
indicated as the legends for clarity.

to previous mentioned spin-coating method, solution casting has many advantages. The
most significant advantage for our investigation is the relative slow speed of the solvent
evaporation, which provides enough time for the hybrid film to reach equilibrium of the
microphase separation. Additional, it also offers sufficient time to allow the NPs for
responding to the external magnetic field. The hybrid film with a thickness in a pym-scale
can be easily produced via solution casting. Moreover, the DBC concentration dependent
solution viscosity is an essential factor, which can influence the mobility of the NPs as
well. High viscosities can hinder the mobility to some extent due to the high friction with
the surrounding matrix. Consequently, a relative low DBC concentration of the solution
(10 mg/mL) is selected.

4.4 Thermal annealing

The hybrid films fabricated with spin coating are in a non-equilibrium condition due to
the fast established process, which freezes the polymer structure in rather short time.
Such semi-finished morphology may not be ideal for desired applications. Therefore,
certain post-treatment, such as annealing process, is required for allowing the film to
reach equilibrium. The annealing process can increase the mobility of the polymer chains,

so that the rearrangements of structures can be realized. For our investigated coil-coil
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like DBCs, the structures originated from microphase separation are developed with the
annealing process. Particularly, a so-called thermal annealing was applied in the present
thesis. Thermal annealing describes an event, the film is heated up with a well-defined
procedure to a selected temperature for certain time, following as well a well-defined
cooling down process. The heating temperature is most important factor. On one hand, it
requires to be higher than the glass transition temperature of the DBC, so that the chains
of the DBC have the possibility to move and rearrange; on the other hand, it must be
lower than the order-disorder transition temperature of the DBC, to avoid establishment
of a disordered structure. The resulting film morphology is affected by the rates of heating
up and cooling down, and the annealing duration.

Thermal annealing was applied on the hybrid films based on DBC of PS-0-PBMA. The
whole batch of as-prepared hybrid films were placed in an airtight oven fully filled with
inert No. The function of the Ny is to avoid the possible oxidation and degradation.
Furthermore, such thermal annealing also helps the residual solvent completely getting
removed from the hybrid film. The specific parameters of the thermal annealing process

are presented in the beginning of the corresponding chapters.






Chapter 5

Perforated lamella via self-assembly
PSd-b-PBMA and maghemite NPs

Parts of this chapter have been published in the article “Self-assembly of diblock copoly-
mer-maghemite nanoparticle hybrid thin films”, ACS Appl. Mater. Interfaces, 2014, 06,
18152-18162.

In the current chapter, the work is presented aiming at making the nano-structure of
polystyrene-d8-block-poly(n-butyl methacrylate) (PSd-6-PBMA) DBC films in relation
to the embedded maghemite NPs for the special morphology of a perforated lamella with
an enrichment layer containing NPs at the film/substrate interface. Commonly, prepara-
tion of highly ordered nanostructures requires complex processes, or elaborate treatments
of substrates. [32-34] In current study, a simple, economical, highly replicable process is
used for the film fabrication. Morphological modifications of the nanostructured hybrid
films are realized with incorporation of the maghemite NPs. The lateral nanostructures
at the surface of the hybrid films are constant, which is irrespective of the NP loading.
Such significant feature makes them interesting for applications as it does not change the
periodicity of the magnetic nanostructure.

The chemical identity and the size of the current used NPs are characterized with Moss-
bauer and SAXS measurements. Both, real-space techniques AFM (AFM-1, described
in Chapter 3.1.3) and SEM and reciprocal-space techniques XRR and TOF-GISANS,
are employed to probe the entire film structure. Particularly, with the TOF-GISANS,
film structures in various depths are accessible simultaneously (related theory has been
presented in Section 2.3.4). Further, additional structural information such as possible
polymer enrichment at either polymer-air or polymer-substrate interfaces as well as the
DBC/NPs morphological correlation can be probed. [160,192] The incident beam impinges
the hybrid films with a fixed shallow angle of 0.48°. In this case, for the investigated PSd-
b-PBMA film, the critical wavelength (\.) for total external reflection is 0.97 nm. Instead

75
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of a monochromatic neutron beam, a continuous neutron spectrum with a wavelength
range from 0.23 nm to 1.22 nm was used. Consequently, depth profiles of the film struc-
ture are obtained from the TOF-GISANS data with different neutron wavelengths (in
Section 2.3.4). Finally, the related magnetic behaviors of the hybrid films are examined
with a SQUID device.

The hybrid films are fabricated with the spin coating method. Afterwards, a post treat-
ment of thermal annealing in an inert Ny environment at 160 °C for 5 hours is applied.
The deuterated PS block is selected to enhance the neutron contrast for the TOF-GISANS
experiment. The scattering length densities of the involved materials are PSd of 5.99 x
10~* nm~2, PBMA of 5.54 x 107 nm~2, PSd-b-PBMA of 3.44 x 10~* nm~2, and 7-Fe,05
of 7.18 x 10~ nm~2, which possess significant differences. The important Flory-Huggins
segment-segment interaction parameter (y) of PS and PBMA is 0.015 at room temper-
ature. [113] Based on the mean-field theory (in Chapter 2.1.2), the probed DBC with
XN = 44 lies in the intermediate segregation regime. [75] The sample size of 7 x 7 cm? is
selected. The spin coating parameters and the DBC concentration are selected to create
a film thickness nearly equaling to the periodic domain distance of the employed DBC.
Via several pre-tests, the DBC concentration of 12.4 mg/mL is turned out to be necessary
for achieving the desired film thickness. Varied NP concentrations with respect to DBC
solutions (0, 0.1, 0.5, 1, 3, 7, and 15 wt%) are prepared using toluene as solvent. All the

preparation procedures are carried out at room temperature.

5.1 NP characterization

5.1.1 Characterization of NP size

Figure 5.1a presents a 2D SAXS data of the employed NPs in highly diluted toluene sol-
vent. The direct beam position is shielded with a round-shaped beamstop for preventing
the detector from high intensity damage. For a quantitative analysis, the azimuthally
averaged 2D SAXS data together with its fit are shown in Figure 5.1b. At low ¢ range
(first 2 data points), the beamstop shields the detector against the x-ray beam. Assuming
a hard sphere model, the fit result reveals the size of v-FesO3 NPs, 6.5 + 0.9 nm with a
log-normal size distribution (width 20%).

5.1.2 Chemical identity of NPs

Figure 5.2 shows the Mdssbauer spectrum carried out at 4.2 K for the NPs. A magnetic

sextet is observed, which presents the standard characterizations of maghemite material
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Figure 5.1: (a) 2D SAXS data of 7-Fe203 NPs in highly diluted toluene solvent. (b) Az-
imuthally averaged 2D SAXS data (black spheres) with its fit (red solid line). Image modified

from reference [110].

and thereby allows for a distinct identification of the type of iron oxide NP. The measured
spectrum (black hollow circles) was fitted with two Lorentzian distribution lines (green
dashed line and blue dotted line), which stand for two different Fe3" lattice constructions
of octahedral (green dashed line) and tetrahedral (blue dotted line) individually.
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Figure 5.2: Méssbauer spectrum of NPs per-
formed at 4.2 K (black hollow circles) together
with its fit (red solid line). Image taken from
reference [110].
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5.2 Determination of film thickness

In literature, many studies focused on the effect of the film thickness on the morphol-
ogy orientation of the BC films. [113,193-195] Since the precise determination of the
film thickness is crucial for the present studied hybrid films, XRR measurements are em-
ployed. Figure 5.3a shows the values of the film thicknesses obtained from the fit of the
corresponding XRR data vs. the NP concentration.
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Figure 5.3: (a) Thicknesses of the hybrid films vs. NP concentration (the solid line serves as a
guide to the eye). (b) A cross-section SEM image of the NP-free DBC film. The film thickness

is pointed out with black double headed arrows.

As the NP concentration increases, the thickness of the thin hybrid film increases from
65.9 4+ 3.3 nm to 78.4 £+ 2.4 nm monotonically. During the film preparation procedures,
all parameters were controlled identically, and the effect of the addition of the NPs on the
viscosity of the solution using for spin coating was fairly limited. Therefore, the embedded
NPs in the hybrid films are the main contributing factor for the increase behavior of
the film thickness. Since the values of the Flory Huggins interaction parameter y and
the degree of polymerization N of the investigated DBC are 0.015 and 2912, the yN is
43.68, which indicates the DBC lies in the intermediate-segregation (in Section 2.1.2).
Therefore, the theoretically expected periodic domain spacing, d, in the bulk can be
obtained with [77]

dN@N%X% (51)
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where a of 0.67 nm is the characteristic segment length, yielding a d of 68 nm. Due to
the symmetric block fraction of the DBC, a lamellar morphology is expected (in Section
2.1.2). The theoretically expected d of 68 nm is slightly smaller than the obtained film
thickness. Based on the previous studies regarding DBC thin films, two main possible
film morphologies arise: [113,115,196,197]

(1) In the case of film thickness < d, a perpendicular (with respect to the film surface)
lamellar morphology is favored, because it maximizes the conformational entropy
of the polymer chains by allowing the equilibrium periodic domain to be expressed
laterally. [113,196, 197]

(2) In the case of film thickness > d, a parallel lamellar morphology is more possible

to form because of the surface boundary conditions (in Section 2.1.3, Figure 2.16).
[113,115]

In general, the free energy minimization of the system mainly contributes to the mor-
phological orientation. [113] As the NP concentration increases, the film thickness shows
a non-linearly increase (Figure 5.3). With NP concentrations < 1 wt%, the film thick-
ness increases with a sharp slope. However, in the case of NP concentrations > 7 wt%,
the increase of the film thickness is less pronounced. Such non-linear NP concentration
dependent behavior of the film thickness implies that the NPs are initially embedded
into the film at a small NP volume, which expand the DBC domains and cause a film
swelling. However, at high NP concentrations, the majority of excessive NPs cannot be
incorporated into the hybrid film any longer. Consequently, the NPs form isolated ran-
dom arrangements of large aggregates on the top surface. [110]

Furthermore, the thickness of the NP-free DBC film is measured with a cross-section SEM
image (Figure 5.3b). Black double headed arrows indicate the film thickness, which is the

distance between the silicon substrate and the film top surface.

5.3 Surface structure

SEM measurements are used to probe the nanoscale surface structures of the hybrid films.
SEM images at different NP concentrations are exhibited in grey scale in Figure 5.4. The
dark regions correspond to the PS domains, and the lighter grey regions indicate the
PBMA domains. [198] In particular, certain rather bright objects are observed, which are
small NP aggregates.

In Figure 5.4a, for the NP-free DBC film, instead of a lamellar morphology, a cylindrical-

like structures are observed (dark areas) with an imperfect lateral ordering. In Figure
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Figure 5.4: SEM images of the hybrid films with varied NP concentrations: (a) 0, (b) 0.5, (c)
7, (d) 15, and (e) 25 wt%. Upright insets are the FFT patterns. (f) Power spectral density
(PSD) functions extracted from azimuthally integration of the FFT patterns at different NP
concentrations (from bottom to top): 0, 0.5, 7, 15, and 25 wt%. The PSD profiles are shifted
against y axis for clarity. A black arrow [ indicates the constant ¢ value of the lateral structure
of the film surface.
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5.4b, highly ordered, well-oriented arrays of cylinders with a long-range lateral order are
established with the incorporation of a small amount of NPs (0.5 wt%). Because the
surface of the NPs is modified with the PS coating, the compatibility of the NPs to the
PSd block is enhanced significantly. In consequence, the enthalpic interaction at the inter-
faces between NPs and PSd domains favors mixing. [139] Commonly, the Flory-Huggins
interaction parameter, Y, is in the range of 0.01-0.1. [199] Three y-parameters raise from
the probed hybrid film system: xpss—pBrma, Xpsi—nps and Xppayra—_nps, Which indicate
the chemical incompatibility between PSd and PBMA, PSd and NPs, and PBMA and
NPs, respectively. Notably, the x between PS and deuterium-substituted PS (PSd) is 1.8
x 1074, [200] Because the PS-coating fully covers the surface of the NPs, the xpsa_nps
can be considered as ypsq_pg, which implies the NPs are compatible with PSd. Further-
more, Xppma-_Nps can be presumed to be rather close with the value of the xpsq_prBrA
(0.015), ignoring the changes in the entropic contribution. Since the ratio of xppyra—nps
to X psa—nps approximates 85, the PS-coated NPs have a much higher affinity for the PSd
domains. [201]

Differing from the pure DBC template, with the incorporation of a small amount of NPs
(0.5 wt%), Figure 5.4b exhibits a highly ordered, densely packed cylindrical morphology,
which indicates that the structural ordering of the hybrid film is improved significantly
with the NPs loading. The similar behaviors of a better structural order and switchable
orientation of a lamellar structure from a parallel to a perpendicular are as well found in
previous investigations in the case of adding a low concentration of NPs into a DBC. [202]
In literature, the Russell group reported that the incorporation of selectively embedded
CdSe NPs into a PS-6-P2VP DBC caused the perpendicular orientation, due to the com-
pensation of the surface energies difference between PS and P2VP domains. [41] In the
current study, the obtained highly ordered cylindrical arrays at low NP concentration is
ascribed to the increased diffusion of the NPs within the PSd domains during the thermal
annealing procedure, leading to an enhanced distribution of the NP doped PS domains.

In the case of NP concentration > 0.5 wt%, the previous long-range systematic order has
been disturbed, and a deformed cylindrical morphology is found (Figure 5.4c,d). Plenty
of NPs entangled with the PS chains restrict their ability to diffuse and localize. Conse-
quently, the PS domains have less chance to optimally organize. The FF'T patterns of the
corresponding SEM images are shown in the upright insets of Figure 5.4. In general, the
isotropic ring-like FF'T patterns imply that the probed surface structures are isotropically
dispersed all over the films. The radii and the width of the FFT circular rings represent
the center-to-center domain distances and their distributions. In Figure 5.4b (0.5 wt%),
the ring of FFT becomes more prominent and even a second order ring raises. As the NP

concentration further increases, the intensity of the ring decays and its width broadens.
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Generally, in the case of NP concentrations < 0.5 wt%, the NPs are perfectly arranged
inside the favorable PSd domains and swell the domains. When NP concentrations > 0.5
wt%, the PSd cylinders begin to develop anisotropically, which enlarges the interfacial
curvature. With the purpose to adapt more possible NPs inside, the PSd domains per-
sist stretching and deforming. Consequently, the previous well orientated perpendicular
cylindrical morphology arisen at low NP concentrations is inclined to form parallel-like
cylinders at high NP concentrations. Similar transition phenomena have been found for
the NPs-DBC hybrid systems with a large amount of NPs loading in literature. [203-205]
In Figure 5.4e, with rather high NP concentration (25 wt%), excessive NPs cannot be
contained inside the PSd domains any longer. Therefore, the entropy penalty dominates
and the NPs tend to form aggregates, which results in an ill-defined morphology. Monte
Carlo simulations predict the analogous behavior, revealing NP aggregation in the case
of a large amount of NPs incorporated in a DBC system. [206]

The PSD functions obtained from corresponding FF'T are represented in Figure 5.4f. The
most pronounced feature is the peak I (marked with an arrow) remained at the constant g
value irrespective of the NP concentration. It reveals the most prominent lateral structure
of the film surface, representing the microphase separated inter domain distance. With
a quantitative analysis, a NP concentration independent lateral spacing of 58 + 2 nm is
extracted from the PSD profiles. As the NP concentration increases, the peak I becomes
more intense and narrower firstly, indicating the formation of the highly periodic, well-
ordered structures. In the case of NP concentration beyond a critical value, the peak I
begins to decay and broaden but with the ¢ value remaining, which implies that the NP
aggregates only influence the systematic order of the nanostructure but do not affect the
domain spacing.

The film surface in large scale is also probed with SEM (Figure 5.5). In general, more
NP aggregates appear as the NP concentration increases. However, even at rather high
NP concentration (25 wt%, Figure 5.5f), no large NP aggregates are observed. It reveals
that the DBC has a great capacity for accommodating NPs. Such behavior distinctly
differs from our previous investigation [109]: the NP aggregates form network structures
with a percolation path and fully cover the film surface. [109] Particularly, Figure 5.5b
presents a perfect upright cylindrical morphology, which is quite attractive to versatile

applications.

Compared with SEM, AFM provides the 3D surface profile with a different contrast.
Figure 5.6 represents the AFM topographical images for the hybrid films at different NP
concentrations. The exhibited nano-morphology of the AFM follows the same behavior
as the observation from the SEM images. In general, bright and dark regions indicate
the PBMA and PSd domains, respectively. In the case of NP concentration < 0.5 wt%
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Figure 5.5: Large scale SEM images of the hybrid films with varied NP concentrations: (a) 0,
(b) 0.5, (c) 3, (d) 7, (e) 15, and (f) 25 wt%.

(Figure 5.6a, ¢ and e), the order of the cylinders increase as the concentration increases;
However, when NP concentration increases further (1 < conc. < 15, Figure 5.6g, i, k,
and m), the order of the system decays due to a great amount of NPs loading; At highest
NP concentration (25 wt%, Figure 5.60), large irregular sized NP aggregates with a broad
distribution prefer to scatter randomly on the film surface, rather than well install in the
PSd domains provided via the DBC template. The excessive NP aggregates cannot be
adapted by the PSd domains. Consequently, the structural guide function of the DBC is

lost, which leads to ill-defined structures.

To probe the film surface in a larger area, Figure 5.7 represents an improved visu-

alization of the developed NP aggregates, which provides the statistical evidence and
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Figure 5.6: AFM images of the hybrid films and corresponding representative line cuts (from 2
positions marked by white dashed lines) at different NP concentrations: (a) (b) 0, (c) (d) 0.2,
(e) (f) 0.5, (g) (h) 1, (i) (j) 3, and (k) (I) 7, (m) (n) 15, and (o) (p) 25 wt%.
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Figure 5.7: AFM images of the hybrid films in a larger scan size for different NP concentrations:
(a) 0, (b) 0.2, (c) 0.5, (d) 1, (e) 3, (f) 7, (g) 15, and (h) 25 wt%.

confirms the uniformity of the film. For all NP concentrations, besides the periodic nano-
morphology originated from the microphase separation (PSd cylindrical domains), certain
larger wave-like structures in the um scale are found.

Moreover, root-mean-square (rms) surface roughness can be obtained from AFM data as
well. The corresponding quantitative height profiles vs. line cut length are shown in the
Figure 5.6. For the pure DBC film, the surface rms roughness is 1.11 nm in the examined
local scale shown in the Figure 5.6a. As the NP concentration increases from 0.2 to 25
wt%, the roughness monotonically increases from 1.13 nm to 3.48 nm. Although the
roughness mensuration is significantly influenced with the large NP aggregates, the rms
roughness still remains smaller than 4 nm, revealing a relatively homogeneous surface of

all prepared films.

