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Abstract

In the present thesis, magnetic hybrid films composed of ultrahigh molecular weight
(UHMW) diblock copolymers (DBCs) and various types of magnetic nanoparticles (NPs)
are investigated. The main focus is on the fabrication of superparamagnetic hybrid films
for the application as magnetic switches and ferromagnetic hybrid films for the applica-
tion in magnetic data storage. Small face centered cubic iron platinum (fcc-FePt) NPs are
utilized for the hybrid system showing superparamagnetism. The influence of the FePt
NPs on the film formation and structure evolution is investigated in situ with grazing-
incidence small-angle X-ray scattering (GISAXS). Large iron oxide (Fe3O4) NPs are used
for the hybrid system showing ferromagnetism. The localization of the large NPs inside
the DBC and the corresponding magnetic properties are investigated as a function of
the NP concentration. Moreover, ferromagnetic hybrid films with high coercivity above
3000 Oe are obtained by incorporating strontium hexaferrite (SrFe12O19) nanoplatelets
into the UHMW DBC templates. Such magnetic hybrid film exhibits a perpendicular
magnetic anisotropy before solvent vapor annealing (SVA), which is strongly weakened
after SVA.

Zusammenfassung

In der vorliegenden Arbeit werden magnetische Hybridfilme aus ultrahochmolekularen
(UHMW) Diblockcopolymeren (DBC) und verschiedenen Arten von magnetischen Nanop-
artikeln (NP) untersucht. Der Schwerpunkt liegt auf der Herstellung von superparamag-
netischen Hybridfilmen für die Anwendung in Magnetschaltern und ferromagnetischen
Hybridfilmen für die Anwendung in magnetischen Datenspeichern. Für das superparam-
agnetische Hybridsystem werden kleine kubisch flächenzentrierte Eisenplatin (fcc-FePt)
NP verwendet, wobei der Einfluss dieser NP auf die Filmbidung und Strukturentwicklung
in situ mittels Röntgenkleinwinkelstreuung unter streifendem Einfall (GISAXS) unter-
sucht wird. Für das ferromagnetische Hybridsystem werden große Eisenoxid (Fe3O4) NP
verwendet, wobei Lokalisation der NP im DBC und die entsprechenden magnetischen
Eigenschaften in Abhängigkeit von der NP Konzentration untersucht werden. Darüber
hinaus werden ferromagnetische Hybridfilme mit hoher Koerzitivfeldstärke über 3000 Oe
erhalten, indem Strontiumhexaferrit (SrFe12O19) Nanoplättchen in die UHMW DBC Tem-
plate eingebaut werden. Ein solcher magnetischer Hybridfilm zeigt vor der Lösungsmit-
teldampfbehandlung (SVA) eine senkrechte magnetische Anisotropie, die nach dem SVA
stark abgeschwächt ist.
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1 Introduction

Magnetic hybrid polymer films have attracted great research interests in applications
such as magnetic sensors, switches and magnetic recording media [1–5]. The hybrid films
possess a combined characteristic performance of polymers and magnetic nanoparticles
(NPs). Polymers are lightweight, flexible and easy to fabricate while magnetic NPs ex-
hibit controllable magnetic properties [6, 7]. For some applications, precise control over
the alignment of the magnetic NPs is essentially required. For example, in magnetic sen-
sors, the alignment of the magnetic NPs has a strong influence on the film’s magnetic
susceptibility, which is an important parameter of device sensitivity [5, 8]. Moreover, the
ability to withstand demagnetization of magnetic recording media is also affected by the
alignment of the magnetic NPs [9, 10].

Diblock copolymers (DBCs) have proven to be effective templates for controlling the
alignment of magnetic NPs, due to their ability to form various periodic nanostructures,
such as lamellae, cylinders and spheres via self-assembly [11–14]. To enhance the affinity of
magnetic NPs to the DBC template, surface-modified selective NPs are normally used [15].
Moreover, with specific surface modification, the NPs can be preferentially incorporated
inside a designated block of the DBC to achieve a controllable NP arrangement [16,17]. For
example, Posocco et al. successfully localized small Fe3O4 NPs inside lamellar poly(methyl
methacrylate) (PMMA) domains of polystyrene-block-poly(methyl methacrylate) (PS-b-
PMMA) by functionalizing the NP surface with 3-methacryloxypropyltrimetho-xysilane
(MPTS) chains [16]. Barandiaran et al. demonstrated that polystyrene-block-poly(4-
vinylpyridine) (PS-b-P4VP) DBC templates with different structures (lamellae and cylin-
ders) can be utilized as templates for the arrangement of small Fe2O3 NPs coated with
PS chains [17]. Such kind of small magnetic NP-DBC hybrid films appear promising for
magnetic sensors and switches. However, previously studied DBC templates are no longer
suitable for high loading of small NPs. The low or intermediate molecular weights of the
DBC have a microphase separation structure, which is too small to enable high loading
with small NPs. The excess small NPs will be expelled from the target domain of the DBC
template due to a significant conformational entropy loss of the polymer chains (polymer
elastic penalty) associated with accommodating too many small NPs. As a result, well-
aligned NP arrays are only available under the low load with NPs, which is an obstacle to
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2 Chapter 1. Introduction

practical future applications. Moreover, the previously studied DBC templates also limit
the application of large magnetic NPs in the field of data storage, due to the unfavorable
ratio of polymer domain sizes and typical NP diameters.

Using ultrahigh molecular weight (UHMW) DBCs (number average molecular weight,
Mn > 500 kg/mol) can be an effective approach to achieve a template with large domain
sizes (diameters over 80 nm) for high loading of small magnetic NPs and incorporation
of large magnetic NPs [18, 19]. However, the fabrication of ordered nanostructured films
with UHMW DBCs is challenging. UHMW DBCs do not easily approach thermodynamic
equilibrium to form ordered nanostructures because of their highly entangled chain confor-
mations (very low chain mobility) [18]. To enhance the chain mobility and obtain ordered
structures, solvent vapor annealing (SVA) is required [20–26]. The final morphology of
UHMW DBCs can be tuned by the SVA conditions, such as polymer–solvent interaction
parameters, annealing time and temperature [27–30]. Generally, compared to normal
molecular weight DBCs with an average molar mass of Mn < 500 kg/mol, UHMW DBCs
exhibit a very high segregation strength χN (χ: Flory-Huggins interaction parameter, N :
total degree of polymerization) between A and B blocks, leading to an extremely large
A/B interfacial tension [26, 31]. For the arrangement of magnetic NPs, such interfacial
tension is no longer negligible [31]. The localization of NPs in a UHMW DBC template
can be expected to be different from previously studied hybrid films formed from normal
molecular weight DBC and small NPs. Moreover, the magnetic properties of the hybrid
films not only depend on the characteristics of the magnetic NPs themselves, but also
on the arrangement and the spatial localization of the magnetic NPs within the DBC
template. To achieve a desirable magnetic behavior, it is of high significance to system-
atically study the hybrid system with UHMW DBCs. For example, the influence of NP
concentration and SVA treatment on the DBC morphologies, the localization and align-
ment of the NPs inside the DBC template, and the kinetics of the magnetic hybrid films
formation with different deposition methods should be studied.