5.4 Inner structures

In the previous sections, the real space techniques, such as AFM and SEM have examined
the top surface of the hybrid films. However, the inner morphologies buried beneath the
film surface and especially the structural information from the polymer-substrate interface
are inaccessible for such real space techniques. To adequately investigate the morpholog-
ical evolution of the entire films, the TOF-GISANS technique is employed. Based on
the theory and working principle of the TOF-GISANS, which have been discussed in the

previous Sections 2.3.4 and 3.1.9, it can provide not only the structure characterization
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from the film surface, but also the inner film morphology in terms of lateral structures and
size distributions with depth-dependence. [160,207] Furthermore, the obtained morpho-
logical information possesses a high statistical relevance because a large sample volume is

illuminated during the measurements.

wavelength increases

NP concentration increases

Ay

Figure 5.8: 2D GISANS data of hybrid films at different NP concentrations: (al-a5) 0, (b1-b5)
0.5, (c1-c5) 1, (d1-d5) 7, (el-eb) 15 wt%. The mean wavelengths of 1-5 (from left to right)
are 0.325, 0.475, 0.575, 0.775, and 1.025 nm, respectively. The Yoneda peak (marked with Y)
shifts with the wavelength. The specular peak (marked with S) locates at a constant position.
The intense direct beam signal (marked with DB) is blocked with a square beamstop. The
transmission (marked with trans.) and reflection (marked with refl.) intensities are separated

with the sample horizon (marked with dashed line).
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2D GISANS data of hybrid films with different NP concentrations ((a) 0, (b) 0.5,
(¢) 1, (d) 7 and (e) 15 wt%) are shown in Figure 5.8. The 5 series of 2D GISANS
data selected from available neutron wavelengths are exhibited. The wavelength increases
from left to right: 0.325, 0.475, 0.575, 0.775, and 1.025 nm. For all presented GISANS
data, the minimum intensity (marked with dashed line in Figure 5.8a) shows the sample
horizon. The scattering signal below the horizon is the transmission intensity, which
is dominated by the intense direct beam and partially blocked with a square-shaped
beamstop for preventing the detector from damage. Above the horizon, the reflection
intensity is shown. [155,208,209] In this upper part, the most prominent intensity is the
specular peak, where the incident angle equals to the exit angle (a; = ). In principle,
the specular peak is always located in a constant position. However, at high neutron
wavelengths, a slight drop (within 2 pixels) in vertical position is observed for the specular
peak, which is caused by the gravity effect acting on the neutron beam. [210,211] In the
further analysis procedures, certain corrections have been done for compensating gravity.
In Figure 5.8a, a less pronounced Yoneda peak, slightly beneath the specular peak, is
found. As the neutron wavelength increases, Yoneda peak shifts towards higher positions
along the (a; + ay) direction. The Yoneda peak position strongly relies on the material
chemical composition and mass density (Section 2.3.4), [212] which locates at the critical

angle (o) of the investigated materials:
R
a. = A5)° (5.2)

where p is the neutron scattering length density of the probed materials (Section 2.3.4).
[160] Based on the wavelength dependent critical angle, the sensitivity of the neutron

beam can be divided into two groups:

(1) At longer wavelengths (a. > «;), only a few neutrons can penetrate the hybrid film.

The surface sensitivity with a specific penetration depth is obtained.

(2) At shorter wavelengths (a. < «;), the neutrons can systematically penetrate the entire

film, which leads to the bulk sensitive measurements.

Therefore, by employing neutron beam with different wavelengths in the TOF-GISANS
measurement, the depth structural profiles from surface to bulk sensitive are realized. In
addition, for all measured neutron wavelengths, no intensity modulation is found along
the ¢. direction of the 2D GISANS patterns, which indicates that no well-defined parallel
(with respect to the film surface) periodic structure are present. In the ¢, direction of
the 2D GISANS patterns, two side peaks located at the same height along the both
sides of the Yoneda peak are found, which indicate the highly-ordered, well perpendicular
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(with respect to the film surface) orientated lateral structure arisen from the microphase
separation of the DBC (Figure 5.8). For the hybrid films at all the NP concentrations,
the intensity of the side peaks reach their maximum at the wavelength of 0.474 nm,
which are shown in the third column of the Figure 5.8 (Figure 5.8a3-e3). As the NP
concentration increases (from top to bottom), the 2D GISANS data change distinctly.
With the incorporation of a small amount of NPs, (0.5 wt%, Figure 5.8b3), the side peaks
become more significant and the entire scattered signals are more intense, revealing an
enhancement of the structural order and an improvement of the contrast between the
two phases, the PSd domains embedded with NPs and the NP-free PBMA domains,
respectively. However, as the NP concentration increases further (conc. > 1 wt%, Figure
5.8¢3 — e3), the intensity of the side peaks decay and broaden again, which reveals the

presence of less ordered structures.

5.4.1 Vertical structure

For a further quantitative analysis, vertical line cuts made at g, = 0 from the correspond-
ing 2D GISANS data for the hybrid films with varied NP concentrations are shown in
Figure 5.9. Structure information perpendicular to the film surface is provided with the
vertical cut. The sample horizon at minimum intensity is indicated with a vertical dotted
line (marked as H, o; + a5 = 0.48°), which separates transmission signal (left, a; +
ay <0.48°) and reflection signal (right, a; + af >0.48°). The transmission scattering
through the neutron transparent silicon substrate contributes to the transmitted signal.
At a scattering angle oy; + ay = 0°, the direct beam (marked as DB) is blocked with a
beamstop. The trend of observed Yoneda peak (V) is guided with a titled dashed line.
The specular peak (marked as S) locates at 2a; = 0.96°.

In literature, the ideal scattering length densities of all components involved in the
hybrid film system are: p,_pe,0, = 7.18 X 107* nm™2, ppgq = 5.99 x 107* nm™2, pg; =
2.07 x 107* nm~2 and pppaa = 5.54 x 107° nm~2. [110] Based on the Equation 5.2,
the theoretically predicted wavelength dependent critical angles are plotted in the Figure
5.10a. The experimentally observed Yoneda peak positions (from Figure 5.9) are filled
out with the squares in the plots for all investigated NP concentrations in Figure 5.10b-f.
For the pure DBC film (Figure 5.10b), at short wavelengths, the Yoneda peak positions
match the theoretically predicted critical angle of the PSd component. However, at longer
wavelengths, no Yoneda peak can be observed because it has been overlapped with the
much stronger specular intensity. The observation of the Yoneda peak positions agreeing
with the critical angle of the PSd component reveals the presence of a PSd enrichment

layer at the polymer/substrate interface. Looking back on the SEM images (Figure 5.4),
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Figure 5.9: Vertical line cuts (at ¢, = 0) made from the 2D GISANS data as function of the
detector angle (a; + ay) for the hybrid films with varied NP concentrations: (a) 0, (b) 0.5, (c)
1, (d) 7, and (e) 15 wt%. The trend of Yoneda peak (Y) is guided with a dashed line. The
positions of sample horizon and specular peak are marked with H and S. For clarity, all cuts
are shifted against y axis from bottom to top, with the neutron wavelength increases as follows:
0.225, 0.275, 0.325, 0.375, 0.425, 0.475, 0.525, 0.575, 0.625, 0.675, 0.725, 0.775, 0.825, 0.875,
0. 925, 0.975, 1.025, and 1.075 nm.
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Figure 5.10: (a) Theoretically predicted positions of critical angles (solid lines) of the involved
components (v-Fea03, PSd, Si, and PBMA) vs. wavelength for hybrid films with NP concen-
trations: (b) 0, (c) 0.5, (d) 1, (e) 7, and (f) 15 wt%. The solid squares are the experimentally
observed Yoneda peak positions extracted from the corresponding vertical cuts.

a surface morphology, PSd cylinders dispersed in a majority PBMA matrix, is observed,
even though the PSd possesses the relative larger volume fraction (fpg,) of 0.53 in the
DBC. Therefore, from the related GISANS measurements, it can be concluded that a PSd
enrichment layer must exist at the polymer/substrate interface. Such enrichment layer
induces a morphological transition to a perforated lamella. [110] Figure 5.10c-f present the
experimentally extracted critical angle positions of the hybrid films with NP concentration
of 0.5 to 15 wt%. In general, they show the similar behavior as the NP-free DBC film
(Figure 5.10b), which indicate that the presence of a PSd enrichment layer at the polymer-
substrate interface is not influenced by the NP incorporation. Furthermore, with a great

amount of NPs loading (7 and 15 wt%, Figure 5.10e and f), the Yoneda peak positions
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are inclined to a higher value towards the theoretical positions of the critical angle for
the 7-Fes05 (pink solid line), because the neutron scattering length density of the hybrid
film becomes larger due to the embedded NPs.

5.4.2 Lateral structure

Figure 5.11 presents the full set of 18 channels horizontal line cuts made from the 2D
GISANS patterns of the hybrid films at different NP concentrations of 0, 0.5, 1, 7, and
15 wt%. Lateral structure information is provided by the horizontal line cuts. All the
horizontal cuts (points) are shown together with their fits (solid line), which are fitted
with a model assuming prominent lateral distances with a Lorentzian distribution. Each
horizontal cut contains a different g, range because of the varied wavelengths used in the
TOF-GISANS measurements. In general, for all the NP concentrations, a smooth decay
of the scattered signal at smaller g, values is shown. Moreover, only broad intensity peaks
are found at small wavelengths (four g, profiles from bottom, o, < ay). It reveals the
presence of an ill-defined lateral structure at the film /substrate interface. Furthermore, a
main feature of the pronounced peak I, located at large g, values, is found. However, the
prominent peak is on longer visible at longer wavelengths, because the corresponding g,

range is inaccessible.

Further, the most prominent intensity maximum of the horizontal line cuts is analyzed
for investigating the effect of the NP concentration on the film morphology. Figure 5.12a
presents the data (squares) and their fits from a selected neutron wavelength of 0.425 nm
for different NP concentrations. It is observed that, the peak position stays as a constant
irrespective of the NP amount. Such behavior reveals that the NP concentration is inde-
pendent from the inter-domain distance which is originally created with the microphase
separation of the DBC. The value of the inter-domain distance obtained from the fit is
59 + 1 nm. In addition, the significance of the peak reveals the systematic order of the
probed nano-structures. Therefore, the Full width half maximum (FWHM) as well ex-
tracted from the fit is shown in Figure 5.12b. Both, the value and the deviation of the
FWHM revealed from the fits demonstrate the inner lateral structure of the hybrid films.
It is observed that, the FWHM shifts towards a small value and its deviation becomes
much narrower with a small amount of NPs loading (0.5 wt%). However, as the NP con-
centration increases, FWHM increases monotonically and the deviation broadens again
to a very broad width at last. Briefly, selectively deposited NPs with proper amount can
improve the long range order of the nano-morphology. However, the inter-domain dis-

tance stays constant with a systematic loss of order upon further addition of NPs. [110]
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Figure 5.11: Horizontal line cuts of the hybrid films for varied NP concentrations: (a) 0, (b)
0.5, (c) 1, (d) 7, and (e) 15 wt%. The red solid lines are the fits to the data. The arrow (marked
with I) is a guide to the eye, showing the determined peak position. For clarity, all cuts are
shifted against y axis from bottom to top, with the neutron wavelength increases as follows:
0.225, 0.275, 0.325, 0.375, 0.425, 0.475, 0.525, 0.575, 0.625, 0.675, 0.725, 0.775, 0.825, 0.875,
0.925, 0.975, 1.025, and 1.075 nm.



5.4. Inner structures 93

j;‘ EE\0.12- }
© c
"'""106 \.../010'
2> =
@ T 0.08} %
& 10° <
_*é‘ L. 0.06] i {
}

0 3 6 9 12 15
NP concentration (wt%)

10° 102 10%
gy (nm”)

Figure 5.12: (a) Horizontal line cuts (squares) of the 2D TOF-GISANS patterns obtained from
a selected wavelength of 0.475 nm together with their fits (red solid lines) of the hybrid films at
different NP concentrations: 0, 0.5, 1, 7, and 15 wt%, from bottom to top. (b) Full width half

maximum extracted from the fits of the horizontal line cuts vs. NP concentration.

The determination of the TOF-GISANS complements the inspections obtained from the
real space techniques SEM and AFM.

NP concentration

(a) (b) (c)

Figure 5.13: Sketch of the cross-section of (a) pure DBC film, NPs-DBC hybrid films at (b)
low and (c) high NP concentrations. The PSd domain, the PBMA domain, the NPs and the
silicon substrate are indicated in red, in blue, in black, and in grey, respectively. Image modified

from reference [110].

Figure 5.13 presents the nano-morphological evolution of the hybrid films at different
NP concentrations. In Figure 5.13a, a morphology of moderately ordered, perforated
lamella, with a PSd enrichment layer located at the polymer-substrate interface is shown

for the pure DBC template. Such special morphology mainly attributes to two factors:
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(1) Inliterature, PBMA and PSd are inclined to segregate to the polymer-air and polymer-

substrate interface, respectively, for a lower surface energy. [213]

(2) In case the DBC film thickness approximates to the periodic domain distance of the

DBC, a surface-perpendicular morphology is favored to form. [205]

Based on a mean-field theory mentioned in the previous Section 2.1.3. Block copolymer
films, the orientation of lamella in DBC films has been discussed. [214] Moreover, the
similar phase transition throughout the different depth of the DBC film has been reported
by the Zimmermann group. [214] They observed a lamella orientational transition across
the BC film from a parallel oriented lamella at a selective boundary to a perpendicular
oriented lamella at a neutral boundary due to lower free energy. [214] In Figure 5.13b, upon
incorporation of a small amount of NPs, a highly ordered structure is found. It ascribes to
that the selectively incorporated NPs are well dispersed within the PSd domains, which
improves the systematic enthalpy contribution. Furthermore, because of the increase of
the NPs embedded inside the bottom PSd enrichment layer, the expansion of the film
thickness appears. In Figure 5.13c, with a large amount of NPs loading, the previous
highly ordered cylindrical morphology is deformed. Even more, the long range ordered
structures are perturbed by arisen small NP aggregates. As well, the film thickness
expands prominently, since plenty of NPs are embedded inside the bottom PSd enrichment

layer.

5.5 Magnetic properties

To investigate the magnetic behaviors of the hybrid films, a Quantum Design magnetic
property measurement system (MPMS) of SQUID magnetometry is used. Figure 5.14a
shows the temperature dependent hysteresis loops for a selected hybrid film with NP
concentration of 15 wt%. In a previous investigation regarding the hybrid film systems
with randomly distributed DBC matrix with 7-FesO3 NP, [215] the observed saturation
magnetization and slope of the hysteresis loops are independent from the temperature.
However, the temperature dependent maximum magnetization (magnetic moment per
unit volume) is shown in Figure 5.14b, which is attributed to the special film morphology
(perforated lamella with an enrichment layer containing NP). At a temperature of 2 K,
the M reaches its highest value of 8.9 x 107 Am?. In addition, the ratio of M/Mj is

inversely proportional to the temperature, which is in agreement with Equation 5.3 [216]

M uB
M, 3kgT

(5.3)
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Figure 5.14: (a) Magnetic moments measured as a function of the external magnetic field, (b)
the saturation magnetization, (c) the remanence and (d) the coercivity at different temperatures

for a hybrid film with 15 wt% NP concentration (the black solid lines are guide to eyes).

where p is the magnetic moment, B is the magnetic field, and kg is the Boltzmann’s con-
stant. In Figure 5.14c, a temperature dependent remanence obtained from the measured
magnetic moments (Figure 5.14a) is found. As the temperature increases, the remanence
decays sharply, which differs from a milder decreasing behavior reported in another DBC
films with embedded iron oxide NPs. [215] Meanwhile, the observed coercivity (Figure
5.14d) as well reduces strongly with the increase of the temperature. Such descendent
behavior is ascribed to the thermal agitation. Based on the Néel-Brown expression (in
Section 2.2.4, Equation 2.28), [133] the hysteresis can only be observed below a certain

characteristic temperature, which is the finger print of a superparamagnetic behavior. [134]

Figure 5.15a present the magnetic moments measured at 2 K for hybrid films at differ-
ent NP concentrations. In Figure 5.15b, the M,. and Mj, extracted from the corresponding
magnetic moments, are dependent on the NP concentration. As the NP concentration
increases, M, and M, exhibit the similar monotonically increasing behavior within exper-

imental error. However, the calculated relative remanence, M, /M, remains as a constant
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Figure 5.15: (a) Measured magnetic moments vs. external magnetic field at temperature of
2 K for different NP concentrations of 0.5, 1, 7, 15, and 25 wt%. (b) Extracted remanence, M,,
saturation magnetization, M, and relative remanence, M, /M;, vs. NP concentration. Image

modified from reference [110].

regardless NP concentration. Considering all the observations from the magnetic prop-
erties, the current investigated hybrid film system follows a superparamagnetic behav-
ior, [217] which can be well explained in details with a modified Stoner-Wohlfarth-Néel
model developed by Schulz in our group. [133,160,218] Differs from a randomly oriented
DBC matrix embedded with NPs, for the perforated lamella with an enrichment layer
containing NP, the developed thermodynamics of the superspins is not modified by ei-
ther an elastic torsion mechanism or a statistical distribution of the anisotropy constants,

which has been found in previous investigations. [133,160, 218]

5.6 Summary

In the present chapter, superparamagnetic hybrid films consisting of functional surface
modified NPs and structure guiding PSd-6-PBMA DBC matrix are systematically studied
with XRR, SEM, AFM, TOF-GISANS, and SQUID. A special morphology of a perforated
lamella with an enrichment layer containing NP at the film/substrate interface is estab-
lished, which is realized via properly selecting a film thickness approximating the periodic
inter-domain distance of the chosen DBC. Upon incorporation of a small amount of NPs,
a highly-ordered alignment of the NPs in the DBC template is achieved via a self-assembly

microphase separation driven process combined with the selectively embedded PS-coated
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NPs. Notably, irrespective of the NP concentration, the lateral structures, inter-domain
distance, always remain constant, which is quite interesting for the applications, as it does
not change the periodicity of the magnetic nanostructure. [110] Meanwhile, the system-
atic order and perpendicular orientation of nanostructures have been improved with the
incorporation of a small amount of NPs due to the modification of the system enthalpy.
However, the previous established long-range ordered structures have been perturbed due
to the presence of the relatively larger NP aggregates at high NP concentrations. More-
over, plenty of NPs are embedded inside the bottom PSd enrichment layer. Hence, the
entire film thickness expands significantly. The fabricated hybrid films are superparam-
agnetic, which renders them interesting for potential applications in fields as diverse as

medical devices, magnetic sensors, and magnetic memory devices.






Chapter 6

Parallel lamellar with incorporated

maghemite NPs

Parts of this chapter will be published in the article “Lamellar diblock copolymer films
with embedded maghemite nanoparticles”, Adv. Mater. Interfaces, 2016.

In previous Chapter 5, a special morphology of a perforated lamella with an enrichment
layer containing NPs was established with the PSd-6-PBMA DBC and the selectively in-
corporated y-Fe;0O3 NPs. In the present investigation, the identical DBC and NPs were
employed as in Chapter 5. However, the establishment of, with respect to the film surface,
a differently parallel orientated lamellar morphology is intended.

The crucial film thickness is determined with surface profilometry. The surface structures
are measured with real-space techniques, such as AFM (AFM-1, described in Chapter
3.1.3) and SEM. Furthermore, the measurement in reciprocal space in the form of TOF-
GISANS are employed to characterize the morphology of the bulk hybrid films at both
film/air and film /substrate interfaces simultaneously, using the multi-wavelength neutron
beam in the TOF mode with a properly selected incident angle. [155] The powerful and
depth-resolving method of TOF-GISANS is applied for the structural identification of
the highly ordered parallel lamella morphology with minor perpendicular defects. Fi-
nally, magnetic properties of the hybrid films with the relation to the film morphology
are probed with an advanced quantum design MPMS based on SQUID.

This batch of NPs-DBC hybrid films is prepared by spin-coating in combination with
thermal annealing at 160 °C for 72 hours in Ny atmosphere. The purchased whole Silicon
substrates were cut into 70 x 70 mm? pieces. In order to redefine the surface oxide layer
and removing any possible organic traces, an acid cleaning procedure was applied (details
in Section 4.2.1). Toluene was chosen as the solvent, since it is a good solvent for both
DBC blocks. Solutions with different weight ratio of NPs vs. DBC (0, 0.1, 0.5, 1, 3, 7,

and 15 wt%) were prepared. All films were fabricated under identical conditions of room

99
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temperature (25 °C) in an ambient environment. In preliminary experiments, solutions
with various DBC concentrations were used for preparing DBC films with different thick-
nesses. According to the results, a proper DBC concentration of 36 mg/mL was selected

for a desired film thickness of 230 nm, which was used for the present investigation.

6.1 Film thickness

260
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Figure 6.1: Thickness of the hybrid films, t , vs. 290 L .

incorporated NP concentration (the solid line is 0 5 10 15
NP concentration (wt %)

a guide to the eye)

In previous Chapter 5, the influence of the film thickness on the orientation of DBC
morphologies has been discussed in case the DBC film is restricted to two physically
different interfaces. [113,193-195] If the film thickness is much larger or similar to the
characteristic periodic distance of the employed DBC, the orientation of parallel or per-
pendicular (with respect to the film surface) morphology tends to form respectively, which
is attributed to the polymeric conformational entropy. [115,172,196,197,202] Therefore,
the precise determination of the film thickness is essential for controlling the structure ori-
entation and thus the potential applications. In the present investigation, the thicknesses
of the hybrid films at different incorporated NP concentrations were probed with surface
profilometry and shown in Figure 6.1. Firstly, a desired film thickness of 228.1 nm for
the NP-free DBC template was obtained. Afterwards, as the NP concentration increases
from 0.1 to 15 wt%, the film thickness expands from 231.1 £ 1.2 nm to 255.2 £+ 3.1 nm.
Since the viscosity of the mixture solutions with varied NP weight ratios is fairly similar,
the expanding behavior of the film thickness is mainly ascribed to the different volume of
the incorporated NPs. Based on the theoretical DBC phase diagram (in Section 2.1.2),
the currently employed PSd-0-PBMA DBC with a fpg of 0.53 inclines to form a lamella
morphology. Further, a theoretical periodic inter-domain distance of 68 nm is expected
according to the Semenov method (Section 2.1.2), [77] which describes this characteristic

periodic distance as determined from a balance between the interfacial energy and the
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stretching energy originating from the DBC blocks. [77,110] Notably, the film thicknesses
are almost 2.5 times larger than the theoretical periodic distance, therefore, a parallel
lamella morphology is presumed. In particular, the film thickness increases with a non-
linear trend, leveling off in the case of high NP concentrations, which is in close relation
to the progressive increase of the experimentally examined periodic distance in parallel

orientation (the details will be discussed later in Section 6.4.1).

6.2 Characterization of surface morphology

0.0

Figure 6.2: AFM topographical images of hybrid films at different NP concentrations: (a) 0,
(b) 0.1, (c) 0.5, (d) 1, (e) 3, (f) 7, and (g) 15 wt%.

Tapping mode AFM is employed to examine the surface structure of the NPs-DBC
hybrid films. Figure 6.2 shows the AFM topographical images of the film top surface,
where no feature of perpendicular (with respect to the sample surface) lamellar morphol-
ogy is present. Taking the film thickness regime (¢ > D) and the featureless surface into
account, a periodic parallel lamellar structure is most likely to exist. Moreover, AFM data
provide the surface route-mean-square (rms) roughness as well. As the NP concentration
increases from 0 to 3 wt%, the rms roughness increases from 0.29 to 0.81 nm monoton-
ically. In case the incorporated NP concentration reaches 7 and even 15 wt%, the rms
value significantly rises to 1.65 and 2.15 nm, respectively (Figure 6.2f and g), which is
mainly attributed to the NP aggregates formed on the film surface. The Monte Carlo

simulation well explicates the agglomeration of the NPs on the similar systems, which
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suggests a strong tendency towards aggregate formation at high NP concentration in the
NPs-DBC hybrid systems. [206]

€)

Figure 6.3: SEM images of selected NPs-DBC hybrid films at different NP concentrations: (a)
0 and (b) 15 wt%.

The surface feature of the pure DBC film and the hybrid film with NP concentrations
of 15 wt% measured with SEM is shown in Figure 6.3. The surface morphology in a
different contrast with a deeper penetrate depth of 10 nm are obtained. Similarly to the
corresponding AFM measurements, featureless surfaces are also found here for NP-free
DBC film (Figure 6.3a). In Figure 6.3b, several bright grey dots are observed, which
supports the previously assumed presence of NP aggregates formed on the surface of the
hybrid film with high NP concentration of 15 wt%.

6.3 Inner morphology of NP-Free DBC film

GISANS is applied for probing the buried structures of hybrid films, which gives excep-
tional structural statistics over a large illuminated film region. The DBC characteristic
periodic inter-domain distance and the structural sizes down to the nano-scale could be
obtained with this non-destructive measurement. Furthermore, the morphological infor-
mation from substrate/film interface to the film/air interface is simultaneously examined
by employing the TOF mode.

The 2D GISANS data of all the investigated hybrid films are collected for 20 different
neutron beam wavelengths. Figure 6.4 presents the full frame of the 2D GISANS data for
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Figure 6.4: 2D GISANS data of the pure DBC film. The corresponding mean wavelengths
(a-t) are as following: 0.225, 0.275, 0.325, 0.375, 0.425, 0.475, 0.525, 0.575, 0.625, 0.675,
0.725, 0.775, 0.875, 0.925, 0.975, 1.025, 1.075, 1.125, 1.175 and 1.225nm. All the intensities
are shown in a same logarithmic scale for clarity. The Yoneda peak (), different order Bragg
peaks (B), specular peak (S) and direct beamstop (DB) are pointed out. The reflection (refl.)
and transmission (trans.) intensities are separated by the sample horizon (dashed line).

the pure DBC film measured at different wavelengths. Each 2D GISANS pattern has a
different corresponding fixed (g, ¢.) range. [160] In consideration of the geometry of the
experimental set-up and the Maxwell type distribution of the neutron beam intensity, a
maximum of primary neutron beam intensity appears at the mean wavelength of 0.525
nm (Figure 6.4g), leading to a maximum scattering intensity at the detector.

In general, several characteristic structural features are found in the full frame of the 2D
GISANS data. The intensity minima indicate the sample horizon (marked with dashed
line, in Figure 6.4d). The upper part of the sample horizon is the reflected intensity

(marked as refl.), which contains the specular peak (marked as S), Yoneda peaks (marked
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as Y), and different order Bragg peaks (marked as B). However, only the most pronounced
specular peak (S) locates nearly in a constant place, where the exit angle (o) equals to
the incident angle (). [155] Taking the Figure 6.4d as an example, between the specular
peak and the sample horizon, a less significant peak is observed, which is the so-called
Yoneda peak (Y), where ay = o, (material characteristic critical angle) for total external
reflection. Based on Equation 5.2, the position of . depends on the material neutron
scattering length density (p) and neutron wavelength (). [160] Therefore, as the wave-
length increases, the position of the Yoneda peak shifts towards a higher ¢, value. Such
tendency has been found in the Figure 6.4. In the case of a; > «a. (short wavelengths,
Figure 6.4a-f), the Yoneda peak is well below the specular peak. At intermediate wave-
lengths (Figure 6.4g, h), the Yoneda peaks overlap with the intense specular peak. After
that, the Yoneda peak arises beyond the specular peak and moves further to higher exit
angles (Figure 6.4h-1). In addition, some other characteristic weak peaks arise, which are
assigned as Bragg peaks (marked as B, in Figure 6.4d). They originate from a partial
phase coherence of neutron waves diffusely scattered from different interfaces and induces
high intensity in a narrow sheet in reciprocal space. [184] In the current investigation,
Bragg peak stems from the refraction and reflection at all the interfaces of parallel lamel-
lar morphology.

Since the silicon substrate is considered transparent to the neutron beam, the transmitted
signal can be obtained, which is dominated by the direct beam and locates below the sam-
ple horizon. In this part, some significant Bragg peaks are found as well. They indicate
the existence of ordered periodic parallel structures along the ¢, direction. In general,
as the wavelength increases, different ordered Bragg peaks arise at different ¢, values.
Commonly, the simple approximation 27/D, where D indicates the periodic distance of
structures, can be used to describe the positions of typical Bragg peaks. [207] However,
it does not match the detected evolution of the Bragg peaks obtained from the GISANS
measurements (Figure 6.4) because of the complexity arising from grazing incidence ge-
ometry (Section 2.3.4 and 3.1.9). To better characterize the wavelength-dependent Bragg
peaks, Busch et al. have developed a proper approximation involving reflection /refraction
effects: [192,219]

ar =+ (02,00 + fmy/D £ [o a2, (0] 1) (6.1

where m is the order of the Bragg peak. For a further analysis, line cuts at two orientations

are carried out:

(1) Vertical line cuts are made at a constant ¢, of 0 (marked with a red arrow, in Figure

6.5a). They represent the structure perpendicular to the film surface.
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Figure 6.5: (a) An explicative 2D GISANS pattern measured at a mean wavelength of 0.375 nm
for pure DBC film. (b) Vertical line cut of (a) is shown with the different orders of Bragg peaks
highlighted (m), Yoneda peak (YP), specular peak (SP), beamstop (BS) and horizon (H). The
horizon is shown with the dashed line and separates the transmitted and reflected intensities.

The direct beam is blocked with a rectangular beamstop.

(2) Horizontal line cuts are made at varied ¢, value (marked with a dark blue arrow, in
Figure 6.5a). It contains the Yoneda peak region of the employed DBC and changes
with the measured neutron wavelength. The information of the horizontal line cuts

show the structure parallel to the film surface.

An exemplary 2D GISANS pattern measured at a mean wavelength of 0.375 nm for
pure DBC film is presented in Figure 6.5. To explain the complexity of characterizations
arisen from a vertical line cut, an example with full illustrations is shown in the Figure
6.5b. H (with the dotted line), at the angle of o; + ay = 0.48° (angle recording in
the detector), indicates the sample horizon. However, the actual angle of o; + ay for
the horizon is 0. Based on the GISANS geometry discussed in Section 3.1.9, during the
measurement, the sample is titled by the incident angle of 0.48°. It results in the difference
of the value of the oy + ay recorded in the detector and has been corrected in further
analysis. The direct beam is blocked by a beamstop (B.S). The most significant intensity
is attributed to the specular peak (SP). Bragg peaks in transmission and reflection parts
are indexed in terms of m; and m,, and the order is numbered with 4 1, + 2. Y P indicates

the Yoneda peak located between the Bragg peak of m, -1 and the specular peak.
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Figure 6.6: (a) Vertical line cuts made from 2D GISANS data at all measured channels for the
pure DBC film vs. angle (a; + «y) recorded on the detector. The trend of Yoneda peaks (Y)
and Bragg peaks (B) is guided with dashed lines. For clarity, all cuts are shifted against y axis as
the neutron wavelength increases from bottom to top: 0.225, 0.275, 0.325, 0.375, 0.425, 0.475,
0.525, 0.575, 0.625, 0.675, 0.725, 0.775, 0.825, 0.875, 0.925, 0.975, 1.025, and 1.075 nm. (b)
The positions of theoretic predicted critical angle vs. the wavelength for the components of the
hybrid film: v-Fe303 (red line), PSd (pink line), PSd-b-PBMA (purple line), Si (blue line), and
PBMA (green line). (c) The positions of theoretically predicted Bragg peaks vs. the wavelength
at the exit angle oy are indicated with two exemplary periodic lamellar distances of 44 nm (solid
lines) and 64 nm (dashed lines). The orders of Bragg peaks in both transmission (m;) and

reflection (m,) parts are presented with different colors in the illustrations.

For selected sample of the pure DBC film, vertical line cuts made from 2D GISANS
data at all measured channels are shown in Figure 6.6 a. They are plotted vs. the angle of
a; + oy (recorded on the detector). In general, two distinct Yoneda peaks are observed.
As the wavelength increases, both of them increase linearly. However, at high wavelengths,
the Yoneda peak appearing at smaller exit angles is overlaid by the more intense specular
peak; the higher exit angle Yoneda peak passes through the specular peak region and

then increases to an even higher angle. Moreover, different slopes for the Bragg peaks are
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clearly observed. The specific information of the structure requires further analysis.
Based on a critical wavelength (\.), at which the Yoneda peak exceeds the specular peak,

the whole set of employed wavelengths can be divided into two groups:

(1) A < A, neutron beam penetrates the entire film. Hence, bulk sensitive structural

information can be obtained.

(2) A > A, neutron beam can only pass through part of the film. Therefore, the structural

profiles in different depths are accessible.

Particularly, the wavelength dependent penetration depth of neutron beam are defined

with the equation of scattering depth of the neutrons: [155]

A
D= ) (6.2)

/
s = [(a2 =)+ (ot ) ] ©3)

where D is the penetration depth from the beam impinged surface, which is the film/air
interface in the present investigation, /3 is the absorption. Since the probed film thickness
is large enough for allowing an unperturbed structure, both bulk and surface sensitive
structural information can be obtained. On the basis of Equations 6.2 and 6.3, the
theoretically expected penetration depth of the neutron beam for all film components are
plotted in Figure 6.7.

Furthermore, on the basis of Equation 5.2, theoretically expected wavelength depen-
dent Yoneda peak positions are presented with the corresponding scattering length den-
sities (SLD): py—re,05 Of 7.18 x 107* nm™2, ppgq of 5.99 x 107* nm™2, ppga_p-prmaof
3.44 x 107 nm™2, pg; of 2.07 x 107* nm~2, and pppra of 5.54 x 107° nm~? (in Figure
6.6b). The experimentally observed Yoneda peak positions provides a simple approach
for an analytical determination of the included chemical components since the Yoneda
position will depend on the chemical composition of the film components. [192] Moreover,
the partially deuterated DBC block significantly enhances the scattering contrast, which
benefits the determination of chemical components as well.

On the basis of Equation 6.1, which includes the refraction effects, the wing-shape wave-
length dependence of the theoretically expected Bragg peak positions at m* order are
shown in Figure 6.6c. In principle, m can be + 1, + 2, + 3.... However, using the ¢
range of the currently examined GISANS measurements, only orders of + 1 and + 2 have
been found. In addition, the theoretically predicted Bragg peak curves at two exemplary

characteristic periodic spacing, D, of 44 and 64 nm with orders of + 1 and + 2 are shown.
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Figure 6.7: Penetration depth vs. neutron wavelength for all components in the hybrid film
system: (a) 7-Fe20s3, (b) PSd, (c) PSd-b-PBMA, (d) Silicon, and (e) PBMA.

6.4 Effect of NP concentration on the inner struc-

tures

To probe the effect of NP concentration on the inner structures, the hybrid films with the
incorporation of different NP concentrations have been examined with TOF-GISANS at
all wavelength channels. In Figure 6.8, the 2D GISANS data measured at mean wave-
length of 0.375, 0.475 and 0.775 nm are exemplarily shown for the hybrid film with NP
concentrations of 0 to 15 wt%. At low NP concentrations, the 2D GISANS data appear
almost the same. However, significant changes are observed with increasing NP concen-
trations. First of all, the overall scattering intensities have been improved strongly with
the incorporation of NPs. In the ¢, direction, several phenomena are observed. Firstly,
for both transmission and reflection signals, the different orders Bragg peaks remain pro-
nounced with the NP concentration up to 1 wt% (in Figure 6.8a-c), but they become
weaker and broader as the NP concentration further increases. Even more, the Bragg
peaks in the reflection part are hard to distinguish at high NP concentration of 15 wt%
(in Figure 6.8f). The change in the Bragg peaks reveals the initially highly ordered, par-
allel periodic structure established with the incorporation of a small amount of NPs is
perturbed due to the high amount of embedded NPs. Secondly, the Yoneda peak (Y)
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Figure 6.8: 2D GISANS data with mean wavelengths of 0.375, 0.475 and 0.775 nm (from top
row 1 to bottom row 3) for hybrid films with different NP concentrations: (a) 0, (b) 0.1, (c) 1,
(d) 3, (e) 7, and (f) 15 wt%.

moves to slightly higher angles with the increase of the NP concentration. Particularly,
such increase is prominently observed for the hybrid film with the highest NP concen-
tration of 15 wt% (Figure 6.8f1-f3). It is ascribed to the increase of the total scattering
length density (p) with the maghemite NPs loading, since p,_re,0, (7.18 x 107* nm~2)
> ppsa—v-pma (344 x 107" nm~2). Thus, it can be inferred that the composition of
the chemical component for the bulk hybrid film and the surface of the hybrid film is
different. A higher exit angle of the Yoneda peak at a longer wavelength indicates the
presence of a larger ratio of NPs at the film surface.

The other prominent changes are found in the g, direction. The intensity of the Yoneda
peak region becomes more prominent in case the NP concentrations is larger than 3 wt%,
which is attributed to the higher electron density contrast of NPs and DBC than that of
PSd and PBMA. In the transmission part, a distorted ring-shaped intensity is observed
at NP concentration of 15 wt% (Figure 6.8f), which indicates the presence of an imperfect
orientation of grain-like structure in the hybrid film. [220,221] In the present hybrid film
system, such feature mainly results from the dispersed NP aggregates, which perturbs the

previous highly ordered, parallel lamella structures.
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Figure 6.9: Vertical line cuts (at g, = 0) made from 2D GISANS data at all measured channels
vs. angle (a; + ay) recorded on the detector for the hybrid films with varied NP concentrations:
(a) 0.1, (b) 0.5, (c) 1, (d) 3, (e) 7, and (f) 15 wt%. For clarity, all cuts are shifted against y
axis as the neutron wavelength increases from bottom to top: 0.225, 0.275, 0.325, 0.375, 0.425,
0.475, 0.525, 0.575, 0.625, 0.675, 0.725, 0.775, 0.825, 0.875, 0.925, 0.975, 1.025, and 1.075
nm.
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6.4.1 Parallel lamella structure

Vertical line cuts made at ¢, = 0 from the corresponding 2D GISANS data for the hybrid
films with varied NP concentrations are shown in Figure 6.9. The major features have

been discussed in details in previous Section 6.3 Figure 6.6.