In this thesis, magentic hybrid films based on UHMW DBC templates are investigated.
The investigations include the self-assembly of the UHMW DBC template, the kinetics
of printed superparamagnetic NP-DBC films, localization of large magnetic NPs inside
the UHMW DBC template, and the kinetics of ferromagnetic NP-DBC films during spray
deposition. The thesis starts with the theoretical background, which includes the basics
theory of micro-phase separation of DBC, UHMW DBC, superparamagnetic and ferro-
magnetic behavior, and the fundamentals of the applied scattering techniques. Then, the
characterization methods (structures and magnetic properties) and sample preparation
are presented. The results and corresponding discussions are addressed in chapters 5 to 8.
An overview of these research topics is shown in Figure 1.1. More details are as follows:
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Figure 1.1: Schematic overview of the research topics in the present thesis. (a) Self-assembly
of a UHMW PS-b-PMMA DBC template. (b) Studying the kinetics of superparamagnetic
hybrid film formation during printing via in situ grazing-incidence small-angle X-ray scat-
tering (GISAXS) measurements. (c) Investigation on the localization of large magnetic NPs
inside the UHMW PS-b-PMMA DBC template with various NP concentration. (d) Study-
ing the kinetics of ferromagnetic hybrid film formation during spray deposition via in situ
GISAXS measurements.

To achieve a desirable template for hosting NPs, it is of great significance to system-
atically study the dependence of the structure evolution of UHMW DBC thin films on
parameters such as film thickness and SVA time. As shown in Figure 1.1 a, an ordered
nanostructure with large domain sizes can be achieved by using an asymmetric linear
UHMW PS-b-PMMA DBC. The ordered nanostructure can be obtained through the con-
trol of the film thickness and the SVA time (chapter 5).

Based on the study of pure UHMW DBC thin films, superparamagnetic hybrid film
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containing UHMW DBC and superparamagnetic NPs is fabricated for the application of
magnetic switches [10]. Also to scale up the fabrication of superparamagnetic hybrid film,
printing is applied. In chapter 6 (Figure 1.1 b), the study is focused on the fabrication
of magnetic hybrid films with superparamagnetic behavior by printing. UHMW linear
DBC PS-b-PMMA is used as a template to host small magnetic iron platinum (FePt)
NPs with a concentration above 2 wt %. Due to the used UHMW DBC template with
large domains, all FePt NPs are positioned inside the PMMA domains without overflow.
Moreover, with in situ GISAXS, the kinetics of the UHMW DBC and FePt NPs during
printing are investigated. The structure formation in different stages is monitored. As
a reference, a pure DBC PS-b-PMMA film without magnetic NPs is printed using the
same conditions. The scattering data suggest that the addition of NPs accelerates the
solvent evaporation, so that the hybrid film exhibits a faster drying speed compared to
the pure film. A relatively stable state is formed in both films when the solvent is almost
evaporated.

The above printed small-sized magentic NP-DBC hybrid film shows superparamagnetic
behavior at room temperature, which allows for a hysteresis-free switching when changing
the external magnetic field. However, the absence of a hysteresis at room temperature
limits their utilization in data storage. To enable magnetic data storage application,
ferromagnetic films are required [32, 33]. Generally, small magnetic NPs are superpara-
magnetic while large magnetic NPs exhibit ferromagnetism. Thus, large magnetic NPs
are used in the UHMW DBC system to prepare hybrid films with ferromagnetic behavior
as shown in chapter 7 (Figure 1.1 c). The localization of the large NPs inside the DBC
and the corresponding magnetic preoperties are investigated as a function of the NP con-
centration. At low NP concentrations, the NPs are located preferentially at the interface
(between PS and PMMA domains) to minimize the interfacial tension, while they are
preferentially located inside the PMMA domains to minimize polymer elasticity penalty
at high NP concentrations [31]. Moreover, chain-like NP aggregates are formed inside the
films at NP concentrations above 5 wt % and the superconducting quantum interference
device (SQUID) data show that the hybrid film containing chain-like NP aggregates shows
a weak magnetic anisotropy at an NP concentration of 10 wt %. All hybrid films exhibit
ferromagnetic behavior with coercivity of around 50 Oe at room temperature.

To enhance the ability of magnetic hybrid films to withstand an external magnetic
field without becoming demagnetized, magnetic films with high coercivity above 1000 Oe
are required. In chapter 8 (Figure 1.1 d), strontium hexaferrite nanoplatelets are used
as NPs in the magnetic hybrid system because they are hard magnetic materials with
high coercivity [34, 35]. Also to enhance the magnetic response ability of hybrid films,
it is necessary to obtain films with high thicknesses to have more magnetic NPs at a
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fixed NP concentration. Here, instead of printing, spray deposition is applied. Since
spray deposition is a layer-by-layer technique, film thickness can be controlled easily.
During spray process, the kinetic of structure evolution is investigated by in situ GISAXS
measurements. The spray process is operated in a dry-spray regime by the control of the
temperature at 170 °C, resulting in a rapid drying of the deposited hybrid films. SQUID
data show that ferromagnetic hybrid films with high coercivity are achieved. Moreover,
solvent-controlled magnetic properties of the hybrid film are proven with SVA applied to
the final deposited magnetic films. The hybrid film shows obvious magnetic anisotropy
before SVA, while a weak magnetic anisotropy remains after SVA.

All the findings obtained in this thesis are systematically summarized in chapter 9.
These results will pave the way for future development of flexible magnetic hybrid films.
Moreover, a short outlook based on the present investigations is also provided for further
studies.





2 Theoretical background

In this chapter, the related theoretical basics of diblock copolymers (DBCs), magnetic
nanoparticles (NPs) and X-ray scattering techniques are presented. The basic concepts of
DBCs, micro-phase separation behavior and ultrahigh molecular weight (UHMW) DBCs
are addressed in Section 2.1. Magnetic NPs, ferromagnetic and superparamagnetic be-
haviors, as well as magnetic anisotropy are discussed in Section 2.2. In the last section,
Section 2.3, an introduction to X-ray scattering techniques, especially grazing-incidence
small-angle X-ray scattering for the study of inner film structure, is presented.

2.1 Diblock Copolymers

Diblock copolymers are polymers made up of two chemically dissimilar blocks, which are
covalently bond with each other [36]. The diblock copolymer can be written as polyA-
block-polyB and is denoted as PA-b-PB. For example, polystyrene-block-poly(methyl
methacrylate) is denoted as PS-b-PMMA. The structure of a diblock copolymer com-
posed of blocks from two different monomers, A and B, is shown in Figure 2.1.

Figure 2.1: Schematic of a diblock copolymer with blocks of two monomers (A and B). The
degree of polymerizations of each block is NA = 25 and NB = 31.

In Figure 2.1, the total number of repeating units gives the degree of polymerization,
N . N can be calculated as the sum of NA and NB, where NA and NB are the degree of
polymerization of the A and B blocks, respectively. To characterize a DBC, two important

7



8 Chapter 2. Theoretical background

average molecular weights are presented, which are the number average molecular weight
(Mn) and the weight average molecular weight (Mw). They are calculated as follows

Mn =
∑
iMini∑
i ni

(2.1)

Mw =
∑
iM

2
i ni∑

iMini
(2.2)

where Mi and ni represent the molecular weight and the number of molecules, respectively.
Normally, not all polymer chains in the sample have the same molecular weight due to
the statistical polymerization process. However, the chains follow a distribution, which is
known as polydispersity (PDI). The PDI can be calculated by

PDI = Mw

Mn

(2.3)

2.1.1 Micro-phase separation

For polymer blends, the phase separation is related to the changes of free energy of mixing,
∆Gm. According to the Flory-Huggins theory [37,38], ∆Gm can be calculated by

∆Gm = kBTn( fA
NA

ln fA + fB
NB

ln fB + fAfBχ) (2.4)

where kB, T and n are the Boltzmann’s constant, temperature and number of moles of
polymers, respectively. fA and fB are the volume fractions of blocks A and B in the
DBC. χ represents the Flory-Huggins interaction parameter between polymers A and B,
which can be calculated by

χ = χH
T

+ χS (2.5)

where χH represent the enthalpic contribution and χS represent the entropic contribution.
They can be obtained by

χH = −T ∂χ
∂T

(2.6)

χS = ∂

∂T
(χT ) (2.7)

For χ < 0, mixing is promoted. In the case of χ > 0, mixing is unfavorable because the
entropic contribution is mostly positive.