To quantify the effect of the NP concentration on the inner structure, a specific anal-
ysis is used. For all probed hybrid films, vertical line cuts are made for all wavelength
channels. Furthermore, the positions of characteristic reflection (Yoneda/Bragg) peaks
from the vertical line cuts have been extracted and determined for corresponding NP
concentrations. Figure 6.10 and 6.11 present the positions of both the Yoneda and Bragg

peaks (marked with open circles), respectively.

In Figure 6.10, the difference of the Yoneda peak positions provides a simple approach
for an analytical determination of the contained chemical components due to their con-
tribution of the scattering signal with a Yoneda peak. [153] The experimentally observed
Yoneda peaks vs. wavelength provide a non-ambiguous assignment to distinguish chemi-
cal components. In Figure 6.10a, from top to bottom, three data series of Yoneda peaks
are found, which follow the theoretical critical angle of PSd, PSd-b-PBMA and Si, re-
spectively. Such phenomenon reveals that the Yoneda peaks are characteristics for the
components of PSd, PSd-b-PBMA and Si. At low and intermediate wavelengths, the
experimentally extracted Yoneda peaks are nearly independent of the NP concentration.
It reveals that the effect of NP concentration on the total mean SLD of the probed hybrid
films is weak. The most significant characteristic is observed at longer wavelengths, where
the Yoneda peaks transcend the specular peak, and structural information of the surface
is obtained. For the pure DBC film (Figure 6.10a), in case A > 0.625 nm, the Yoneda
peaks follow the PSd line, which reveals the presence of a PSd layer at the film/air in-
terface. As the NP concentration increases (Figure 6.10b-d), in case A > A. (above the
horizontal line), The Yoneda peak slightly moves towards higher angles. Furthermore, if
NP concentration reaches 7 wt% (Figure 6.10e), the Yoneda peaks approach the v-FesOs
line, especially when A > 0.825 nm, the penetration depth of which is only 20 nm. As
NP concentration increases to 15 wt%, the surface roughness becomes relatively high due
to the presence of the large NP aggregates (proven in AFM data of Figure 6.2f and SEM
data of Figure 6.3b), which significantly weakens the scattering signal. Therefore, fewer
Yoneda peaks can be precisely distinguished (Figure 6.10f). In case A > 0.825 nm, the
Yoneda peaks appear only slightly lower than the v-Fe;0O3 line. Such behavior is mainly
ascribed to the selectively embedded NPs into the PSd domains, since a PSd layer at the
film/air interface is revealed.

In case A < A, the effect of NP concentration on the bulk film structure is fairly limited,

because the ratio of the amount of incorporated NPs to the entire hybrid film is relatively



112 Chapter 6. Parallel lamellar with incorporated maghemite NPs

1.2F
0.9 5
Z S
o) o
506 =)
C = C =
© ®
= 0.3 =
X X
3 )
0.0 . . . . 0.0 . . . .
0.0 0.3 06 09 12 0.0 0.3 06 09 1.2
wavelength (nm) wavelength (nm)
1.2 1.2F
> S
;g/ 0.9 §0.9
o )
o 0.6f o 0.6
c  ---- - c
© ®
= 0.3 =03
3 3
0.0 L 4 . . 0.0 2 . " A
0.0 0.3 06 09 1.2 0.0 03 06 09 1.2
wavelength (nm) wavelength (nm)
12F 1.2
8 0.9 & 0.9}
2 =
) o
5 0.6F o 0-6f
c F=---- - c .
© Q]
:'>-_<‘ 0.3 "i 0.3}
) 5
0.0 . . . . 0.0 2 N R .
0.0 0.3 06 09 1.2 0.0 0.3 06 09 1.2
wavelength (nm) wavelength (nm)

Figure 6.10: Hybrid films with different NP concentrations: (a) 0, (b) 0.5, (c) 1, (c) 3, (¢)
7, and (f) 15 wt%. Theoretical critical angles vs. wavelength are shown for including chemical
components of 7 — FeaO3 (red line), PSd (pink line), PSd-b-PBMA (purple line), Si (blue line)
and PBMA (green line). The extracted positions of Yoneda peak from corresponding vertical
line cuts vs. wavelengths are plotted with open circles. The specular peak positions (a; = o)
are pointed out with the horizontal dashed line. The intersection between the colored solid
lines (theoretical critical angle) and the horizontal dashed line (specular peak) determines the

characteristic critical wavelength \. for each component.

small; However, in case A > \., the surface sensitive structure information is shown, and
a PSd layer with a relatively larger volume of NPs at the film/air interface is obtained.
Consequently, the behavior of the Yoneda peaks with the increase of NP concentration
confirms the chemical selectivity of PS-coated NP in the PSd layers. [201]
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Figure 6.11: Hybrid films with different NP concentrations: (a) 0, (b) 0.1, (c) 0.5, (d) 1, (e) 3,
(f) 7, and (g) 15 wt%. Bragg peak positions obtained on the basis of Equation 6.1 by employing
different inter-domain distance, D; (a) 44.8, (b) 45.3, (c) 46.0, (d) 46.5, (e) 48.0, (f) 49.3 and
(g) 51.0 nm are plotted with solid lines. The reflected and transmitted Bragg peak positions
for the orders m,+ 2 (blue, cyan), m,+ 1 (green, red) m;+ 2 (dark-blue, wine), m;+ 1 (pink,
dark-yellow) are shown. The black open circles indicate the extracted Bragg peak positions from
vertical line cuts at corresponding wavelengths. (h) The inter-domain distance, D, obtained
from the fits of Bragg peaks as function of NP concentration (the red line is a guide to the
eye). The selected cross sectional SEM image of the hybrid film at NP concentration of 1 wt%
is shown in the bottom right of (h). The white scale bar is 50 nm.

For hybrid films with different NP concentrations, the Bragg peak positions extracted
from the corresponding vertical cuts are shown together with their best fits (Figure 6.11),
which are plotted on the basis of Equation 6.1 with different inter-domain distance. Since
the Bragg peaks originate from highly periodic, parallel oriented lamella structures, the

fits of them reveal the inter-domain distance of the parallel lamellae. In Figure 6.11f, as
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the NP concentration increases from 0 to 15 wt%, the inter-domain distance, D, of each
NPs/PSd-PBMA layer increases from 44.8 + 0.5 to 51.0 + 0.6 nm accordingly, which
originates from the selective incorporation of NPs within the PSd domains. In particular,
such expansion behavior is more pronounced with a small amount of NPs incorporated.
However, at higher NP concentrations, it follows a mildly increased slope. The result well
matches the expansion trendy of the probed film thickness (Figure 6.1), which reveals that
the increase of film thickness is truly attributed to the accumulated change of multiple
alternating parallel layers, consisting of PSd and PBMA, instead of any randomly located
enrichment layer of large NP aggregates. A cross sectional SEM image of hybrid film with
NP concentration of 1 wt% is shown in the inset of Figure 6.11h. The most prominent
parallel white lines are installed in an equidistant array with the mean distance of 46 nm,
which is in perfect agreement with the corresponding Bragg peak fit. The result indicates
that the orderly aligned NPs follow the arrangement of the parallel located PSd domains.
In addition, some perpendicular short white lines are found as well, which may indicate

the presence of a few random perpendicular structures within the hybrid films.

6.4.2 Lateral morphology

To further quantify the lateral structure, horizontal line cuts made from all wavelength
channels for all investigated hybrid films are plotted from bottom to top with the increase
of the wavelength in Figure 6.12. All horizontal line cuts are fitted on the basis of a model
assuming a Lorentzian distribution of length scales for the corresponding structure factor,
with a resolution function modeled with a Lorentzian function. [110] The fit results are
presented with red lines together with the data. In Figure 6.12, at different wavelengths,
horizontal line cuts with different ¢, ranges are obtained. For small ¢,, the first plateau
is the resolution limit of the applied measurement for all given wavelengths. It indicates
that the structures, which are larger than 1000 nm, cannot be determined. At short
wavelengths, the scattering signal broadens with increasing NP concentration, which is
ascribed to the increase of the interface roughness resulting from the incorporation of NPs.
For all the probed hybrid films, at short and intermediate wavelengths, a shoulder-like
maximum with a rather broadly distribution is observed at large ¢, values. It arises from
the ill-defined lateral structure with a size of 250 + 50 nm, which could be the mesoscale
domain distance between neighboring lateral PSd domains. Such random perpendicular
structures have been found from the cross sectional SEM images in the Figure 6.11f.
At long wavelengths, a smooth decay is present at the large ¢, values. It reveals that no
perpendicular structures exist at the film surface, which perfectly matches the observations
from AFM data (Figure 6.2).
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Figure 6.12: Horizontal line cuts of the hybrid film with NP concentration of (a) 0, (b) 0.1,
(c) 0.5, (d) 1, (e) 3, (f) 7, and (g) 15 wt%. For clarity, all cuts are shifted against y axis.
The corresponding mean wavelength increases from bottom to top: 0.225, 0.275, 0.325, 0.375,
0.425, 0.475, 0.525, 0.575, 0.625, 0.675, 0.725, 0.775, 0.825, 0.875, 0.925, 0.975, 1.025, and
1.075 nm.

For carefully figuring out the effect of the NP concentration on the lateral structures,
horizontal line cuts for all probed hybrid films at a selected mean wavelength of 0.475
nm are shown in Figure 6.13. As the NP concentration increases from 0 to 15 wt% (from

1 reveals

bottom to top), a broad scattering maximum, at the g, value of 0.025 nm™
a broadly distributed perpendicular PSd domains (250 nm) slightly expands within 8
nm. The small increase is ascribed to selectively incorporated NPs inside their favorable

PSd domains and only very few perpendicular PSd domains are embedded in the PBMA
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lamella layers. In addition, with a large amount of NPs loading (15 wt%, top line cut
in Figure 6.13), the shoulder-like maximum becomes much more prominent due to the
strongly enhanced scattering intensity. The largely improved contrast originates from the
embedded maghemite NPs.

6.5 Inner structural evolution

To conclude the inner structural evolution of the hybrid films with the incorporation of
different volume NPs, partial cross-sectional sketches are shown in Figure 6.14. In Figure
6.14a, the pure DBC film provides a template with a morphology of highly periodic, well
parallel oriented alternating PSd and PBMA lamella with very few perpendicular PSd
domains, which originates from a self-assembly microphase separation process. On the
basis of surface boundary conditions, for the DBCs with symmetric composition, in case
the film thickness is much larger than the periodic inter domain distance of DBC, par-
allel lamella are favored. [113] The structural information obtained from both real space
techniques (AFM and SEM) and reciprocal technique (TOF-GISANS) suggests a parallel
lamella morphology with the PSd layer located at the film/air and film/substrate inter-
faces. In addition, very few perpendicular PSd domains inserted into the PBMA domains
are present. At intermediate NP concentrations, NPs are selectively incorporated and
well dispersed in their favored PSd domains, therefore, the array of NPs aligned in the
middle of the PSd domains are established (Figure 6.14b). At high NP concentrations,
non-linear expansion behaviors of the periodic inter-domain distance and the film thick-
ness arise from the fluctuating parallel PSd lamella layers, which is attributed to large NP

aggregates (Figure 6.14c¢). In addition, the interface roughness also increases prominently
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as the NP concentration increases. Based on the results, this structural evolution can be

mainly ascribed to the free energy minimization of the system. [113]

(a) (b) (c)

NP concentration

>

Figure 6.14: Sketch of the inner structures of (a) pure DBC film, hybrid films with (b) inter-
mediate and (c) high NP concentrations. The PBMA domain, the PSd domain, and NPs are
marked in blue, red, and black, respectively.

6.6 Magnetic behavior

Magnetic behavior of the investigated hybrid films has been probed with a Quantum
Design MPMS, SQUID magnetometry with the external magnetic fields in the range of
-500 to 500 mT.

(a) (b)

— 40.0
4.0t — e - ——- —
- = 3K / E
— 2 0 | = 5K ~— 200 i
N . O
c . —-= 10K f o0
<32 00f """ 20K - 0.0t
- x 50 K 1 —
= —-- 100K ‘., 100
-2.0} = %
/ » o \:‘;' 5.0
-4.0 '--:"'". 5 . 50 0 50 S ool ) .
-400 -200 O 200 400 10 100
B (mT) T (K)

Figure 6.15: (a) Magnetization moments (M) vs. magnetic fields (B) measured at different
temperatures for a selected hybrid film with NP concentration of 15 wt%. The bottom right
inset of (a) is the partially magnified magnetization moments around zero fields. (b) Coercivity,

Bc, and remanence, M,, extracted from (a) vs. temperature (the red lines are guides to the
eye).
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Magnetization moments for all probed hybrid films at different temperatures have
been measured. One data series of exemplary temperature-dependent hysteresis loops
for a selected hybrid film with 15 wt% NP concentration are plotted in Figure 6.15. In
general, the superimposed hysteresis loops become narrower as the temperature increases,
and even close at a relatively high temperature of 100 K. Such typical superparamagnetic
behavior is observed in the hybrid system of Chapter 5 as well. The exception of the
hysteresis loop measured at 100 K is ascribed to a large thermal fluctuation, which re-
sults in a non-alignment of the NPs on the basis of Curie’s law (in Section 2.2.3). [216]
Excluding the 100 K, the saturation magnetization (M) obtained at different tempera-
tures reach the same value. It differs from the observation in Chapter 5, consisting of the
identical components of DBC and NPs but with a different film thickness and a different
morphology of perforated perpendicular lamella structures, which presents a tempera-
ture dependent maximum magnetization. [110] Hence, the difference of the morphological
orientation (parallel or perpendicular) may induce the different magnetic behavior of the
hybrid films. To further quantify the essential magnetic features, the remanence (M,.) and
coercivity (B.) have been extracted from Figure 6.15a correspondingly and are presented
in Figure 6.15b. Both the B. and M, present a similarly mild decay as the temperature
increases. It can be well explained with the Néel-Brown theory (in Section 2.2.4, Equation
2.28) which introduces the characteristic blocking temperature of the superparamagnetic
NPs in the measurement limits. [133,222]

To probe the effect of NP concentration on the magnetic properties, hybrid films with
varied NP concentrations are examined. The obtained hysteresis loops measured at 2 K
are present in Figure 6.16a. The M, and M;, extracted from the corresponding magnetic
moments, and the calculated M, /M, are plotted as a function of NP concentration at
2 and 20 K (Figure 6.16b). As the NP concentration increases, both the M, and M;
increase with a similar linear slope. Therefore, M, /Mj is independent of NP concentration.
However, for the hybrid films investigated in Chapter 5, which exhibit a morphology
of perforated perpendicular lamella, M, and M, show a significant increase at high NP
concentration. [110] To further determine the difference of the magnetic property exhibited
in these two different hybrid film systems, the volume effect of the NPs must be excluded.
Therefore, the initial extracted My and M, are normalized by the volume of the contained
NPs in these two hybrid films. The result reveals that, the M, and M, in the present films
are roughly 1.7 and 2.1 times as big as those of the thin hybrid films reported in Chapter 5,
respectively. The difference is only ascribed to the better regular oriented, more uniformly
arranged NPs in the present investigation. Furthermore, no magnetic shape anisotropy
is present from the measurements with two orthogonal orientated external field applied

within the film plane, which could be important for potential applications.
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Figure 6.16: (a) Measured magnetization (M) as function of external applied magnetic field (B)
for hybrid films with varied NP concentrations measured at 2 K. The partial magnified hysteresis
loops around the zero fields is shown in the bottom right inset of (a). (b) Remanence, M,, and
saturation magnetization, Mj, extracted from the corresponding hysteresis loops and calculated
relative remanence, M, /Mj, as function of NP concentration are shown at temperature of 2 K

(green) and 20 K (pink), respectively. The dashed lines are guides to the eye.

6.7 Summary

The effect of the NP concentration on the film morphologies and their corresponding mag-
netic properties of the maghemite NPs/PSd-6-PBMA DBC hybrid films have been fully
characterized with profilometry, AFM, SEM, TOF-GISANS and SQUID. A morphology
of highly periodic, well parallel orientated lamella with very few perpendicular defects is
found. At low NP concentrations, NPs are well distributed inside the PSd domains via a
simple wet-chemical method. The selectively embedded NPs result in an approximately
linear expansion of the inter-domain distance, which further induces the similar increasing
behavior of the film thickness. Nevertheless, at high NP concentrations, excessive NPs
form multiple parallel layers with very few perpendicular defects, which leads to an over-
all non-linear expansion of the inter-domain distance. Further, the previous long-range
ordered morphology has been perturbed with formed large NP aggregates, which appear
with high NP loading. Moreover, they also induce a significant increase of the roughness
by introducing interfaces. In the present investigation, the hybrid films with multiple
parallel layers of ordered magnetic NP arrays are established via an economic, simple and
highly reproducible film preparation method. The functional magnetic NP arrays endue
the hybrid films with superparamagnetic features, which are promising for a large number

of applications in the fields of medical instruments and magnetic sensors.






Chapter 7

Magnetic field guided structures of
maghemite NPs in PS-b-PMMA

Parts of this chapter have been published in the article “Nano- and microstructures of
magnetic field-guided maghemite nanoparticles in diblock copolymer films”, ACS Appl.
Mater. Interfaces, 2014, 6, 5244-5254.

In previous investigations, several hybrid nanocomposite systems based on different types
of PS-coated iron oxide NPs and DBCs already have been studied. [90,110,215,223,224]
The main target of the present work is to fabricate superparamagnetic films with shape
anisotropy from a low temperature, wet-chemical deposition method, which is realized by
hybrid films of metal-oxide nanowires and a DBC with dispersed NPs. A simple process
has been applied to establish the sub-um-sized metal-oxide wires and to fine-tune the
possible parameters controlling the length and width of the wires in/on the DBC matrix.
Commonly, the conditions of high voltage, [32] high energy costs, [33] and high tempera-
ture [34] are required for the fabrication of the relevant magnetic nano- or micromagnetic
wires. A novel method has been studied to manufacture arrays of magnetic metal-oxide
wires at room temperature and atmospheric pressure in fairly low energy cost, with the
help of the DBC matrix and external applied magnetic field, which was used for control-
ling the aggregation of magnetic NPs into a defined dimension.

Recently, most of studies are regarding the self-assembly of NPs embedded inside a BC
template, which are strongly limited to the systems of the employed BCs. [223,224] In the
present work, the structure guided template provided by the DBC is combined with the
application of external magnetic fields. Both the DBC and the external fields function
as the guide of the NPs to form novel structures. In literature, one-dimensional super-
paramagnetic NP-chains have been reported. [225-228] Keng et al. reported 260 nm Pt-
Co30, heterostructures nanowires with polymer-coated ferromagnetic cobalt NPs. [229]

Benkoski et al. investigated on chain-like NP assemblies of a mixture of 250 nm super-

121
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paramagnetic magnetite colloids and 24 nm ferromagnetic cobalt NPs. [230] However,
the reports regarding the novel properties arisen from the magnetic field guided mag-
netic particles material in case the particles sizes are above pm scale. [231,232] It is well
known that, when the magnetic NPs size is below a single critical magnetic domain size,
the NPs have no response to an external magnetic field. Hence, the application of fairly
small NPs is highly challenged. To solve it, NPs coated with polystyrene (PS) chains are
selected. On one hand, the coated PS chains help the NPs selectively incorporate into
one domain of the microphase separation structure of the DBC matrix and inhibit the
formation of macroscopic NP aggregates; On the other hand, with the increase of the
NP concentration, the possibility of the NPs to form aggregates increases and thus, NP
aggregates above the critical domain size are formed. Afterwards, under-controlled small
NP aggregates respond to the external magnetic field and build stripe-like metal oxide
wires following the external magnetic lines spontaneously.

In the present chapter, the hybrid films consisting of DBC polystyrene-b-polymethyl
methacrylate (PS-0-PMMA, fps of 0.15) and PS-coated Maghemite NPs (v-Fe2O3) are
fabricated with solution casting method in combination with the application of varied

2. Based on the volume

external magnetic fields. The used sample size is 2.5 x 2.5 cm
fraction of the employed DBC (fpgs of 0.15), a sphere morphology in bulk is likely to form
(seen from the theoretic phase diagram in previous Section 2.1.2). The DBC concentra-
tion of the NP-DBC solutions is fixed at 10 mg/mL. The weight ratio of the NPs with
respect to the DBC is varied: 50, 25, 15, 8, 3, 1, 0.5, 0.1, 0.05, 0.01 and 0 wt%.

The chemical identity and the size of the present investigated NPs are examined with
Moéssbauer, XRD and SAXS measurements. SAXS is as well employed to characterize the
morphology of the bulk DBC. Surface structures of the hybrid films are probed with OM,
AFM and SEM. The AFM measurements are carried out with the AFM-2 (described in
Section 3.1.3). The SEM measurements are performed with an accelerating voltage of
0.4 kV and a working distance of 1 mm. Inner structure are probed with GISAXS, with
the specific sample-detector distances (SDD) of 2.49 m. Each sample are measured in
two orientations with the X-ray, which are aligned parallel or perpendicular to the wire
shaped NP aggregates visualized on top of the hybrid films. Furthermore, the magnetic
measurements with a SQUID magnetometer are carried out in the same two orientations

mentioned previously.
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Figure 7.1: Mossbauer spectra of maghemite NPs performed at (a) 295 K and (b) 4.2 K (black

circles) together with the fit (green dashed line, blue dotted line, and red solid line). Image

modified from reference [108].

7.1 NP characterization

7.1.1 Chemical identity of NPs

A magnetic sextet, which is the standard characterization of maghemite material and
is used for a distinct identification of the type of iron oxide, is shown in the probed
Méssbauer spectra (Figure 7.1). The data (black circles) at 298 K (room temperature)
and 4 K are fitted by the software Mos90 with two Gauss distribution functions and
two Lorentzian distributions, respectively. The two fit curves (red solid line) explicate
two different Fe*" lattice constructions of octahedral (green dashed line) and tetrahedral
(blue dotted line) individually. Because of the relaxation effects arisen from the small
NPs, the line is broadening at room temperature (Figure 7.1a). At 4 K, the NPs cannot
overcome the energy barrier due to the fairly small thermal movement, hence a narrow

line width is shown.

The XRD data of the maghemite NPs with indexed Bragg peaks are shown in the Fig-
ure 7.2. The positions of the displayed Bragg peaks are in accordance to the values of the
maghemite material provided in literature. [233,234] The result confirms the observation

from Mossbauer measurements.
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Figure 7.2: XRD data of maghemite NPs with the labeling of the corresponding Bragg peaks.
Image taken from reference [108].
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Figure 7.3: (a) 2D SAXS data of maghemite NPs in diluted toluene solvent. (b) Azimuthally
averaged 2D SAXS data (black squares) with its fit (red solid line). Image taken from reference
[108].
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7.1.2 Characterization of the NP Size

An isotropic 2D SAXS data of the NPs in diluted toluene solvent is shown in Figure 7.3a.
A round-shaped beamstop is applied to shield the intensive direct beam intensity. For a
quantitative analysis, the azimuthally averaged 2D SAXS data is made and is plotted with
corresponding fit as function of the scattering vector q in Figure 7.3b. At low ¢ values
(first 5 data points) the beamstop shields the detector against the x-ray beam. Assuming
the hard sphere particles model, the fit result exhibits that the size of maghemite NPs is
10 = 1 nm (width 0.2).

7.2 Characterization of bulk DBC

To probe the microphase separation structure of the bulk PS-0-PMMA DBC, SAXS mea-
surement is performed. For a quantitative analysis, the azimuthally averaged SAXS data
are integrated and plotted together with their fit in Figure 7.4. A prominent first or-
der Bragg peak and weak higher order Bragg peaks are shown, which originate from the
micro-phase separation structure. Assuming a body centered cubic (BCC) of spheres

model, a periodic characteristic distance, 78 nm, of neighboring spheres is obtained.
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Figure 7.4: Azimuthally averaged 2D SAXS
10° data (black scatters) together with its fit (red

10 solid line) of the bulk PS-b-PMMA DBC. Image
q (nm'1) taken from reference [108].

7.3 Surface characterization

The thickness of the hybrid films is 1.5 yum. OM is employed to probe the micro-structures
on the film surface. Firstly, in Figure 7.5, the comparison of the hybrid films fabricated
with or without the application of an external magnetic field is observed. In Figure 7.5a,
with the presence of the external magnetic field, sub-pm and pm sized wire shaped NP

aggregates have been found on the film surface. However, in Figure 7.5b, without the
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Figure 7.5: OM images of the hybrid films with a NP concentration of 8 wt% at a magnetic
field of 149 G (a) and without external magnetic field (b). Image taken from reference [108].

external magnetic field, only a random powder like orientation of the NP aggregates is
shown. Therefore, the function of the external magnetic field for the formation of the

wire shaped stripes of NPs is confirmed with these observations.

Figure 7.6: Large scale OM images of the hybrid films prepared at an external magnetic field
of 149 G with different NP concentrations of (a) 0.01, (b) 0.05, (c) 0.1, (d) 0.5, (e) 1, (f) 3,
(g) 8, and (h) 15 wt%.

Large scale surface structures of the hybrid films with varied NP concentrations are
present in Figure 7.6. In Figure 7.6a, almost no large scale metal oxide NP wires are found
for the hybrid film with an extremely low NP concentration of 0.01%. In Figure 7.6b-f,

along the direction of the external magnetic field, well orientated NP wires are observed.
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In general, the length, the width, and the distributed density per unit surface area of the
NP wires increase significantly as the NP concentration increases. An enhancement of

the overall system order is found with higher NP concentrations.

Figure 7.7: OM images of the hybrid films fabricated at an external magnetic field of 149 G
with varied NP concentrations: (a) 0.01, (b) 0.05, (c) 0.1, (d) 0.5, (e) 1, (f) 3, (g) 8, and (h)
15 wt%.
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To further analyze the width of the NP wires, a full set of OM images of the hybrid films
with a much larger magnification are shown in Figure 7.7. The extracted width from the
corresponding OM image is monotonically increasing with the NP concentration (Figure
7.8). The distribution of the width also increases accordingly. In case NP concentrations
< 8 wt%, the width of the NP wires is in the range of 0.1 to 2.5 m with the magnetic
field of 149 G. However, when NP concentration is larger than 8 wt%, the width increases

much prominently.
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Figure 7.9: OM images of the hybrid films with a NP concentration of 15 wt% at different
external magnetic fields: (a) 149, (b) 329, (c) 657, (d) 795 G, and (e) 1119 G. (f) The averaged
widths of the NP wires as function of the external magnetic field (the solid line serves as a guide
to the eye).

Figure 7.9 shows the effect of the magnetic field on the width of the NP wires. It is
observed, as the magnetic field strength increases, the uniformity of the width and the
length of the NP wires decays, and the width of the NP wires decreases (Figure 7.9f).
This behavior results from the force F', which is applied from the external magnetic field
H on the magnetic NPs: F'=mH. Such applied magnetic forces improve the mobility of

the magnetic NPs in the drying solution and lead them to the macroscopic sample edges.

Figure 7.10a, ¢ and e reveal a better homogeneity of the structures formed by the
external magnetic field at the film center with varied length scales. In contrast, Figure
7.10b, d and f show that the NP wires located close to the film edges differ from the center
of the film because of the edge effects. Such edge effects have to be expected within at
least a distance on the order of the capillary length (several mms). Consequently, instead
the NPs disperse uniformly inside or on top of the film, large aggregations form at film
edges. In general, the observations of OM indicate that well-aligned, highly-oriented metal
oxide wires can be fabricated at low magnetic field strengths (such as 149 G) rather than

at higher magnetic fields.
AFM with a tapping mode is used for probing the surface morphology of the hybrid

film in nm-scale. Particularly, instead of the topography image, the microphase separa-
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Figure 7.10: OM images at different magnifications for the hybrid films at a magnetic field of
149 G with NP concentration of 15 wt%. (a), (c) and (e) are measured at the sample center;
(b), (d) and (f) are measured at the sample edge.

tion nanostructure of the DBC is better shown with the phase image, in case different
materials (here: polymer and metal oxide) are involved. Therefore, Figure 7.11 presents
phase images of a selected hybrid film with NP concentration of 3 wt% at the magnetic
field of 149 G. The large dark areas and bright parts indicate the DBC matrix and the NP
wire, respectively. In general, Figure 7.11 shows the well orientated, prominent stripe-like
metal oxide wires, small ellipse-like metal aggregates, scattered NPs in PS domains of the
DBC, and close packed NPs in NP aggregates. In Figure 7.11a-c, the wire-shaped NP
aggregate consisted of individual maghemite NPs are densely packed. Furthermore, the
DBC morphology is limitedly modified with the formation of the wire-shaped NP aggre-

gates. Certain smaller NP aggregates formed dots of different sizes are well distributed
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Figure 7.11: For a selected hybrid film with NP concentration of 3 wt% fabricated at an external
magnetic field of 149 G, AFM phase images with different emphasis and magnifications: (a), (b)
well orientated wire-shaped NP aggregates, (c) wire-shaped NP aggregate consists of differently
sized NPs, (d) scattered NPs are selectively embedded in the microphase separated DBC film,
(e) interface of the DBC and the NP aggregate, and (f) close packed NPs in the NP aggregate.

in the DBC matrix. Since the NP aggregates are in different sizes, it can be inferred,
the NP wire is an aggregate consisted of NP aggregates with different shapes and sizes.
The nanostructured DBC film originated from microphase separation is well presented in
Figure 7.11d. It also shows that the individual NPs are selectively incorporated within
the PS nano-domains. In case large quantities of NPs are embedded inside the PS do-
mains, the domains start to swell, and then ill-defined structures of large NP aggregates
are formed. If the aggregates grow above a certain critical size, they will respond to the
external magnetic field and lead to the formation of NP wires with high shape anisotropy.
The interface of the NP aggregate and the DBC are clearly observed in Figure 7.11e.
Near the interface, several incorporated NPs within the PS domains show a tendency of
merging into the NP aggregate.

Moreover, the route-mean-square (rms) roughness is as well obtained from the correspond-
ing topography AFM data. For the hybrid film with NP concentration of 3 wt%, the rms

roughness is smaller than 5 nm in NP wire free region. As the volume of the incorporated
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NP increases, the rms roughness of the hybrid films increases. However, even for the NP
concentration up to 15 wt%, the rms roughness still remains small and below 10 nm in
NP wire free region. The height of NP wire is around 7 nm as revealed from the AFM
topographical images. This indicates that the NP wires are not only supported on the

film surface but also partially embedded underneath the film surface.

¥ kN ; :%: §v |
it et e 5l
j“"i eI

5‘;-@250 nm

7=

Figure 7.12: AFM phase images with different magnifications for a selected hybrid film with
NP concentration of 3 wt% fabricated without external magnetic field.

Figure 7.12 shows AFM phase images of a hybrid film with NP concentration of 3
wt% prepared without external magnetic field applied. In general, no shape anisotropy is
observed in Figure 7.12, the function of the external magnetic field is confirmed. In Figure
7.12a and b, irregular shaped NP aggregates with multiple sizes randomly distributed in
the hybrid film. In Figure 7.12c, in case the size of the NP aggregates is comparable to
the microphase separated structures of the DBC, they follow the morphology of the PS
domains and grow to a larger size gradually. In Figure 7.12d, the individual NPs well

selectively embedded inside the PS domains are found.

To confirm the AFM observations of the film surface, SEM measurement is performed

on a larger investigated area with a different contrast as compared with AFM. In Figure
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Figure 7.13: SEM images of hybrid films with NP concentration of 0.5 wt% fabricated (a) at
a magnetic field of 149 G, and (b) without external magnetic field.

7.13, the brightest objects, the second brighter domains and the dark phases are NPs,
spherical PS blocks and the majority block PMMA. In the NP-free DBC region, a highly
ordered spherical morphology arisen from microphase separation is found. In case the size
of NP aggregates is smaller than the PS domains, they are well embedded inside the PS
spheres and surrounded with PMMA via wet-chemical self-assembly process as explained
in previous Section 2.2.6. The NP aggregates with different sizes reveal their different
growth stages. In Figure 7.13a, very prominent NP wire, consisting of a large number
of densely packed NPs, is observed. However, in Figure 7.13b, only a random irregular

shaped NP aggregates are shown. In general, the observations from SEM are consistent
with the AFM.

7.4 Formation of the NP wires

The critical magnetic domain size is essential for all applied magnetic NPs. The re-
lated important theory has been discussed in previous Section 2.2.6. Below this critical
magnetic domain size, the formation of a magnetic single domain NP is energetically un-
favorable. [134] Above this critical size, the NPs can act as a single magnetic domain. [129]
For our employed maghemite material, the critical radius is 30 nm, [130] which is 6 times
greater than the size of the current employed NPs. At the temperature (25 °C) of sam-
ple preparation process, the energy fluctuation originates from thermal energy (kgT', in
Section 2.2.4) can exceed the effective anisotropy energy barrier (AEp = KV, in Section
2.2.4). Hence, the employed NPs in initial status present superparamagnetic behavior

and will not respond to the external magnetic field.
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Based on the previous discussed magnetic theories in combination with the observation
of the film surface, a three-stage process for the employed maghemite NPs to form large

NP wires is assumed:

(1) Initially, the size of NPs is below the critical domain size. The driving force arisen
from microphase separation of the DBC is greater than the interaction between NPs,

thus NPs are well swollen inside the PS domains.

(2) With the increase of the NP concentration, the possibility of the NPs to form NP
aggregates increases. Afterwards, NP aggregates grow up and the size of that exceeds
the critical domain size. The ordered DBC domains are gradually disrupted with the
large NP aggregates.

(3) The NP aggregates and large-sized NPs from the tail of the NP distribution respond
to the external magnetic field and form stripe-like NP wires following the external

magnetic lines spontaneously.

In general, the localization of NPs insides the different DBC domains or at the in-
terfaces of the two blocks causes a competition of entropy and enthalpy. Normally, any
localization of the NPs harms the ordering of the DBC template, since the incorporated
NPs change the interaction parameter of the system and increase the energetically unfa-
vorable entropy penalty. However, installing the NPs with PS coating in the PS domains
is enthalpically favorable compared with the contact to the other PMMA domains. Such
PS coating optimizes the interaction parameter between NPs and DBC, thus the ordering
of the DBC matrix even gets an enhancement. [229] In this case, the favorable enthalpic
interaction is the primary guiding force, which leads the localization of PS-coated NPs in
the PS domain.

As the NP concentration increases, NPs constantly swell inside the PS domain. Mean-
while, the PS chains continue to stretch for accommodating more NPs. As the NP
concentration increases further, the entropy penalty is dominating, thus NPs tend to
form aggregates. It results in the highly ordered PS domains to lose its orientation as
well to form ill-defined structures. Additional, the super-exchange interaction between
maghemite NPs are isolated by the insulating DBC matrix. Such super-exchange interac-
tion can occur via intermediate atoms or ions depending on the structure and the nature
of the matrix as well as the bonding at the particle-matrix interface. [235] Because of the
composition of these forces, NPs accumulate into aggregates with the sizes greater than
the critical magnetic domain size. In other words, the shape anisotropy behavior sets in.
The magnitude of the maghemite NP moment is proportional to its volume. [132] Large

NP aggregates can be considered as multiple magnetic units and contain a large quantity
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of magnetic moments. In case asymmetric NP aggregates form, the hard or easy mag-
netization axis is created. Magnetic moments have a tendency to align along the longest
axis, which defines the direction of shape anisotropy (in previous Section 2.2.5). [236] The
shape anisotropy is a dipolar contribution and is calculated by assuming that magnetic
poles are distributed uniformly on the surfaces. [132] If NP aggregates are magnetized by
an external magnetic field, the dipole-dipole interaction between NPs and the strength
of interaction increases with the NP concentration. Normally, magnetized NPs align in
head-to-tail patterns. The movement of NP magnetic moment provides a primary driving
force to build large NP wires. Within a defined area, as the concentration increases, the

mean distances between NPs decrease. Based on Equation: [216]

B = (L2 iy oty = S0, 1)y ) (71)
where 7is the distance vector. The dipole-dipole interaction is inversely proportionally
to the 7. Thus, as the NP concentration increases, the driving force increases because
of a reduced NPs inter-distance. However, besides the driving force, several opposing
forces exist. Firstly, friction occurs at the interfaces between NPs and DBC, and it is
as well depending on the NP concentration. The competition between dipolar-dipolar
attractive force and friction is much more complex. At higher NP concentrations, the
NP aggregates grow up to larger sizes. Because the attractive force is proportional to
the volume of the NP aggregates, it dominates the system. Based on the volume of
the spherical particles V' = %T(R3, the attractive force increases with the third power
of the aggregate radius. While, the friction is a resistance force against the mobility
of the aggregates, and it depends on the surface area of the aggregates (A = 4mwR?),
which increases with the square power of the aggregate radius. Briefly, increasing NP
concentration significantly contributes to the size growth of the NP aggregates. Hence,
both the dipolar-dipolar attractive force and the friction increase. However, the driving
force arisen from the dipolar-dipolar attractive force increases at a much faster rate than
the friction resistance. Moreover, the NP wires are highly aligned due to a side-by-side
dipolar mutual repulsion as the magnetic moments align in the same orientation.
To conclude, the NP concentration is an essential factor for tuning the size of the NP
wires. The arrangement of the maghemite NPs is obtained via a compromise of the
driving force of head-to-tail dipolar interaction, resistance of interphase friction, and side-
by-side dipolar interaction. The size, the width, and the spacing to the neighbors of the

NP wires can be tuned by manipulating the forces.
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7.5 Inner structures

In addition to the film surface, the inner nanostructures located beneath the surface are
probed with GISAXS in a high statistical relevance. Details of the GISAXS technique are
described in previous Section 2.3.4. [161] Due to the shape anisotropy of the investigated
hybrid films, all films are examined in two orientations of the NP wires with respect to
the x-ray beam: oriented parallel or perpendicular. To focus on the nano-morphology, the
resolution limit in the GISAXS measurement is selected in a way that the large NP wires
are not resolved. Therefore, the morphological information obtained with GISAXS is only
regarding the film structures in nano-scale, e.g., the microphase separation structure of
the DBC and the NPs.