In equation (2.4), the last term on the right side is the enthalpic contribution and the
first two terms are the entropic contribution. The phase separation is related to the value
of χN (segregation strength), because the enthalpic term scales with χ and the entropic
term with N−1. If the segregation strength is negative or small, mixing is favorable.
However, microphase separation occurs to minimize the free energy if the segregation
strength is increased above a critical value (χN)c. For example, the critical value of the
segregation strength for symmetric polymer blends is 2.
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However, the Flory-Huggins theory cannot well describe the phase separation behavior
of DBCs because the two blocks of a DBC are covalently bonded [36]. Such covalent
bond prevents macroscopic demixing in a DBC, resulting in microphase separation. For
a symmetric DBC, (χN)c is around 10.5 based on the mean-field theory [36,39].

For χN < 10.5, the interactions between polymer blocks are quite weak. The blocks
mix and a disordered phase is formed.

For χN ≈ 10.5, a phase transition from disorder to order occurs. However, the segre-
gation strength is still weak. The regime is referred to the weak segregation limit (WSL).
The composition profile is approximately sinusoidal as shown in Figure 2.2a, indicating
the blocks still mix at the domain interfaces. The domain spacing (Dwsl) is scaled as N1/2.

Figure 2.2: One-dimensional composition profiles in two different limiting regimes: (a)
weak segregation limit (WSL) and (b) strong segregation limit (SSL). f(r) and r are the local
volume fraction and the distance from an arbitary molecule, respectively. D refers to the
domain spacing. The image is adapted with permission from reference [36] Copyright 1990
Annual Reviews Inc..

For χN � 10.5, the segregation strength is strong and well defined interfaces are formed.
In this regime, strong segregation limit (SSL) theory is applied (Figure 2.2b). The domain
spacing (Dssl) is scaled as

Dssl ∼ aN2/3χ1/6 (2.8)
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where a is the characteristic segment length.

As discussed previously, the microphase separation behavior of a DBC depends on
the value of χN . Moreover, the block volume fraction of the used DBC has a strong
influence on the type of microphase separation [39,40]. Thus, the morphologies of DBCs
can be predicted by considering the relationship between the combined impact of the
block volume fraction and segregation strength according to the self-consistent mean-field
theory. A theoretical phase diagram is presented in Figure 2.3.

Figure 2.3: Theoretical phase diagram of DBCs. The image is adapted with permission
from reference [39] Copyright 1996 American Chemical Society. DIS: disordered, CPS:
close packed spheres, S: body centered cubic spheres, H: hexagonally packed cylinders, G:
gyroid, L: lamellae. 3D illustration of the DBC (PA-b-PB) morphologies are depicted above
the phase diagram and are adapted with permission from reference [41] Copyright 2006
American Chemical Society. Blocks A and B are colored in blue and orange, respectively.

As shown in Figure 2.3, a disordered phase is formed at χN < 10.5, while ordered
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morphologies are formed at χN > 10.5 due to microphase separation. The type of mor-
phology is influenced by the block volume fraction, fB (volume fraction of B block). For
a DBC, PA-b-PB, fB is calculate by

fB = VB
VA + VB

(2.9)

where VA and VB are the volumes of A and B blocks, respectively.

At fB < 0.17, close packed or body centered spheres (S) are formed with B spheres
dispersed in a matrix of A blocks. At 0.17 < fB < 0.30, hexagonally packed cylinders
(H) with B cylinders inside the A matrix are obtained. At 0.30 < fB < 0.50, a structure
with B gyroid (G) in the A matrix can be achieved. At fB ≈ 0.50, lamellae (L) with
alternating blocks B and A are formed. With further increasing fB, the morphologies are
similar but inverted, and block B now is the matrix [42].

2.1.2 Diblock copolymer thin films

For applications, DBC thin films are highly required and have gained great interest in
bottom-up nanofabrications. The self assembly of DBC thin films is affected strongly
by the substrate surface [43–46], and the film thickness effect (associated with the DBC
period) [47–50], as well as thermal and solvent vapor annealing conditions [51–55]. Thus,
the discussion in this section is mainly focused on the above mentioned factors.

Substrate surface effects

Substrate surface energy and chemistry have strong influence on the self assembly of DBCs
and thus on the orientation of the film’s morphology (for cylinders and lamellae) [44,
46]. Preferential surfaces encourage the presence of a preferred block at the surface,
leading to a segregation of the preferred block to the substrate surface. As a result, the
domains are oriented parallel to the film surface. For example, Shin et al. fabricated
a lamellar poly(styrene-block-isoprene) (PS-b-PI) film, which is aligned parallel to the
substrate surface even in film thickness of 40 L0 (inter-domain distance) by using a strongly
preferential substrate surface (Figure 2.4a) [45]. In contrast, neutral surfaces allow the
presence of two blocks at the surface. Kim et al. modified a substrate surface with
PS-r-PMMA random copolymers to reduce the interaction difference between each of
the two blocks, PS and PEO, and the substrate [56]. Consequently, the cylindrical PEO
domains are controlled and align perpendicular to the substrate surface as shown in Figure
2.4c. The sample with a native oxide layer exhibits parallel cylinders with respect to the
substrate surface in the film (Figure 2.4b). This behavior can be ascribed to the fact
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that the interfacial energy σsubstrate-PEO is lower than the interfacial energy σsubstrate-PS,
leading to the segregation of the PEO chains to the substrate surface which then form
parallel cylinders.

Figure 2.4: (a) Cross-sectional TEM image of a lamellar PS-b-PI film, which was spin-coated
on a PS-modified substrate. The image is adapted with permission from the reference [45]
Copyright 2008 American Chemical Society. SFM images of PS-b-PEO films, which were
spin-coated on a (b) unmodified substrate and a (c) substrate modified with PS-r-PMMA
random copolymers. The images are adapted with permission from the reference [56] Copy-
right 2008 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.

Film thickness effect

The morphology of the DBC thin film is not only influenced by the substrate surface,
but also by the free surface associated with the top surface of the film exposed to air.
Two interfaces (substrate/DBC and DBC/air) are presented inside all DBC thin films as
shown in Figure 2.5.

A block that exhibits affinity to the substrate surface or free surface wets the corre-
sponding interface, resulting in a preferential orientation of the domains. However, such
influences are limited by the film thickness. Literature shows that the DBC morphology
is influenced by the relation between the film thickness (t) and inter-domain distance of
DBC (L0) [29, 57,58].

To illustrate this, the lamellar morphology of a DBC film which can be presented in
two regimes is considered.
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Figure 2.5: Schematic of a PA-b-PB DBC thin film. Blue and Orange colors correspond to
the A and B blocks, respectively. Iair represents the DBC/air interface and Isub represents
the substrate/DBC interface. The image is adapted with permission from reference [29]
Copyright 2002 The American Physical Society.