100 100 10 105

Figure 7.14: With the x-ray beam oriented parallel to the observed NP wires on the film surface,
2D GISAXS pattern of the hybrid films at varied NP concentrations: (a) 0, (b) 0.01, (c) 0.05,
(d) 0.1, (e) 0.5, (f) 3, (g) 8, and (h) 15 wt%. All intensities are shown using the same intensity

scale bar as indicated.

Figure 7.14 shows the 2D GISAXS pattern of hybrid films at different NP concentra-
tions for the parallel orientation of the x-ray beam with respect to the surface observed

NP wires. For all performed GISAXS measurements, the specular intensities are well sep-
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100 100 10 10°

Figure 7.15: With the x-ray beam oriented perpendicular to the observed NP wires on the film
surface, 2D GISAXS pattern of the hybrid films at varied NP concentrations: (a) 0, (b) 0.01,
(c) 0.05, (d) 0.1, (e) 0.5, (f) 3, (g) 8, and (h) 15 wt%. All intensities are shown using the same

intensity scale bar as indicated.

arated from the Yoneda peak (material characteristic position, details in Section 2.3.4)
and blocked with a round-shaped beam stop for preventing the detector from the high
intensity specular reflection. The structural information perpendicular to the film surface
is gained following the vertical direction (along the ¢, direction). No intensity modulation
is found in the g, direction, which indicates the absence of the correlated roughness. [237]
As the NPs incorporate, the 2D GISAXS patterns change prominently. The observed
side maxima of the pure DBC film (0 wt%, Figure 7.14a) correspond to the well or-
dered spherical domains of the DBC. As the NP concentration increases, the maxima
decay. They vanish upon the incorporation of a small NP concentration (0.05 wt%, Fig-
ure 7.14c). However, the intensity in the Yoneda region is more prominent due to the
electron density contrast between v-Fe,Os and PS/PMMA. The general frame of the 2D
GISAXS patterns remains similar at low NP concentrations (Figure 7.14b-d). For higher

NP concentrations, the Yoneda peak broadens and the comprehensive scattered intensity
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is improved (Figure 7.14e and f). At NP concentration > 8 wt% (Figure 7.14g and h), the
characteristic scattering signal of the DBC is lost, because the surface roughness increases

significantly as the NP concentration increasing.
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Figure 7.16: Horizontal line cuts (color symbols) made from the 2D GISAXS patterns of the
hybrid films at different NP concentrations (0, 0.01, 0.05, 0.1, 0.5, 3, 8, and 15 wt% from bottom
to top) in case the x-ray beam is oriented (a) parallel or (b) perpendicular to the surface observed
NP wires, which reveals the inner structure perpendicular or parallel to the surface observed NP
wires, respectively. For clarity, the cuts are shifted against y axis and shown together with the fits
(red solid lines). Inter-domain distance (D) of the (c) perpendicular and (d) parallel structures

plotted as function of NP concentration. Image modified from reference [108].

For a quantitative analysis, horizontal line cuts made from the 2D GISAXS pattern
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are plotted for the parallel orientation (probing the inner structure perpendicular to the
surface observed NP wires) together with fits (in Figure 7.16a). Three main characteri-
zations are found (marked with [ and I1 / I1I). Peak I locates at small g, values. It
is clearly observed at very low NP concentrations, but it becomes less prominent in case
the NP concentrations of the films are greater than 0.1 wt%. The periodic distance be-
tween two neighboring DBC domains originated from microphase separation is revealed
via the position of the peak I. This structure factor is modeled with a Lorentzian dis-
tribution function. The corresponding inter-domain distance, D, obtained from peak I,
increases from 92 + 2 nm to 165 + 5 nm with the NP concentrations increases from 0
to 0.5 wt% (Figure 7.16¢). The increase is arisen from the selective swelling of the PS
domains resulted from the incorporation of the NPs. Further, as the NP concentration
increases above 0.5 wt%, the intensity of the peak I gets less pronounced, which reveals
the formation of an ill-defined structure of the hybrid film. Briefly, due to the overload
of the PS domains with NPs; the relatively long range order structure is disturbed. The
latter peak progressively shifts to smaller ¢, values as the NP content increases (dashed
arrow, in Figure 7.16a), which indicates that large NP aggregates form at high NP con-
centrations. Broad shoulder-like peaks (peak I1 or I11) appear at larger ¢, values, which
are originated from the form factor. In Figure 7.16a, at the NP concentration below 0.5
wt%, peak I is perfectly modeled with a form factor contribution assuming isolated NPs
with the diameter of 10 + 1 nm. The fit result reveals the NPs are well dispersed in
the PS domains at rather low NP concentrations. However, at high NP concentrations,
NP incorporation is not selective any more. Hence, isolated NPs are no longer dispersed
in the DBC matrix. When the NP concentration is greater than 1 wt%, the scattering
pattern is dominated with the form factor of small NP aggregates, which is observed as
peak I1I positioned at g, values corresponding to 23 £+ 1 nm and this position remains
the same nevertheless the NP concentration increases (Figure 7.16a). Consequently, these
small NP aggregates are found for all DBC films with high NP content.

The 2D GISAXS patterns with the x-ray beam is oriented perpendicular to the surface
observed NP wires (probing the inner structure parallel to the metal oxide wires) are
represented in Figure 7.15. Compared with the 2D GISAXS patterns obtained in parallel
orientation, the scattering characterizations are similar at low NP concentrations (Figure
7.15a-d). While, a significant difference is found at higher NP concentrations (Figure
7.15e-f): the intensity of the Yoneda peak is prominently decayed, which results from the
presence of many NP wires on the film surface for films with a high NP content and these
surface structures weaken the x-ray beam when penetrating the film.

Corresponding line cuts and their fits are presented in Figure 7.16b. Similarly, several

characteristic structural features are found. The position of peak I increases with NP
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concentration at small NP content, which presents the same tendency as the parallel ori-
entation (in Figure 7.16a). For high NP concentrations, peak I remains at a constant
position (dashed line, in Figure 7.16b). The corresponding inter-domain distance D ob-
tained from the fit reveals an increase from 92 4+ 2 nm to 155 4+ 10 nm, followed by a
tendency without further increase (Figure 7.16d). Additional, the presence of isolated
NPs (peak IT) and small NP aggregates (peak I17) is consistent for both orientations.

The comparison of the results from the GISAXS measurement with different orientations
indicates: at low NP concentrations, the NPs are well distributed in the PS domains,
which results in the increase of the domain distances. Such increasing behaviors are simi-
lar for both, parallel and perpendicular orientation. However, at high NP concentrations,
the large sized NP aggregates form, which are bigger than the critical size of the single
magnetic domain so that they can respond to the external applied magnetic field. Since
the NPs are entangled within the PS chains, in case the NPs move, they will drag the
PS domains and result in a morphological change. Such behavior strongly disturbs the
microphase separation structure and pulls the PS domain structure from a spherical into
an elliptical shape, with the long axis oriented parallel to the direction of the magnetic
field lines. Briefly, the nano-scale shape anisotropy throughout the entire hybrid films
with the influence of the external magnetic field are clearly shown by the GISAXS data.
The results reveal that, in addition to the formation of pym-sized NP wires found in OM,

the magnetic field has a strong effect on the nanostructure of the hybrid films as well.

NP concentration

Figure 7.17: Schematic representation of the pure DBC film (a), and the hybrid films at low
(b), intermediate (c), and high NP concentrations (d). The PMMA matrix is indicated in blue,
the PS block in red, and the maghemite NPs in yellow. The black arrows show the direction of

the applied external magnetic field. Image modified from reference [108].

To clearly demonstrate the morphological evolution of the investigated hybrid films

in nano-scale, a schematic representation with different NP concentrations are shown in
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Figure 7.17. A highly periodic ordered, spherical morphology is presented for the NP-
free DBC film. At low NP concentrations, the initial structure remains ordered, and
the NPs are well distributed in the PS domains, which results in a swelling of the inter-
domain distance; At intermediate NP concentrations, certain small NP aggregates form,
which still can be accommodated inside the PS domains; At high NP concentrations,
the previous ordered structure is disturbed, and the anisotropic morphology appears. In
case NP concentrations are greater than 0.5 wt%, the DBC structure is deformed and
large wire-shaped NP aggregates are formed, which is not presented in this schematic

representation due to the structures are in pm scale.

7.6 Magnetic properties

Magnetic properties of the probed NPs-DBC hybrid films are examined with a Quantum
Design MPMS SQUID magnetometer with the applied magnetic field orientated parallel

or perpendicular to the NP wires.
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Figure 7.18: (a) Measured magnetic moments vs. external magnetic field with parallel orienta-
tion at different temperatures for a selected hybrid film with NP concentration of 0.1 wt%. (b)

Extracted remanence vs. measured temperature from (a). Image modified from reference [108]

Figure 7.18a shows the magnetic moment measured at different temperatures with
the parallel orientation for the selected hybrid film with a NP concentration of 0.1 wt%.
A temperature independent saturation magnetization is found. As the temperature in-
creases, the coercivity becomes much smaller due to the thermal agitation (theory has
been discussed in Section 2.2.4). In case temperatures are lower than a characteristic tem-

perature, the magnetic hysteresis occurs. This is the typical super-paramagnetic behav-
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ior and the characteristic temperature can be identified with the blocking temperature of
super-paramagnetic NPs provided with Néel-Brown expression (in Section 2.2.4, Equation
2.28) [133,222] Furthermore, the magnetization loops superimpose and present a temper-
ature dependence. In Figure 7.18b, the temperature dependent remanence extracted from
the measured magnetic moment curves of the Figure 7.18a is shown. Within experimental
errors, the remanence remains constant with small fluctuations at low temperatures, but

it decays pronouncedly at higher temperatures.
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Figure 7.19: (a). Measured magnetic moments vs. external magnetic field at 2K with NP
concentrations of 0.1, 0.5, 1, 3, and 8 wt%. (b). Extracted remanence M, saturation magne-
tization M, and relative remanence M, /M, vs. NP concentration at 2 K (black solid line), 20
K (red dashed line), and 100 K (blue dashed-dotted line). Image modified from reference [108].

At 2 K, measured magnetization loops for all investigated NP concentrations vs. the
magnetic field applied parallel to the surface observed NP wires is shown in Figure 7.19a.
For a further analysis, the remanence M,, saturation magnetization M, and relative re-
manence M, /M, are extracted from the corresponding magnetization loops and plotted
as function of NP concentration (Figure 7.19b). Within experimental error both, M, and
M, increase linearly as NP concentration increases. However, the M, /M, stays constant
irrespective of the NP concentration. Considering all the observed results, the hybrid film
system fulfills the requirements of the super-paramagnetic material, [217] which confirms
the NPs have not lost the magnetic characters of nano-size particles. Such behavior can
be explained well in the Stoner-Wohlfarth-Néel model. [133,222]

For the hybrid film with NP concentration of 8 wt%, additional magnetization loops
measured at 2 and 20 K with the external magnetic field both, parallel or perpendicular

to the surface observed NP wires are shown in Figure 7.20. The observations indicate that
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Figure 7.20: For a hybrid film with NP concentration of 8 wt%, (a) magnetic moments measured
at 2 and 20 K for the orientation of the surface observed NP wires parallel or perpendicular to
the external magnetic field (marked with the legends). (b) Temperature dependent M,., B, and
M, extracted from the corresponding magnetic moments of (a) at 2K with the parallel (black

solid line) and perpendicular (blue dash dot line) orientations.

the film is easier to magnetize along the NP wires direction than follow the perpendicular
direction. In Figure 7.20b, within experimental error, M,, B., and M, have strong,
weak and no orientation dependence, respectively. The results reveal that the directions
parallel and perpendicular to the NP wires are the easy and hard magnetization axis,
respectively. The long range magnetic order mainly depends on mutually aligning the
dipolar field of the NPs, which results in the magnetization to follow the polar direction
along the easy direction, and quantum mechanical super-exchange has been invoked. [238,
239] Comparing with the magnetically isotropic property of the NPs-DBC nanocomposites
investigated in our previous investigation, [215] where the NPs are highly dispersed in the
DBC film, the current unique magnetic anisotropy is obviously observed for the fabricated

films under an external magnetic field due to the formation of magnetic NP wires.

7.7 Summary

In the present chapter, super-paramagnetic hybrid films with shape anisotropy are fab-
ricated from a low-temperature, wet-chemical deposition method. The hybrid films con-
sisted of selective deposited PS-coated maghemite NPs in PS-0-PMMA DBC matrix
with highly oriented wire shaped NP aggregates are studied with OM, AFM, SEM and
GISAXS. The results indicate that, the highly orientated NP wires with different widths,
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lengths and neighboring spacing are realized by tuning the NP concentration and the
strength of the applied external magnetic field during the film fabrication process. DBC
films provide periodic ordered nano-structures with the microphase separation and func-
tion as a template material to guide the self-assembly incorporation of the NPs. At low NP
concentrations, the NPs with PS-coating are selectively embedded into the PS domains.
At high NP concentrations, NP aggregates form, and the sizes of which reach the single
magnetic domain critical size. Afterwards, NP aggregates are magnetized and dragged
by head-to-tail dipolar-dipolar attractive interaction to align and form long stripe-shaped
NP wires following the direction of the external magnetic field. Furthermore, due to the
movement of the NPs entangled with the DBC, the morphology of the hybrid film deforms
from symmetry to asymmetry. Consequently, the structure of the hybrid films is highly
anisotropic, both on the ym and nm scales. The results obtained from both, real space
and reciprocal space techniques are consistent. The magnetic properties investigated with
SQUID magnetometer indicate that the hybrid film presents the super-paramagnetic be-
havior and strong shape anisotropy. The possible simple tuning of the maghemite NP wire
widths, lengths and spacing by manipulating both, the NPs concentration and the applied
external magnetic field, could make this hybrid film system highly desirable for several

important applications in high-density magnetic storage devices and magnetic sensors.






Chapter 8

Arrangement of NPs in
PS-b-PNIPAM DBC film

Parts of this chapter have been published in the article “Arrangement of maghemite
nanoparticles via wet chemical self-assembly in PS-b-PNIPAM diblock copolymer films”,
ACS Appl. Mater. Interfaces, 2015, 7, 13080-13091.

Previous studies are based on the PS-b-PMMA and PSd-6-PBMA DBCs, which consist
of two hydrophobic blocks. In the present study, this approach is extended to a different
type of DBC. The asymmetric DBC polystyreneg;-block-polyN-isopropyl acrylamide;;s
(PS-b-PNIPAM), consisting of a hydrophobic PS block and a hydrophilic PNIPAM block,
is selected. PNIPAM is one of the most investigated thermo-responsive polymer. [240-242]
However, almost all the investigations regarding PNIPAM focus on wet swollen films, wa-
ter induced swelling, thermos-responsive behavior. Only very few investigations relate to
dry film regimes. [184,185,243] To our best knowledge, so far no investigation has focused
on the arrangement of magnetic NPs inside a PNIPAM host DBC film. The main target
of the present investigation is to explore the morphological evolution of NPs-DBC hy-
brid films, which is fabricated with structure-guided PS-6-PNIPAM DBC template upon
incorporation of PS-coated NPs with different concentrations. In literature, an unique
perpendicularly arranged magnetic nano-dots array is attractive for future storage de-
vices since its potential storage may reach over hundred times more than the routine
hard drives. [244-247] As discussed in previous Chapter 7, the employed magnetic NPs
must be larger than a critical single domain size to overcome the superparamagnetic limit
(fluctuation of magnetization due to thermal agitation, in Section 2.2.4) for the applica-
tions of data storage. The nano-dots are considered as a large quantity of small magnets,
which have the ability to switch polarity to represent binary digit. [244-247] Hence, the
nano-dots-based storage system has the possibility of providing much higher storage den-

sity. Generally, switchable high density magnetic storage devices and thermo-responsive
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magnetic sensors are potential applications.

All hybrid films were fabricated in identical conditions with spin-coating. No further
pre- or post-treatment process was applied. The film size is 2.5 x 2.5 cm? Due to the
hydrophilic PNITPAM block, a basic bath cleaning was applied for the employed silicon
substrates. Based on the theoretical phase diagram (in Section 2.1.2), a cylindrical mor-
phology is expected for bulk PS-6-PNIPAM, since the fpg is 0.32. [28] The homogeneity
and uniformity of the films are crucial for applications. They are strongly influenced by
the solution viscosity, which mainly depends on the DBC concentration. Normally, high
viscosity results in high friction, which leads to the inhomogeneity of the hybrid films
because the mobility of NPs is restricted. According to the preliminary experiments, a
DBC concentration of 45 mg/mL was selected, since it makes macroscopically homoge-
neous hybrid films. The employed PS coated v-Fe;O3 NPs are identical to the NPs used
in the previous Chapter 5.The weight ratios of v-Fe;O3 NPs with respect to the DBC
PS-b-PNIPAM are: 0, 0.1, 0.5, 1, 3, 7, and 15 wt%.

Film thicknesses are measured with a surface profilometry. The systematic morphologi-
cal evolution of the film surface is probed with SEM at an accelerating voltage of 2 kV
and a working distance of 1.2 mm. The film topography such as rms roughness is ex-
amined with AFM-1 (described in Chapter 3.1.3). Inner film structures are investigated
with GISAXS. The applied synchrotron radiation wavelength (\) and photon energy are
0.0957 nm and 13 keV, respectively. The sample-detector distance is 2.55 m. At last, the
application relevant magnetic properties are performed with a MPMS SQUID as function

of NP concentration and temperature.