(1) At t ≥ L0, a parallel asymmetric structure (with respect to the substrate surface)
is formed in case two blocks show affinity to opposite interfaces (Figure 2.6a). While a
symmetric lamellar structure is supported if one block shows affinity to both interfaces
(Figure 2.6b).

Figure 2.6: Schematic of the morphology of a lamellar PA-b-PB DBC thin film. Blue and
orange colors correspond to the A and B blocks, respectively. The resulting morphology
occurs based on the relation between the film thickness (t) and inter-domain distance of the
DBC (L0). For t ≥ L0, (a) parallel asymmetric lamellar, (b) parallel symmetric lamella
or (c) parallel lamella with defects (holes) can be observed. At t < L0, (e) perpendicular
lamella or (f) parallel half-lamella (if t = 0.5L0).

The morphologies occur since the free energy of the system is minimized by the max-
imization of the favorable contact [59, 60]. To maximize the conformational entropy of
the polymer chains by allowing L0 to be presented, stable asymmetric and symmetric
structures are formed at t = (n + 0.5)L0 (n is an integer) and at t = nL0, respec-
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tively [43, 61–63]. However, defects, such as holes, appear on the film surface if the film
thickness cannot match the above requirements for t and L0 (Figure 2.6c). The depth
of holes depends on the amount of excess polymers on the surface. If niether of the
two blocks have a preferential affinity to the interface, a perpendicular orientation of the
lamella is favored (Figure 2.6d) [64].

(2) For t < L0, the parallel lamellar structure with respect to the substrate surface is
no longer favored, because a parallel structure would incur entropic penalty and the DBC
period L0 cannot be presented well. However, a perpendicular lamellar structure (with
respect to the substrate surface) can satisfy the DBC period L0 in lateral direction (Figure
2.6e). Thus, the conformational entropy of the polymer chains can be maximized [29,59,
65]. But for t = 0.5L0, a parallel half-lamellar structure is favorable [58]. As shown in
Figure 2.6f, A block aggregates at the substrate surface while B block is attracted to
free surface. In this case, a parallel half-lamellar structure is supported to reduce the
unfavorable contact between the two immiscible blocks. Moreover, the period size can be
achieved.

For a DBC film with a cylindrical morphology, the effect of the film thickness is sim-
ilar to that of the lamellar morphology as discussed above. The orientation of cylinders
changes with a change in the film thickness [66]. However, DBCs with a spherical mor-
phology, the film thickness primarily influences the packing arrangement of spheres in the
DBC system [48, 50, 67]. Hexagonal (HEX) symmetry is stable in the monolayer, while
body-centered cubic (BCC) symmetry is preferred for thicker films [67]. HEX and BCC
symmetries are presented in Figure 2.7.

Figure 2.7: Schematic of the packing arrangement of spheres in the DBC system. The
images are modified with permission from the reference [67] Copyright 2007 The American
Physical Society.
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The correlation between packing arrangement and film thickness can be attributed to
the competition between interfacial and stretching energies. The interfacial energy is
minimized though uniform interfacial curvature, while the stretching energy is minimized
when the extension of the polymer chains is uniform [67]. For example, Stein et al.
studied the packing of sperical DBC as a function of the number of layers (n) based on
the self-consistent field theory (SCFT) [67]. For films with 1-3 layers, HEX symmetry is
observed. The HEX symmetry is preserved when n increases to 4 and is broken at n = 5.
At a higher n, a BCC symmetry is favorable.

Thermal and solvent vapor annealing conditions

Thermal annealing is a common approach utilized to enhance the structural order of DBC.
The mobility of the polymer chains can be increased with thermal annealing, so that
the DBC can easily approach thermodynamic equilibrium to form ordered structures by
microphase separation [68–71]. Moreover, thermal annealing also can be utilized to tune
the surface properties of a DBC thin film. For example, Han et al. studied the surface
morphology of a PS-b-PMMA film with a thickness of 175 nm at different annealing
temperatures [44]. They found that a neutral free surface could be obtained for the PS-b-
PMMA film at an annealing temperature of 230 °C. As shown in Figure 2.8, fewer parallel
cylinders appear on the surface as the temperature increases. Finally, at 230 °C, all the
cylinders are aligned perpendicularly on the top surface (Figure 2.8c).

Figure 2.8: SEM images of a cylindrical PS-b-PMMA film with a thickness of 175 nm at
different annealing temperatures. The annealing temperatures are indicated on the top of
each image. The images are modified with permission from the reference [44] Copyright
2009 American Chemical Society.

Solvent vapor annealing (SVA) is also an effective method to achieve a desired morphol-
ogy within a DBC film [52,72–75]. Here, the discussion of SVA is mainly focused on three
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parameters: solvent selection, annealing time and solvent removal rate. The selection of
the solvent has a strong influence on the final morphology of the DBC film [73, 76]. For
example, Xuan et al. studied the morphology of a DBC PS-b-PMMA film after SVA with
different solvents, including acetone and toluene [76]. An ordered morphology with hexag-
onally packed PMMA domains in a PS matrix (Figure 2.9a and b) is obtained for the film
annealed with acetone (strongly PMMA selective), while the film annealed with toluene
(slightly PS selective) exhibits a morphology with small PMMA protrusions (Figure 2.9c
and d). This can be attributed to the fact that the free surface preference for the lower
surface energy PS block could be overcome by applying a solvent (acetone) that prefers
the PMMA block [76].

Figure 2.9: AFM height images of PS-b-PMMA films annealed with (a) acetone and (c)
toluene vapors. (b) and (d) are the corresponding phase images of (a) and (c), respectively.
The images are modified with permission from the reference [76] Copyright 2004 American
Chemical Society.

A suitable annealing time is required for the formation of ordered morphologies in DBC
systems [77]. If the applied annealing time is not long enough, the rearrangement of poly-
mer chains into ordered structures cannot be readily realized [23]. Normally, the structure
order of the DBC can be enhanced with longer annealing time to achieve thermodynamic
equilibrium for obtaining ordered structures by microphase separation. However, in some
cases, too long annealing time is not helpful for generating ordered structures [77, 78].
This might be due to the dynamic change of interfacial interactions caused by the contin-
ual solvent absorption [77]. For example, Kim et al. studied the surface morphology of
a lamellar PS-b-PMMA film annealed with tetrahydrofuran (THF) for various times [51].
They found that the ordering of the lamellae is enhanced with increasing the annealing
time during the early stage (Figure 2.10a-d). However, there is a significant loss in the
ordering of the DBC structure when the annealing time is increased to 60 min and longer
(Figure 2.10f and g), because the film might got unstable and dewet.

The solvent removal rate is the rate of solvent extraction from the DBC films after the
SVA process. Literature shows that the structure orientation of DBCs can be influenced
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by the solvent removal rate [79–81]. In cylinder-forming DBC systems, perpendicular
cylinders are normally formed if the solvent removal rate is high, while a low solvent
removal rate leads to the formation of parallel cylinders in DBC films [77]. For example,
Hao investigated the influence of solvent removal rate on the morphology of a cylindrical
DBC film using lattice Monte Carlo simulations [82]. It was found that the perpendicular
structure tends to form at a high solvent removal rate, because the solvent removal rate
dominates the relaxation time of the DBC system. A low rate allows time for the adequate
relaxation of the system, and the morphology, such as orientation, formed in the early
stage of SVA can be changed through a rearrangement of the polymer chains. In contrast,
at a high solvent removal rate, the morphology can be maintained because the relaxation
of the DBC system is insufficient and film morphology is frozen.

Figure 2.10: SEM images of a lamellar PS-b-PMMA film annealed with THF at different
times. The annealing times are indicated on the top of each image. t/t0 is the swelling
ratio of the PS-b-PMMA film during SVA. The images are modified with permission from
the reference [51] Copyright 2016 American Chemical Society.

2.1.3 Ultrahigh molecular weight (UHMW) diblock copolymers

DBCs form different periodic structures such as lamellae, cylinders and spheres due to
microphase separation and they have proven to be suitable templates for the arrangement
of various NPs [31, 83–85]. For the incorporation of selective NPs into a DBC PA-b-
PB template, literature shows that there are three competing effects [31]. First is the
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reduction of AB interfacial tension between the polymer blocks by localization of the NPs
at the AB interface. Second is the enthalpic gain arising from the localization of the
NPs in the target domains. The final effect is the decreases of polymer elastic penalty
arising from the localization of the NPs in the center of the target domains. The first
two effects scale with R2 while the last effect scales with R3, where R is the radius of the
NPs. Thus, small and medium NPs are located at the interface between the A and B
blocks and the center of target block B, respectively (Figure 2.11a and b). Large NPs are
expelled from the target domain (A block) as shown in Figure 2.11c, because such DBC
templates cannot provide enough space in a domain to accommodate such particles. [84].
Expulsion is due to the fact that the incorporation of large NPs in a domain causes
a significant conformational entropy loss of the polymer chains. Thus, templates from
normal molecular weight DBCs are not suitable for large NPs. Moreover, the normal
templates are also not suitable for high loading of small or medium NPs. To address
this limitation, DBC templates with large domains, such as those achieved with ultrahigh
molecular weight (UHMW) DBCs, should be utilized.

Figure 2.11: Position of the NPs inside a DBC template depending on the NP size. (a)Small
NPs are located at the interface between the A and B blocks. (b)Medium-sized NPs are located
in the center of the A block. (c)Large NPs are expelled from the target domain (B block).The
images are modified with permission based on the reference [83] Copyright 2004 American
Chemical Society.

UHMW DBCs are DBCs that have a number average molecular weight (Mn) greater
than 500 kg/mol [18, 19]. Nanostructures with large domain sizes (diameters over 80
nm as shown in Figure 2.12) can be realized and are convenient for the incorporation of
large NPs, as well as high load of small NPs [86,87]. However, the fabrication of ordered
nanostructured films with UHMW DBCs is challenging. UHMW DBCs do not easily
approach thermodynamic equilibrium to form ordered nanostructures because of their
highly entangled chain conformations. To enhance the chain mobility and obtain ordered
structures, a post-treatment, such as SVA, is required [20–22,25].
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Figure 2.12: Schematic of fabricating large domain sized nanomaterial from a UHMW DBC
(PA-b-PB).

Kim et al. fabricated highly ordered lamellar PS-b-PMMA films with large domains by
using a SVA process as shown in Figure 2.13 [88]. For a thermally annealed UHMW DBC
PS-b-PMMA film (Mn = 733 kg/mol), disordered structures are observed without SVA
as shown in Figure 2.13a and e (an enlarged view of Figure 2.13a), while ordered lamellar
structures were achieved after SVA for 1.5 h, as shown in Figure 2.13b and f (an enlarged
view of Figure 2.13b).

Figure 2.13: SEM images of lamellar UHMW PS-b-PMMA films in the topographic con-
finement. Thermally annealed PS-b-PMMA film with Mn of 733 kg/mol (a,e) without and
(b,f) with SVA of 1.5 h. Thermally annealed PS-b-PMMA film with Mn of 1000 kg/mol
(c,g) without and (d,h) with SVA of 10 h. The images are modified with permission from
the reference [88] Copyright 2013 American Chemical Society.

For a thermally annealed UHMW DBC PS-b-PMMA film with higherMn (1000 kg/mol),
disordered structures are present without SVA (Figure 2.13c and g). However, compared
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to the film with Mn of 733 kg/mol, a longer annealing time (10 h) is required to obtain
ordered structures for the film with a higher Mn. Since the rearrangement of the PS-b-
PMMA is hindered more severely with increasing molecular weight, longer annealing time
is required.

Like normal molecular weight DBCs, UHMW DBCs can also form various periodic
morphologies through manipulation of the volume fraction of one block in the DBC sys-
tem. For example, Appold et al. reported the fabrication of UHMW DBC polyisoprene-
block-poly(4-methylstyrene) (PI-b-P4MS) films with different morphologies (cylinders and
spheres) as shown in Figure 2.14 [89].

Figure 2.14: TEM images of UHMW PI-b-P4MS films with different values of fP4MS that
show (a,b) lamellar and (c,d) spherical morphologies at different magnifications. The images
are modified with permission from the reference [89] Copyright 2018 American Chemical
Society.

At a volume fraction of P4MS (fP4MS) of 0.5, a lamellar morphology is observed in the
DBC film (Figure 2.14a and b). However, the DBC film exhibits a spherical morphology
at fP4MS = 0.14 (Figure 2.14c and d). The domain sizes are greater than 90 nm in the
above mentioned DBC PI-b-P4MS films.
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2.2 Magnetic Nanoparticles

Magnetic nanoparticles (NPs) with diameters (D) ranging from a few to tens of nanome-
ters have attracted great interest in applications such as catalysis, biomedicine, sensors
and data storage due to their intriguing size dependent magnetic properties [5,90–93]. As
described in the introduction, DBCs are utilized in this work as templates to control the
arrangement of magnetic NPs in order to achieve desirable magnetic properties. However,
the magnetic properties of the magnetic NPs-DBC hybrid films are still strongly depend
on the the NPs themselves. Thus, it is of high significance to describe the properties of
magnetic NPs, as well as some basic terms in this chapter.

2.2.1 Superparamagnetism and Ferromagnetism

Magnetic NPs exhibit intriguing size-dependent magnetic properties [94,95]. Figure 2.15
shows the schematic of size-dependent coercivity (Hc) of a magnetic NP. The value of
coercivity represents the ability of a magnetic material to withstand an external magnetic
field without becoming demagnetized. As shown in Figure 2.15, the magnetic NP acts as
a single-domain magnet at D < Dc (a certain critical size). In this case, the spins of free
electrons in the NP are arranged in one direction by ferromagnetic coupling. For D >

Dc, the NP exhibits multi-domain. Dc for a spherical magentic NP can be estimated by

Dc ≈ 9
√
AK

µ0Ms
2 (2.10)

where A, K and u0 represent the exchange constant, effective anisotropy constant and
vacuum permeability, respectively. Ms is the saturation magnetization.

Superparamagnetism

For a magentic NP with multiple domains, the alignment of magnetization directions in
each domain is controlled by the domain wall energy and anisotropy energy KV (V is the
domain volume). However, there is no domain wall for a NP with a single domain [96,97].
Thus, magnetization reversal of a single domain NP depends on KV . The magnetic
anisotropy energy (E) of the single-domain NP is defined as

E = KV sin2 θ (2.11)
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where θ is the angle between the direction of magnetization ( ~M) and easy axis. The
easy axis is the easy magnetization direction of a single domain magnetic NP. As shown
in Figure 2.16, two energy minimums can be obtained at θ = 0 and π, corresponding
to the magnetization parallel and antiparallel to the easy axis. From parallel direction
(θ = 0) to antiparallel direction (θ = π), the magnetization is separated by an energy
barrier, described as ∆E = KV . The flip behavior can be explained by Néel based on the
competition between the anisotropy energy KV and the thermal energy kBT [98], where
kB and T are the Boltzmann constant and temperature, respectively.