8.1 The determination of hybrid film thickness
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Figure 8.1: Thicknesses of the hybrid films
probed as function of NP concentrations (the red 230k P . .
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In Figure 8.1, as the NP concentration increases from 0 to 15 wt%, the film thick-
ness linearly increases from 238.0 + 2.0 nm to 264.9 4+ 1.3 nm accordingly. Because all
the hybrid films were fabricated under the identical circumstances, the influence of the
incorporated NPs on the viscosity of the solutions is fairly weak. Therefore, the effect of
the viscosity on the film thickness can be excluded. Furthermore, the temperature and
relative humidity were well controlled as a constant during the thickness examinations.
Hence, the volume of the incorporated NPs is the only reason for the film thickness expan-
sion. Since the films are confined between two different interfaces, different orientations
of the microphase separation structure may arise from the change in film thickness based
on the film thickness regime discussed in Section 2.1.3. [123, 198,248, 249

8.2 Surface characterization

The morphological transition of the full set of the film surface is thoroughly probed with
SEM. The grey-scale SEM images are presented in Figure 8.2. The dark areas, bright ar-
eas, and the brightest randomly dispersed objects corresponds to the PNIPAM domains,
PS domains, and NP aggregates, respectively. On the basis of the self-consistent field
theory (in Section 2.1.2), [28] a cylindrical morphology is expected for the employed PS-
b-PNIPAM with a fpg of 0.34. In Figure 8.2a, labyrinth-like, parallel cylinders (with
respect to the film surface) with only small dispersed areas having perpendicular cylin-
ders are found for the NP-free DBC film. In case film thicknesses are larger than the
characteristic periodic distance of DBC, the parallel-oriented structures are favored (in
Section 2.1.3). [172,202] In Figure 8.2b, upon incorporation of an extremely low amount
of NPs into the DBC matrix, a long-range, lateral ordered of perpendicularly oriented
cylinders are shown. To our best knowledge, such perfect perpendicular orientation is
mostly found in case sophisticated, special treated substrates are applied, or thin films
are confined with the thickness smaller than the DBC periodic distance. [196,197]

The morphological transition from a parallel to a perpendicular orientation is mainly
ascribed to the tuned interfacial energy via incorporated NPs, which originates from a
competition between the entropic and enthalpic terms in the hybrid film system with
the purpose of minimizing the free energy density. [196] The surface modification of the
maghemite NPs with the PS coating energetically promotes the selective deposition of
the NPs into the PS domains, [108,139,201] since the PS coating is chemically identical
to the PS block. Thus, the NPs disfavor entering the chemically incompatible PNIPAM
domains, or disperse randomly in the DBC matrix. [205] As a consequence, both the order
and the homogeneity of the hybrid film orientation are improved significantly. Certain

analogous investigations that presented an enhancement of the long-range order and a
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Figure 8.2: SEM images of the hybrid films at different NP concentrations: (a) 0, (b) 0.1, (c)
0.5, (d) 1, (e) 3, (f) 7, (g) and (h) 15 wt%. To clearly present the nanostructure transition in
large NP-aggregates free region, the image in (g) is magnified for 2 times with a half scan size

in (h). The corresponding FFT patterns are presented in the insets.
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switch of the domain orientations with the incorporation of NPs in DBC films have been
reported previously. [41,110,202]

In Figure 8.2¢, at higher NPs concentration of 0.5 wt%, the degree of structure orien-
tation is further enhanced. The contrast of the SEM image is enhanced by a higher
amount of NPs incorporation as well. Consequently, the selectivity of the NPs incorpo-
rated into specific DBC domains is a crucial factor of the fabrication of highly ordered,
well perpendicular-oriented cylindrical morphology.

In the case of NP concentration > 0.5 wt%, the long range ordered morphology is per-
turbed. In Figure 8.2d-g, as the NP concentration increases further, the NP aggregates
start to form and the size of them increases accordingly. Due to the increase of the en-
tropy cost, the accommodation of the PS domains with NPs is limited. In case this limit
is overstepped, the excess NPs will be squeezed out of the PS domains and accumulate at
the film top surface. The entropic penalty dominates the hybrid film system at high NP
concentrations. The behavior of the NPs aggregation is in agreement with Monte Carlo
simulations at high NP concentrations within a host DBC matrix. [22,206] Further, more
NPs gradually accumulate surrounding the initial small NP aggregates, which force the
NP-aggregates to develop in a larger size. In the case of the NP concentration > 7 wt%,
the aggregates form network structures with a percolation path and cover large areas of
the film surface. A tendency of a morphological transition from perpendicular back to
parallel orientation is observed at the NPs-aggregates free areas with NP concentrations
of 3 and Twt% i(in Figure 8.2e-f). The transition appears even more significantly at the
highest NP concentration of 15 wt% (Figure 8.2g). To clearly present the nanostructure
transition in a larger NP-aggregates free region, Figure 8.2g is further magnified for 2
times with a half scan size and shown in Figure 8.2h. Although the excessive NPs come
to the film surface, part of them still contribute to a further swelling of the PS domains,
which expands the PS domains anisotropically and results in a change of the morphology.
The insets in Figure 8.2 are the 2D fast Fourier transformation (FFT) patterns of the cor-
responding SEM images, which are made for a quantitative analysis of the surface order.
The observed rings from the FF'T reveal that the probed structures are isotropically dis-
tributed with a fixed center-to-center distance. As the NP concentration increases (< 0.5
wt%, Figure 8.2a-c), the isotropic rings become narrower and more prominent. However,
in case NP concentration > 1 wt%), the rings broaden again until fade away because of a

large quantity of randomly dispersed NP-aggregate networks.

Figure 8.3 shows the power spectral density (PSD) functions obtained from azimuthal
integration of the corresponding 2D FFT patterns. An interesting prominent change of
the ¢ value marked with peak I reveals the periodic inter-domain distance on the DBC

film surface. From bottom to top, the peak I moves towards a higher ¢ value with in-
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Figure 8.3: Power spectral density (PSD) functions obtained from azimuthal integration of the
corresponding 2D FFT patterns at different NP concentrations: 0, 0.1, 0.5, 1, 3, 7, and 15 wt%,
from bottom to top. For clarity, the PSD curves are shifted against y axis. The ¢ value of the
lateral structure arisen from the microphase separation of DBC is presented with Peak I. Image

taken from reference [109].

corporation of an extremely small amount of NPs (0.1 wt%). However, instead of arising
from a decrease of lateral periodic distances, the shift originates from the geometrical
transition of the microphase separated structure, which differs for calculation of parallel
cylinders (d = 27/q) and perpendicular cylinders (d = 47/+/3q, for hexagonal lattice)
from reciprocal space to real space. [250,251] The obtained domain distances, D, are 23.7
+ 0.1 nm (NP-free DBC film, D = 27/q) and 23.8 &+ 0.1 nm (NPs-DBC hybrid films,
D = 41 /+/3q), respectively. Afterwards, as the NP concentration increases from 0.1 to
3 wt%, the ¢ value of the peak I decreases, which reveals an expansion of the domain
distances from 23.8 to 26.2 nm. Moreover, upon the incorporation of the NPs, the width
of the peak I becomes narrower firstly and broadens later. It indicates an initial enhance-
ment in order, following by decay later. At high NP concentrations (> 7 wt%), the peak
I is difficult to observe and the position of that is ill-defined.

To examine the film surface in a larger region, Figure 8.4 presents an improved visual-
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Figure 8.4: SEM images of the hybrid films in a larger scan size for varied NP concentrations:
(a) 0, (b) 0.1, (c) 0.5, (d) 1, (e) 3, (f) 7, and (h) 15 wt%.
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ization of the developed NP-aggregate network, which provides the statistical evidence for
the formation of the NP-aggregate enrichment layer. As the NP concentration increases,
the homogeneously distributed small NP-aggregates grow up and form large sized NP-
aggregates gradually (Figure 8.4c-f). Eventually, a relative uniform NP-aggregates en-

richment layer is established and almost fully covers the top surface (Figure 8.4g).

Since only 2D structure information of the hybrid film surface can be obtained with
SEM images, AFM are employed for providing the 3D topography information. In addi-
tion, the detected contrast of AFM differs from that of SEM. AFM images are presented
in Figure 8.5 for selected films: (a) NP-free DBC film and (b) hybrid film with NP con-

centration of 15 wt%.
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Figure 8.5: AFM topography images of (a) NP-free DBC film and (b) NPs-DBC hybrid film
at NP concentration of 15 wt%. (c) and (d) are representative line cuts made from the AFM
images at 3 different spots noted with correspondingly colored, dotted lines. The insets are 2D

FFT patterns made from corresponding AFM images.

Curved stripe-shaped parallel cylinders, originating from the self-assembly microphase

separation of the DBC, are found in Figure 8.5a. A totally different topography is pre-
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sented in Figure 8.5b for the hybrid film with NP concentration of 15 wt%. The majority
surface of the hybrid film is overlaid with NP-aggregates. In addition, a worm-like cylindri-
cal morphology is presented in NP-aggregates free areas. Figure 8.5c and d show the height
(peak-to-valley amplitude) profiles exhibited with representative line cuts, which are ob-
tained from 3 randomly selected spots marked with the corresponding colored dashed line
in Figure 8.5a and b. The local height modulations of the NP-free DBC film are well
controlled under an amplitude of 1 nm (Figure 8.5¢), whereas the mean height differences
on a larger scale are on the order of 5 nm. For the hybrid film with NP concentration
of 15 wt% (Figure 8.5d), the mean height differences increase to 11.3 nm, with the local
height differences remaining small. The increase in mean height differences is attributed
to the incorporated NPs. The result reveals that, in addition to the clearly observed NP-
aggregates on the film surface, partially NP-aggregates incorporate inside the hybrid film.
Moreover, AFM images also provide the information regarding root-mean-square (rms)
roughness. On the local scale, the rms roughness of the NP-free DBC and the hybrid film
(15 wt%) is 0.6 and 2 nm, respectively.
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Figure 8.6: The PSD functions made from azimuthal integration of the corresponding 2D FFT
patterns indicated with the colored legends. (Hollow circles and solid lines are the data and the
guides to the eye). The ¢ value marked with Peak I indicates the lateral structure originated
from microphase separation of the DBC. For clarity, the PSD profiles are shifted against y axis.

Image modified from reference [109].
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To build a quantitative comparison of the PSD functions from SEM and AFM, the
PSD function of the AFM images is shown in Figure 8.6. It is consistent with the cor-
responding PSD of the SEM. The ¢ value marked with peak I, indicating the lateral
structure originated from microphase separation of the DBC, is comparable with the

corresponding ¢ value obtained from the SEM image (in Figure 8.3).

8.3 Inner film morphology

The inner film morphology was examined with GISAXS, which provides an excellent sta-
tistical relevance over a macroscopic illuminated area down to nano-size with respect to
the structure sizes, size distributions and spatial correlations. [161]

2D GISAXS data of the hybrid films with different NP concentrations are presented in
Figure 8.7. During the measurements, the most intense specular intensity is shielded
with a beam stop for protecting the detector. For a better characterization, the posi-
tion of the specular intensity is well above the material characteristic Yoneda peak via
selecting a proper incident angle in the measurements. Hence, the characteristic features
of the Yoneda peak and the intensity modulations can be simply discriminated on the
2D detector. Generally, the most prominent changes of the 2D GISAXS data arise with

incorporation of different amount of NPs.

8.3.1 Lateral morphology

The morphology information regarding lateral structures is presented in the 2D GISAXS
pattern (in Figure 8.7). Firstly, for the DBC template (0 wt%, Figure 8.7a), a prominent
side peak is found. It originates from the well-ordered cylindrical morphology because of
the difference arisen in the electron density contrast between PS and PNIPAM blocks.
With an extremely low amount of NPs incorporated (< 1 wt%, Figure 8.7b and c), the
signal of the side peak and Yoneda region becomes more significantly, due to the enhanced
order and modified electron density contrast arising from the NPs embedded inside the
PS block. At high NP concentrations, the side peak decays and even disappears, since
the intensive scattering from a large quantity of NPs dominates the scattering signal.
Moreover, at NP concentration of 3 wt% (Figure 8.7d), a second side peak arises and
becomes more prominent as NP concentration increases. The size of the NPs is revealed
with the second side peak, since it results from the structure factor of the closely packed

NPs in the NP-aggregates.

For a quantitative analysis, horizontal line cuts of the 2D GISAXS data are made
at the Yoneda region of DBC, ¢, = 0.51 nm~! (Figure 8.8a). Three main characteristic
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Figure 8.7: 2D GISAXS data of the hybrid films with different NP concentrations: (a) 0, (b)
0.5, (c) 1, (d) 3, (e) 7, and (f) 15 wt%. All the data are exhibited with the same intensity
color bar in logarithmic scale. The two horizontal black gaps are the insensitive detector areas

between modules. Image modified from reference [109].

features of the contribution of NPs, periodic distance of the DBC, and characteristic inter
NP-aggregates distance are indicated as peak I, peak II, and peak [1I, respectively.
Peak I locates at a high value of ¢, = 0.86 nm™', and only appears at the NPs-DBC
hybrid films. At small NP concentration (< 1 wt%), peak I is attributed to the form
factor contribution of the NPs and presents a broad shoulder-like shape. At high NP
concentration (> 3 wt%), the peak I is mainly ascribed to a structure factor of closely

packed NPs. Thus, it becomes narrower and appears more pronounced. Notably, the g,
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Figure 8.8: Horizontal line cuts (¢,) made from the 2D GISAXS data of the hybrid films with
different NP concentrations: 0, 0.5, 1, 3, 7, and 15 wt%, from bottom to top. For clarity,
all the data (colored symbols) together with the fits (red solid line) are shifted against y axis.
Three main characteristic features of the contribution of NPs, periodic distance of DBC, and
characteristic inter NP-aggregates distance are indicated as peak I, peak II, and peak 11,
respectively. The red dotted arrow points out the second-order peak I1. Image modified from
reference [109].

value of the peak I is irrespective of the NP concentration. A diameter of spherical NPs,
6.5 + 0.5 nm, is obtained from the fit to the data. It matches the NP size determined
with SAXS measurement in Section 5.1.1. Peak II locates at a smaller ¢, value. It
corresponds to the most prominent side peak of the 2D GISAXS patterns (in Figure 8.7),
which indicates the highly periodic domain distance of the well-ordered PS cylinders in
the hybrid films. The peak I appears most prominently at a low NP concentration of 0.5
wt% and gets less significant as the NP concentration increases, nearly disappearing at
NP concentration of 15 wt%. In the fit, this structure factor is modeled with a Lorentzian
distribution, and the resolution is as well modeled with a Lorentzian-shaped resolution
function. For the pure DBC film, a weak second-order peak (marked with red dotted arrow

IV'), which is ascribed to the well-ordered nanostructures, is shown in Figure 8.8. The
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in-plane lengths of the peak II and peak I'V are 23.7 nm and 13.1 nm, respectively. The
ratio of the g, value between peak /1 and peak IV is 0.553 ~ 1 : /3, which confirms the
theoretic expectation of a cylindrical geometry. Hence, the morphology of highly ordered,
hexagonally packed, cylindrical PS domains dispersed in a PNIPAM matrix is throughout
the entire pure DBC film. As NP concentration increases, peak I shifts towards smaller
qy values (in Figure 8.8). It indicates an increase in the lateral distance between PS
cylinders. Figure 8.9c show the corresponding periodic distance, DII, increasing from
23.7 £ 0.2 nm to 30.0 = 0.6 nm. The expansion of DII is attributed to the selectively
swelling of the PS cylinders with the embedded NPs. Notably, the second order of the
peak I1 is absent at NP concentration of 0.5 wt%, which should be existed at a higher
structural order. The absence is ascribed to the additional strong scattering from the
form factor of the NPs. As the NP concentration increases further, peak Il becomes
less prominent and broadens, which indicates the over-saturation of the PS domains with
NPs. Consequently, the previous long-range ordered structures are perturbed. Figure 8.9d
shows the variation tendency of the peak width (full width half maximum, FWHM), which
reveals the systematic order of the represented nano-structure. At NP concentration of
0.5 wt%, the FWHM of peak I becomes narrower, which implies an enhancement of the
structural order. However, it increases with the increasing NP concentration, indicating
the decay of the structural order.

At even smaller g, values close to the resolution, a broad shoulder-like feature (marked
with peak I1I) presents, which reveals center-to-center distance of the NP-aggregates.
As the size of the NP-aggregates increases, the inter distance of NP-aggregates increases
accordingly. In Figure 8.8a, peak III appears at NP concentration of 0.5 wt%, and
shifts towards smaller ¢, values as NP concentration increases until 3 wt %. The inter
distance of the NP-aggregates, DIII, obtained from the corresponding fit presents a
linear increase from 180 4+ 10 nm to 380 4 25 nm with a large distribution (in Figure
8.9e). It reveals the randomly distributed large NP-aggregates. However, in case NP
concentration is greater than 7 wt%, the peak IT] (in Figure 8.8, marked with dashed
arrow) weakens sharply with very broad distribution, which originates from large inter-
aggregates distance distributions and the presence of ill-defined large sized NP-aggregates.
These Observations are consistent with surface characterization provided with SEM and

AFM, where large sized interconnected NP-aggregates are found (in Figure 8.2f and g).

8.3.2 Vertical structures

In Figure 8.7d-f (NP concentration > 3 wt%), an intensity modulation along the ¢,
direction is found. The intensity modulation derives from a partial phase coherence of

the x-ray waves diffusely scattered from different interfaces, which gives rise to an increase
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Figure 8.9: The lateral structural information extracted from the fit: (a) the diameter of the
NPs (marked with DI, corresponds to peak I), (c) the microphase separated periodic domain
distance (marked with DII, corresponds to peak II) and (e) inter NP-aggregates distance
(marked with DIII, corresponds to peak IIT) vs. NP concentration. (b), (d) and (f) present
the full width at half maxima (FWHM) of peak I, peak II and peak III in Figure 8.8 vs. NP

concentration.

in intensity in a sheet in reciprocal space. [184] Differing from SEM and AFM, the most
probable source of the partial phase coherence of diffusely scattered wave is the correlated
roughness of the large NP-aggregates enrichment layers on top of the hybrid films. [109]
Namely, the correlated roughness originates from a locally long-range correlated layer
thickness between two adjacent interfaces of the hybrid film/NP-aggregates layer and NP-

aggregates layer/air. As a consequence, the intensity modulation along the ¢, direction
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reveals that the NP-aggregate enrichment layer has a rather uniform thickness with only

small variances. [252]
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Figure 8.10: (a) Vertical line cuts (g.) of the 2D GISAXS data made from g, = 0 for films
with different NP concentrations: 0, 0.5, 1, 3, 7, and 15 wt% from bottom to top. Dashed lines
and arrow in (a) point out the characteristic intensity modulation. (b) Vertical line cuts (g,) of
a hybrid film with a NP concentration of 15 wt% made from a range of equidistant ¢, values
(gy from 0 to 0.177 nm~!, from top to bottom as shown with the arrow, the increment Agy
= 1.77 x 1072 nm~1). For clarity, all profiles are shifted against y axis. Image modified from
reference [109].