Figure 2.15: Schematic of size-dependent coercivity (Hc) of a magnetic NP. Dc and Ds rep-
resent the size of magnetic NP reaching the single domain limit and spontaneous magnetiza-
tion reversal limit, respectively. The image is modified with permission from reference [95]
Copyright 2016 American Chemical Society.

As the single domain NP size decreases further to a critical value Ds, the thermal energy
kBT overcomes the anisotropy energy KV [95]. As a result, a spontaneous magnetization
reversal happens in the magnetic NP system at Dc < Ds, leading to the NP exhibiting
superparamagnetic behavior. At kBT ≈ KV , the magnetization fluctuation between the
two energy minima is related to the time scale of the measurement and can be described
with a characteristic relaxation time (τ). According to the Néel-Brown equation [98], τ
can be obtained by

τ = τ0 exp
(
KV

kBT

)
(2.12)



2.2. Magnetic Nanoparticles 23

where τ0 ∼ 10−10 s is the inverse attempt frequency. Obviously, the magnetic behavior of
the NPs is influenced strongly by the temperature T .

Figure 2.16: Schematic presenting the free energy of a single domain NP versus magneti-
zation direction. ∆E is the energy barrier for rotating the magnetization. θ is the angle
between the magnetization ~M and the easy axis. The image is modified with permission from
reference [97] Copyright 2009 IOP Publishing Ltd.

In the system of superparamagnetic NP, a characteristic blocking temperature (TB)
exists [99]. At T < TB, the magnetic moments are blocked and a hysteresis loop can be
observed. With increasing T, the hysteresis loop becomes narrower and at T > TB, the
thermal energy is enough to overcome the anisotropy energy, leading to a spontaneous
flipping of magnetic moments. As a result, the hysteresis disappears, as shown in Figure
2.17. TB can be calculated by

TB = KV

kB ln(τm/τ0) (2.13)

where τm is the experimental measuring time. Equation 2.13 is only valid for a NP system
without interaction between NPs and size distribution.

As mentioned above, in the case of T > TB, the magnetic moments fluctuate fast and
cannot maintain their orientation. This leads to a spontaneous magnetization reversal of
the NP in the absence of an external magnetic field (2.17a). When an external magnetic
field is applied, the magnetic moments are aligned parallel to the direction of the magnetic
field (Figure 2.17b). In a superparamagnetic system, coercivity (Hc) and remanence (Mr)
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are 0. Mr is the remanent magnetization that remains after the magnetic field is removed.
Such behavior can be applied for use in high-frequency magnetic inductors, because the
energy loss that occurs then changing the direction of magnetic field with high frequency
could be minimized by employing superparamagnetic materials [87].

Figure 2.17: States of the magnetic moments in domains of superparamagnetic materials
(a) without and (b) with an external magnetic field. The black arrow in (b) indicates the
direction of the magnetic field. (c)The M-H curve of a superparamagnetic material.

Ferromagnetism

For application in data storage, superparamagnetic materials are not favorable due to the
absence of a hysteresis at room temperature, while ferromagnetic materials are favorable
because the hysteresis of ferromagnetic material exists at room temperature [32, 87]. In
a ferromagnetic materal with multiple domains, the magnetic moments are oriented in
one direction for each domain without an external magnetic field. However, the net
magnetization of the material is zero as the orientation of the magnetic moments in
different domains are randomly oriented with respect to each other (Figure 2.18a). When
an external magnetic field is applied, all magnetic moments are aligned parallel to the
direction of the magnetic field (Figure 2.18b).

Figure 2.18c shows the M -H (magnetization versus the strength of the magentic field)
curve of ferromagnetic materials. As the strength of the magnetic field increases, the
magnetization of the material increases and finally a saturation magnetization (Ms) is
reached. When the applied magnetic filed is removed completely (H = 0), a remanent
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magnetization (Mr) remains in the material. To reduce Mr to zero, a magnetic field equal
to the coercivity (Hc) but opposite to the magnetization direction needs to be applied. As
mentioned before, the value of coercivity represents the ability of a magnetic material to
withstand an external magnetic field without becoming demagnetized [95]. Thus, it is an
important parameter of magnetism in data storage applications. Moreover, a hysteresis
loop is formed with further magnetization.

Figure 2.18: States of magnetic moments in the domains of ferromagnetic materials (a)
without and (b) with an external magnetic field. The black arrow in (b) indicates the di-
rection of the magnetic field. (c)The M-H curve of ferromagnetic materials. Black, green
and orange dots indicate the positions of saturation Ms, coercivity Hc and remanence Mr,
respectively.

2.2.2 Magnetic anisotropy

Magnetic anisotropy describes the fact that the magnetic properties of a material are
different depending on direction. For the materials with magnetic anisotropy, their mag-
netic moments are aligned preferentially along the easy axis because of the energetic
favor [100]. There are many types of magnetic anisotropy, such as shape anisotropy, mag-
netocrystalline anisotropy, magnetoelastic anisotropy and exchange anisotropy [101,102].
The first two are the most common types considered in the study of magnetic thin films.
Therefore, shape anisotropy and magnetocrystalline anisotropy are briefly introduced in
here. Shape anisotropy describes magnetic materials with an asymmetric shape. A higher
magnetization is shown along the easy axis because the demagnetizing field of the longer
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axis is smaller than that of the shorter axis, which is caused by the induced poles at
the surface of the NP being further apart. For a non-spherical NP, it is easier to mag-
netize along a long axis versus a short axis. In contrast, magnetocrystalline anisotropy
states that the internal energy depends on the direction of spontaneous magnetization.
The direction is related to the crystal structure of magnetic NP. For example, hexagonal
cobalt shows uniaxial anisotropy, which makes the c-axis of the crystal the easy direction
of internal magnetization at room temperature.

2.2.3 Magnetic nanoparticles

In the present thesis, superparamagnetic face-centered cubic (fcc) iron platinum nanopar-
ticles (NPs) are selected for application in a high-frequency magnetic inductor. Large
magnetic iron oxide NPs and strontium hexaferrite (SrFe12O19) nanoplatelets are used to
achieve ferromagnetic films for applications in data storage and magnetic sensors.

Iron platinum NPs

Iron platinum (FePt) NPs are known to have two different crystal structures [103]. One
structure is the chemically disordered fcc structure as shown in Figure 2.19a and denoted
as fcc-FePt NPs [95, 103]. In the fcc lattice points, Fe and Pt atoms are distributed
randomly. The other structure is the chemically ordered face-centered tetragonal (fct)
structure (Figure 2.19b) denoted as fct-FePt NPs [95]. The fcc-structured FePt is mag-
netically soft and exhibits superparamagnetic behavior at NP size below 10 nm (Figure
2.19c). In contrast, the fct-FePt NPs below 10 nm are strongly ferromagnetic (Figure
2.19d) with a high coercivity [95, 104]. In the fct lattice, alternating atomic layers of Fe
and Pt are stacked along the c-axis, which is the [001] direction.

In this case, fct-FePt NP has a large anisotropy constant K (as high as 1 × 107 J m−3),
which is caused by the strong 3d (Fe) and 5d (Pt) coupling. The large K makes the FePt
NPs chemically much more stable and causes then to have a large coercivity at room
temperature [104–106].

Figure 2.20 shows the schematic diagram of fct-FePt NPs formed by thermal annealing
of fcc-FePt NPs [107]. To convert the fcc structure to the fct structure, thermal annealing
with a high temperature T ≥ 500 °C is required [108–110]. Before annealing, a protective
layer of robust oxide, such as magnesium oxide (MgO), is coated on the surface of the fcc-
FePt NPs to prevent aggregation during sintering (thermal annealing). During annealing,
an inert gas (such as Argon) needs to be used to prevent oxidation of the NPs [107].
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The typical morphologies of the synthesized fcc-FePt NPs and fct-FePt NPs are shown in
Figure 2.21a and b, respectively.

Figure 2.19: Schematics of the structures of (a) fcc-FePt and (b) fct-FePt NPs. Magnetic
hysteresis loops of (c) fcc-FePt (sub-10 nm) and (b) fct-FePt NPs. The image is modified
with permission from reference [103] Copyright 2006 WILEY-VCH Verlag GmbH & Co.
KGaA, Weinheim.

Figure 2.20: Schematic diagram of fct-FePt NPs formed by the thermal annealing of fcc-FePt
NPs. The image is modified with permission from reference [107] Copyright 2009 WILEY-
VCH Verlag GmbH & Co. KGaA, Weinheim.

In this thesis, fcc-FePt NPs are used rather than fct-FePt NPs, because the conditions
for fct-FePt NPs synthesis are intensive and complicated as mentioned above. Moreover,
the synthesized fcc-FePt NPs exhibit superparamagnetic behavior, which allows for a
hysteresis-free switching when changing the external magnetic field.
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Figure 2.21: TEM images of (a) fcc-FePt NPs and (b) fct-FePt NPs. The images are
modified with permission from reference [110] Copyright 2015 American Chemical Society.

Magnetic iron oxide NPs

Magnetic iron oxide NPs are soft magnetic materials and have been used in a variety of
applications because of their controllable magnetism and chemical stability [95,111,112].
The most used two types of iron oxide NPs in NP-DBC system are magnetite Fe3O4

and maghemite γ-Fe2O3 NPs. They have a similar cubic structure which cannot be
distinguished by standard resolution X-ray diffraction [113]. Magnetite Fe3O4 shows a
cubic crystal structure with a unit cell composed of 56 atoms (16 Fe3+ ions, 8 Fe2+ ions
and 32 oxygen atoms). The unit cell contains eight cubic units with a lattice d-spacing
of 0.8396 nm. The Fe3+ ions are split between 1/4 of the octahedral sites and 1/8 of the
tetrahedral sites and Fe2+ ions occupy 1/4 of the octahedral sites [114]. Like magnetite,
maghemite γ-Fe2O3 exhibits a cubic crystal structure with a lattice d-spacing of 0.8330
nm. However, only Fe3+ ions and vacancies are existed inside the maghemite. To minimize
the electrostatic energy of the crystal, they prefer to order in the octahedral sites [113,114].

For the fabrication of iron oxide NPs with different sizes, numerous methods are avail-
able, such as aqueous phase synthesis, organic phase reaction and metal-oleate decompo-
sition method [95]. Aqueous phase synthesis is the coprecipitation of Fe2+ and Fe3+ ions
by a base in an aqueous solution, which is a common method for lab-scale and mass fabri-
cations [95]. Organic phase reaction is the high-temperature organic phase decomposition
of an iron precursor and a promising method for obtaining mono-disperse NPs [111]. As
shown in Figure 2.22a, mono-disperse Fe3O4 NPs with size of 6 nm are obtained via the
reductive thermal decomposition of Fe(acac)3 in an organic solvent (benzyl ether) [111].
Larger NPs can be achieved by using the 6 nm NPs as seeds (Figure 2.22b).

Metal-oleate decomposition method utilizes a Fe-oleate complex as the starting pre-
cursor and allows the fabrication of mono-disperse magnetic iron oxide NPs on a large
scale [112, 115, 116]. For example, Park et al. reported the fabrication of monodisperse
iron oxide NPs on an ultra large scale (Figure 2.23a) [117].
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Figure 2.22: (a) Scheme for the fabrication of mono-disperse Fe3O4 NPs. (b) TEM images
of the obtained mono-disperse Fe3O4 NPs with different sizes (left and right are 6 nm and 12
nm, respectively.). The images are modified with permission from reference [111] Copyright
2004 American Chemical Society.

Metal–oleate complexes (precursors) were obtained from the reaction of metal chlorides
with sodium oleate (Na-oleate). The precursors were then thermally decomposed in a
solvent with a high boiling point to produce highly mono-disperse iron oxide NPs. The
size of the iron oxide NPs can be controlled by using different solvents with different
boiling points. Large NPs are obtained by employing solvents with higher boiling points.

Figure 2.23: (a) Scheme for the fabrication of mono-disperse iron oxide NPs on a large scale.
(b) TEM images of the obtained mono-disperse iron oxide NPs with different sizes ((from
left to right: 9 nm, 12 nm, 16 nm and 22 nm).The images are modified with permission
from reference [117] Copyright 2004 Nature Publishing Group.

As shown in Figure 2.23b, iron oxide NPs with diameters of 9 nm, 12 nm, 16 nm and 22
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nm are obtained using solvents of octyl ether (287 °C), 1-octadecene (317 °C), 1-eicosene
(330 °C) and trioctylamine (365 °C), respectively. By using X-ray absorption spectroscopy
(XAS) and X-ray magnetic circular dichroism spectroscopy (XMCD), the compositions
of the iron oxide NPs in the form of (γ-Fe2O3)1–x(Fe3O4)x can be estimated. x = 0.57,
0.68, 0.86 and 1.00 correspond to the NPs with sizes of 9, 12, 16 and 22 nm, respectively.

For iron oxide NPs, small sized NPs show superparamagnetic behavior (Hc = 0) at
room temperature [87, 95]. However, the absence of a hysteresis limits their application
in data storage [95]. As shown in Figure 2.24, the critical diameter for Fe3O4 NPs, below
which the NPs are superparamagnetic, is around 20 nm [118]. Thus, larger iron oxide
NPs with a diameter above 20 nm are required to be considered for utilization in data
storage.

Figure 2.24: (a) M-H curves of Fe3O4 NPs with different sizes at 300 K (red, blue and
black curves indicates 22 nm, 80 nm and 160 nm, respectively).(b) NP size-dependent Hc.The
images are modified with permission from reference [118] Copyright 2009 American Chemical
Society.