For further quantitative analysis, vertical line cuts of the 2D GISAXS data made from
¢y = 0 for films with different NP concentrations of 0, 0.5, 1, 3, 7, and 15 wt% are shown in
Figure 8.10a. Using a simplified Equation 8.1, the thickness of the correlated enrichment
NP-aggregates layer, d, can be obtained.

d=2m/Aq, (8.1)

where d is the distance between adjacent minimal intensity (corresponds to the spacing
between the dashed lines in Figure 8.10a. With Ag, = 1.13nm™!, d = 5.56 nm, the thick-
ness of the NP-aggregates enrichment layer perfectly matches the results from the height
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profiles of the AFM measurements (in Figure 8.10d). Analogous roughness correlations
have been investigated in many similar systems, which consists of either a single layer
or complex multilayer films. [253,254] In order to investigate the in-plane correlations,

L are made. In

vertical line cuts at a range of equidistant g, values from 0 to 0.177 nm~
Figure 8.10b, the off-center vertical line cuts are shown for a selected hybrid film with NP
concentration of 15 wt%. The applied increment, Ag,, is 1.77 x 1072 nm™! following an
indicating arrow. From top to bottom, as the g, value increases, the intensity of the res-
onant diffuse scattering along the ¢, direction decreases, which reveals the absence of the
vertical structural correlation at certain g, values. Assuming the roughness spectrum of
the interface between hybrid film and NP-aggregates layer as a reference, a characteristic
decay length of the roughness correlation can be determined, yielding a critical cut-off in-
plane length scale (R.). [255] In the case of R < R,, an individual roughness spectrum is
realized irrespective of the underlying hybrid film/NP-aggregates interface. [243] However,
with R > R,, the structure of the hybrid film/NP-aggregates interface can be replicated
by the NP-aggregates enrichment layer. The corresponding off-centered vertical line cuts
define the value of R, is 35.5 nm, which is slightly larger than the corresponding lateral
periodic distance of 30.0 nm (presented in previous Section 8.3.1).

In a word, the thin NP-aggregates enrichment layer has a mean thickness of 5.6 nm and
replicates the topography of the underlying hybrid film surface in case the in-plane struc-
tural sizes is larger than 35.5 nm. Most likely, partial NPs are buried inside the hybrid
film, since the thickness of the NP-aggregates enrichment layer is smaller than the mean
NP diameter.

8.4 Entire film morphology

Figure 8.11 presents the entire hybrid film morphology resolved with both, real-space and
reciprocal space techniques. Figure 8.11a shows the DBC template, consisting of cylindri-
cal PS domains homogeneously distributed in a PNIPAM continuous matrix. The highly
ordered structures are established via a self-assembly microphase separation procedures
and function as a guiding material for the incorporation of the NPs. The majority of PS
cylinders favor a parallel orientation (with respect to the film surface), which is mainly

attributed to two regimes:

(1) Interfacial preference, originating from a lower surface energy, makes the PS domains

have an affinity to air compared with the PNIPAM domain.
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NP concentration

Figure 8.11: Schematic representation of the morphology for (a) pure DBC film, and hybrid
films at (b) low, and (c) high NP concentrations. (d) Cross sectional illustration of the NP-
aggregates enrichment layer for the hybrid film with large NP content. The PS domain is
indicated in red, the PNIPAM domains in blue, and maghemite NPs in yellow. R., d, and DII
represent the critical cut-off in-plane length scale, thickness of NP-aggregates enrichment layer,
and periodic distance of DBC, respectively. Image modified from reference [109].

(2) In case the film thickness is far beyond the DBC periodic distance, the parallel orien-
tation is prone to form due to the surface boundary condition. [113,115] The thickness
of the current DBC film is 237 nm, which far exceeds the DBC periodic distance of
23.7 nm.

With a small amount of NPs incorporated into the hybrid film (Figure 8.11b), the NPs are
selectively dispersed inside the PS cylinders due to the preferential interaction between
the PS-coated NPs and the PS domains. Consequently, the incorporation of the NPs
enhances the initial interfacial energy of the film/air and modifies the related Flory-
Huggins interaction parameter. Thus, a transition in the orientation of the cylindrical
NP/PS domains from parallel to perpendicular is realized. To accommodate NPs, the
neighboring PS domain distance expands. Notably, at extremely low NP concentrations,
a best ordered morphology can be reached due to the enhanced enthalpic contribution.

Figure 8.11c shows the large sized NP-aggregates on the surface of the hybrid film with
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high NP concentrations. The previous long-range ordered structures are disturbed to
some extent. Although the ordered PS cylinders still stretch much heavier and deform
to accommodate NPs as much as possible, the excessive NPs are squeezed out of the PS
cylinders and installed on the film surface. Eventually, NP-aggregates grow up and form
an enrichment layer. The mean thickness of the NP-aggregate enrichment layer is slightly
smaller than the diameter of the NPs, which implies that part of the NPs is buried inside
the film (Figure 8.11d). The roughness features of the interface between hybrid film/NP-
aggregates are duplicated by the NP-aggregates layer in the case of in-plane structure
size R > R,. In addition, the determined inter domain distance of DBC (DI1I) is slightly
smaller the R..

8.5 Magnetic properties

The magnetization measurements with the external magnetic fields from -500 to 500 mT

are used for examining the magnetic properties of the hybrid films.
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Figure 8.12: Hybrid film with NPs concentration of 15 wt%: (a) magnetic moments vs. external
magnetic fields at different temperatures (indicated with the legends); (b) B. and M, obtained
from the corresponding magnetic moments. The solid lines in (b) are guides to the eye. Image
modified from reference [109].

In Figure 8.12, the magnetic moments, measuring for a selected hybrid film with a
NPs concentration of 15 wt%, show a temperature-dependent behavior. As the temper-
ature increases, the width of the hysteresis loop decreases. Notably, the current applied
external magnetic fields are too small to saturate magnetization at a relatively higher
temperature of 100 K, which is consistent with the Curie’s law (in Section 2.2.3). [216]
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The observed hysteresis loops superimpose and become narrower even approaching zero
with the increase of the temperature, which is the fingerprint of a superparamagnetic
material. Figure 8.12b presents the extracted B,., which is defined as the half hystere-
sis. As the temperature increases, B. decays significantly, and vanishes eventually in
case the temperature exceeds the Tz of the current employed superparamagnetic NPs.
The Tg is defined with the integrated Néel-Brown formula (in Section 2.2.4, Equation
2.28) [133,222]. Furthermore, a sharp decay behavior is found for the M, in Figure 8.12b.
However, it differs from a previous investigation, where a more moderate decay is ob-
served for the hybrid film system with a randomly oriented DBC combined with widely
distributed maghemite NPs. [215] In general, the temperature-dependent decay behavior
of the M, and B, is ascribed to thermal fluctuations.

(a) (b)

6.0

— ow% < 20 ~ .
o 0.5 W% E% -
—— 1wt% = = T -
—~  3.0f --- 3 Wt% s"X0.0} s 4= =
C\IE - 7T wt% Ngao 5.0 ’-"'-.
= - ="*0.
-3.0 ;_i 0.3[my-m - - @ - - — == .
E 0.0 B+ =l ¢ o ol - - — - p— |
-6.0 L A A A A A A A A L L ' A A L
-400 -200 O 200 400 0 3 6 9 12 15
B (mT) NP concentration (wt%)

Figure 8.13: (a) Magnetic moments vs. external magnetic fields at 2 K for hybrid films with
different NP concentrations (indicated with the legends). (b) M,, Ms, and M, /M, obtained
from the corresponding magnetic moments at 2 K (blue dashed line) and 20 K (red dashed
dotted line). Image modified from reference [109].

In Figure 8.13a, the NP concentration dependent magnetic properties obtained at 2
K is presented. For a further analysis, M,, M, and M, /M are extracted accordingly
and shown in Figure 8.13b. For a better comparison, the results obtained from 20 K are
also contained. Irrespective of the temperature, M, and M present the similar tendency,
increasing linearly with the increase of the NP concentration. The M, /M; is independent
of the NP concentration. In addition, no magnetically anisotropy behavior has been found
from the extra magnetic moment measurements performed with applied magnetic fields
rotated by 90° in the film plane. Thus, an isotropic NP distribution is confirmed, and

the presence of the NP-aggregates does not influence the magnetic behavior in terms of
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magnetic isotropy. This feature is beneficial for the applications requiring no magnetic
anisotropy.

Taking all the observations from the magnetic properties into account, the current probed
hybrid films present the typical superparamagnetic behavior and keep consistent with a
modified Stoner-Wohlfarth-Néel model, [217,218] which is based on the developed ther-
modynamics of super-spins modified with an elastic torsion mechanism. Certain char-
acterizations are interestingly different from previous investigated NPs-DBC hybrid film
systems based on other types of DBC templates. [108,215] Consequently, the exhibited

magnetic properties is in close relation to the film morphology.

8.6 Summary

The thoroughly NP concentration dependent morphology of the NPs-DBC hybrid films,
comprising of y-Fe;O3 NPs and PS-b-PNIPAM DBC, has been investigated with surface
profilometry, SEM, AFM, and GISAXS. The morphology has been related to the mag-
netic behavior. The control of the NPs is achieved via the preferential incorporation of the
surface modified NPs inside the PS domains, and guided by the self-assembly microphase
separation structures of the DBC template. With the incorporation of the NPs, an un-
usual orientation transition of the cylindrical structure from parallel to perpendicular is
established. At low NP concentrations, the PS domains are stretched for accommodating
the NPs, which results in the expansion of the periodic distance of DBC. The selectively
incorporated, well dispersed NPs modify the enthalpic contribution, thus the order and the
orientation of the nanostructures are enhanced. Such highly ordered, well perpendicularly
oriented cylindrical morphology is prepared with a self-assembly, wet chemical approach,
using a simple and highly reproducible spin coating method without any pre- or post-
treatments. The incorporation of a large amount of NPs intensively disturbs the previous
long-range ordered structures, which also leads to the formation of large NP-aggregates.
As the NP concentration increases further, a network of NP-aggregates representing an
enrichment layer appears on the film surface. The superparamagnetic properties of the
hybrid films with all investigated NP concentrations are confirmed. Consequently, the
excessive NPs on the surface layer have no negative effect on the magnetic behavior.

Different ordered morphologies of the hybrid films with varied structural emphasis could
be realized via selecting proper weight ratios of NPs vs. DBC and fabricated in a simple
and low cost approach for versatile potential applications. The DBC with hydrophilic
PNIPAM block may be especially useful in the fields of thermo-responsive magnetic sen-

SOIS.



Chapter 9

Conclusion and outlook

Nanostructured hybrid films composed of maghemite NPs and DBCs have been investi-
gated. Spatial arrangements of the maghemite NPs within the nanostructured DBC films
were controlled by the balance of interfacial free energy, Van der Waals forces, enthalpic
interactions and the magnetic dipolar interactions of the NPs. It is comprehensively ob-
served that the morphologies of the NPs-DBC hybrid films depend on the preparation
conditions as well as on other external parameters, e.g. externally applied magnetic fields.
The structural characterizations include several real and reciprocal space techniques. For
instance, microscopic imaging (AFM and SEM) and scattering techniques (SAXS and
GISAXS) have been employed to provide overall structural details of the hybrid films.
The non-destructive TOF-GISANS technique has also been employed in the current the-
sis to investigate inner film morphologies at different film depths. The reciprocal space
techniques (GISAXS and TOF-GISANS) provide much better statistical relevant struc-
tural data compared with the real space techniques. Moreover, the magnetic properties
of the hybrid films were probed using SQUID magnetometer. Magnetic hysteresis loops
were observed and analyzed, showing the possibilities towards applications in magnetic
sensors or devices. The comparison of the magnetic properties with the morphology is

crucial for gaining better understanding of the structure-property relationship.

Selective inclusion of magnetic NPs in one polymer domain (PS) of DBCs is achieved
using PS-coated NPs. Localizing the PS-coated NPs within PS domains is enthalpically
favored. This is the most important driving force that guides NPs within one or other
domain in the nanostructured hybrid films. Furthermore, an improved microphase sep-
aration process was observed for hybrid films at low NP concentrations. Thus, versatile
morphologies were established with properly selected DBCs, NP size, NP concentration
and preparation conditions. For certain high NP concentrations, the inclusion of NPs was

found to deteriorate the initially established ordered morphologies of the hybrid films.
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For high NP concentrations, the entropy penalty of the polymer chain to incorporate the

NPs is dramatically increased, which is an energetically unfavorable process.

The first hybrid film system investigated in the current thesis is consisting of PSd-b-
PBMA and PS-coated maghemite NPs. The effect of film thickness and NP concentration
on the morphological evolution as well as the magnetic properties of the hybrid films was
studied. These hybrid films were fabricated via spin coating followed by a thermal an-
nealing step to establish microphase-separation nanostructured hybrid films. For different
morphologies (perforated perpendicular, and parallel lamella), magnetic properties signif-
icantly differ. Therefore, the precise determination of the morphology is crucial to achieve
complete comprehension of the magnetic behavior of the hybrid films. The powerful TOF-
GISANS technique was employed for probing depth profiles of the ordered structures of
the NPs-DBC system.

For one set of samples, where the film thickness approximately equals the periodic inter-
domain distance D of the DBC, a moderately ordered, perforated lamellar morphology,
with a PSd enrichment layer at the film/substrate interface was obtained. Furthermore,
with a small amount of embedded NPs (0.5 wt%), the microphase separation was en-
hanced and a highly ordered perforated lamella morphology with an enrichment of PS
containing NPs at the film/substrate surface interface was observed. Interestingly, under
a certain NP concentration threshold, the exhibited inter-domain distance D of the films
remains almost constant irrespective of NP concentration, since the DBC develops a de-
formed structure for accommodating NPs at relatively high concentrations. Such unique
structure is attractive for applications requiring constant periodicity of a magnetic nanos-
tructure.

The other set of samples was prepared where the thickness of the hybrid film is about
2.5 times larger than periodic inter-domain distance D of the DBC. A morphology of
highly ordered, well parallel oriented, alternating PSd and PBMA lamellae was achieved.
With the incorporation of NPs at intermediate concentrations, uniform dispersion of the
NPs in swelling PSd domains was obtained. Moreover, arrays of NPs were established
within the PSd domains, forming alternating layers of NPs rich PSd and NPs-free PBMA.
The different established morphologies, originating from the microphase separation of
the identical DBC, are ascribed to both the surface boundary conditions and the film
thickness. As a consequence, differences of the magnetic properties, arising from differ-
ent structural arrangements, were observed. For the thin and the thick hybrid films,
temperature-dependent and temperature-independent maximum magnetization was ob-
served, respectively. After excluding the NP volume effect, the magnetization saturation

(M) and remanence (M, ) of the thick films were approximately 1.7 and 2.1 times as
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large as those of the thin films, respectively. The comparison implies that the nature
of the morphological orientation (perpendicular vs. parallel) does have an effect on the
magnetic properties. The close relation between the exhibited magnetic properties and

the film morphology is confirmed.

The second investigated hybrid film system consists of PS-6-PMMA DBC and maghemi
te NPs. Here, an external magnetic field has been applied aiming at implementing better
highly ordered nano/micro magnetic NPs orientations. The morphology of the films was
fully characterized as function of incorporated NP concentrations and the applied external
magnetic fields during the film preparation using a solution-casting method. Highly ori-
ented, wire-shaped NP aggregates embedded in the DBCs with different widths, lengths,
and neighboring spacing were well fabricated via a simple, low cost, and high-throughput
method. So far, the preparation of such nano/micro wires of magnetic NPs required high
temperature, high energy consumption, or high voltage conditions. This novel film prepa-
ration, performed at room temperature, without any requirement on an external energy
source, is successfully introduced in the current thesis. The wire-shaped NP aggregates
impart strong magnetic shape anisotropy of the hybrid film. The highly anisotropic struc-
tures, both on the microscale as well as on the nanoscale, benefit the potential applications

requiring superparamagnetic features and pronounced magnetic shape anisotropy.

The third NPs-DBC hybrid film system is based on a different type of DBC, PS-b-
PNIPAM, consisting of a hydrophobic PS block and a hydrophilic PNIPAM block. The
PNIPAM polymer is one of the most explored thermo-responsive polymers. A precise
arrangement of NPs inside the PNIPAM block of the DBC film was achieved. It is the
first time that combination of magnetic NPs with the PNIPAM based DBC in dry film
regime was shown. The morphological evolution of the hybrid films is comprehensively
presented as a function of the embedded NP concentration. The cylinder-forming compo-
sition of the pristine DBC showed a transition from parallel to perpendicular orientation
(with respect to the film surface) upon incorporation of small amount of NPs. The order
of the cylindrical morphology was further enhanced with increasing NP concentration
up to a critical concentration. From previous related studies, the perfect perpendicular
cylindrical structure is mostly found in case of sophisticated, special treated substrates,
or when thin films are confined with the film thickness smaller than the periodic distance
D of DBC. However, in the current study, a simple and highly reproducible spin coat-
ing method was used without any prior or post-treatment steps. Films with thicknesses
around 10 times larger than the periodic distance D of the employed DBC resulted in a

perpendicular cylindrical morphology. At concentrations larger than a critical concentra-
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tion, an enriched layer of NP-aggregates was established on the top surface of the hybrid
film. The presence of the enriched NPs layer on the film surface resulted in a correlated
interface roughness, waveguide property. Such special structure is as well useful in the

fields of thermo-responsive magnetic devices.

To conclude, this thesis presents several possible morphological architectures composed
of NPs-DBC hybrid films. The combination of inorganic maghemite NPs and the DBCs is
found to be an efficient approach for making hybrid films for many different applications,
by tuning of the preparation conditions, NP concentration and possible external magnetic
fields. So far, the optimal structures of the hybrid films are most likely established with

the inclusion of a small amount of NPs (0.5 wt%) rather than high NP concentrations.

As an outlook, closely following the current investigation, several ideas would be in-
teresting to pursue. For instance, in case of thermo-responsive DBC system, the effect of
an external stimulus such as humidity on the morphology of the final hybrid film can be
tailored. The high swelling capability of the thermo-responsive block of the DBC, would
allow tuning the effective volume fraction of the PNIPAM block in the hybrid film, result-
ing in a possible phase transition between different distinct morphologies. The humidity-
dependent magnetic properties of the hybrid film system due to the thermoresponsivity of
the PNIPAM block of the DBC is an interesting subject for further investigations. Based
on selective incorporation of NPs in DBC scaffolds, polymer degradation methods, such
as plasma etching or acid etching, could be applied subsequently with the aim to create
metal-oxide nanopatterns. Such type of patterns with perpendicularly aligned magnetic

nano-wires is considered to be developed for future storage devices.
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