Strontium hexaferrite nanoplatelets

Strontium hexaferrite nanoplatelets (SrFe12O19) are hard magnetic materials with high
coercivity and high magnetic anisotropy [34,35,119,120]. Unlike soft magnetic materials,
the fabrication of SrFe12O19 nanoplatelets (hard magnetic materials) requires high tem-
peratures above 1000 °C [119]. As shown in Figure 2.25a, the SrFe12O19 nanoplatelets are
platelet-like with a large diameter to thickness ratio. To better disperse the nanoplatelets
in the solution, the surface of the nanoplatelets can be positively charged to prevent the
formation of aggregates, as done by Kushnir et al. [119]. The nanoplatelets have a high
uniaxial magnetic anisotropy with the easy magnetization axis (c-axis) perpendicular to
their large facets. TEM images of the prepared SrFe12O19 nanoplatelets with different
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sizes are shown in Figure 2.25b (D = 40 nm , t = 4 nm), c (D = 70 nm , t = 8 nm)
and d (D = 60 nm , t = 8 nm). D and t are the average diameter of the large facet and
average thickness of the nanoplatelets, respectively. Moreover, Kushnir et al. prepared
a monolayer magnetic film with a fixed orientation of the nanoplatelets by utilizing a
negatively surface charged glass substrate as shown in Figure 2.25e. Controlled orienta-
tion was achieved through the electrostatic attraction between the negative charges of the
substrate surface and the positive charges of the nanoplatelets. The magnetic hysteresis
loop of the monolayer film is shown in Figure 2.25f (red curve). The magnetic hysteresis
loop of a film without controlled orientation of the SrFe12O19 nanoplatelets is also pre-
sented as a reference in Figure 2.25f (blue curve). As expected, the monolayer magnetic
film exhibits a wider hysteresis loop with a higher Hc versus the film containing randonly
oriented nanoplatelets.

Figure 2.25: (a) Schematic of a SrFe12O19 nanoplatelet. D and t represent the diameter
of the large facet and thickness of the nanoplatelet. a and c represent the horizontal and
vertical directions, respectively. TEM images of the obtained SrFe12O19 nanoplatelets with
different sizes: (b) D = 40 nm and t = 4 nm, (c) D = 70 nm and t = 8 nm, and (d) D = 60
nm and t = 8 nm. (e) schematic of the fabrication of a monolayer magnetic film with a fixed
orientation of the nanoplatelets on a negatively surface charged glass substrate. (f) Magnetic
hysteresis loops of the monolayer magnetic film and reference film with randomly oriented
nanoplatelets. Red and blue curves represent the monolayer magnetic film and reference
film, respectively.The images are modified with permission from reference [119] Copyright
2014 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim.
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2.3 Scattering techniques

As discussed in the introduction, the arrangement of magnetic NPs can be controlled by
DBC templates. The morphologies of the DBC and magnetic NPs play a vital role in
understanding the whole hybrid system and influence the resulting magnetic properties.
For the investigation of surface morphologies, real-space imaging methods (such as SEM
and AFM) can be applied. However, real-space imaging methods cannot probe the entire
morphology of the magnetic NP-DBC hybrid film. To study the inner morphology of a
hybrid film with a large volume, X-ray scattering can be utilized. The scattering char-
acterization method is non-destructive and can probe the structural information of the
sample with high statistical relevance. In section 2.3.1, scattering basics are discussed
and introductions to X-ray reflectivity (XRR) and grazing-incidence small-angle X-ray
scattering (GISAXS) are presented in section 2.3.2 and section 2.3.3, respectively.

2.3.1 Scattering basics

X-rays have a wavelength ranging from 0.01 nm to 10 nm. The electric field vector −→E (−→r )
can be described as an electromagnetic plane wave

−→
E (−→r ) = −→E 0 exp(i−→ki−→r ) (2.14)

where −→E 0 represents the polarization direction and amplitude of the electric field. −→ki
and −→r are the wave and position vectors, respectively.

The propagation of an electromagnetic wave that passes through a medium with a
specific n(−→r ) (refractive index of the medium) can be described by the Helmholtz equa-
tion [121]

∆
−→
E (−→r ) + k2n2(−→r )−→E (−→r ) = 0 (2.15)

where k is the modulus of the wave vector and is given as k =
∣∣∣−→k ∣∣∣ = 2π

λ
. λ is the

wavelength. The refractive index n(−→r ) can be described with the dispersion δ(−→r ) and
the absorption β(−→r ) of the material

n(−→r ) = 1− δ(−→r ) + iβ(−→r ) (2.16)

where δ(−→r ) and β(−→r ) can be written respectively as
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δ(−→r ) = λ2

2πρ(−→r ) = re
λ2

2πρe(
−→r ) (2.17)

β(−→r ) = λ2

2πµ(−→r ) (2.18)

where ρ is the scattering length density (SLD) of the penetrated medium and re =
2.814 × 10−5 Å is the classical electron radius. ρe and µ are the electron density and
the linear absorption coefficient of the investigated materials, respectively. Therefore, the
SLD is dependent on the electron density of the related elements. In X-ray scattering
experiments, scattering contrasts between different components in a matrial are a result
of the varying SLD of the components.

The specular and diffuse scattering geometries are depicted schematically in Figure 2.26.
The X-ray beam is incident on a film with a certain incident angle (αi), and the reflected
beam leaves the film at a certain exit angle (αf ). For specular scattering geometry, the
beam stays in the xz-plane and αi = αf (Figure 2.26a). However, the reflected beam is
not limited to the xz-plane but with an additional angle ψf displayed in the xy-plane for
the diffuse scattering geometry (Figure 2.26b).

Figure 2.26: Basic definitions of angles and directions in (a) specular scattering and (b)
diffuse scattering geometries. The incoming, reflected and transmitted X-ray beams are
marked as

−→
ki ,
−→
kf and

−→
kt , respectively. The incident angle is represented by αi and αf is

the exit angle. ψf is the angle between the projection of the specular reflected beam and the
scattered beam onto the xy-plane.

The scattering vector represents the difference between the incident and scatted wave
vectors and is defined as

−→q = −→kf −
−→
ki (2.19)

In the present thesis, only elastic scattering is considered. −→q indicates a direction change
of the scattered beam associated with the incident beam. The modulus of the −→q stays
constant such that

∣∣∣−→ki ∣∣∣ =
∣∣∣−→kf ∣∣∣ = 2π

λ
.
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As shown in Figure 2.26a, the X-ray beam can be either reflected or transmitted at the
interface between the air and the film. The angle of the transmitted beam (αt) is related
to the incident angle αi and described by Snell’s law

n0 cos(αi) = n cos(αt) (2.20)

where n0 = 1 and n are the refractive indices of air and film, respectively. At αt = 0,
the X-ray beam is fully reflected. In this case, the incident angle is defined as the critical
angle αc of the studied material (αi = αc). According to the small angle approximation
and Equation 2.20, n2 can be obtained by

n2 = cos2(αc) ≈ 1− α2
c (2.21)

In addition, assuming β � δ and in combination with equation 2.17, the critical angle αc
can be given as

αc ≈
√

2δ = λ
√
ρ/π (2.22)

At αi < αc, the beam is fully reflected and the scattering signal is mostly surface
sensitive. The penetration depth of the beam increases significantly when αi is creased
above αc. In the case of αi > αc, the beam can usually penetrate the whole film.

2.3.2 X-ray reflectivity (XRR)

In this thesis, X-ray reflectivity (XRR) is applied to obtain the film thicknesses. XRR
refers to the case of ψf = 0 and records the specular scattering as a function of the
incident angle (αi). Herein, αi = αf . As shown in (Figure 2.26 a), the scattering vector
−→q is oriented always along the z-axis. Thus, only the z-component qz is collected and
calculated by [122]

qz = 4π
λ

sin(αi) (2.23)

In the case of an X-ray beam impinging on the interface of materials A and B, the beam
is split into two parts, which are transmitted and reflected beams. As discussed previously,
the angle of the transmitted beam can be described by Snell’s law Equation 2.20. The ratio
of the amplitudes of the reflected and transmitted beams can be addressed by the Fresnel
reflection coefficient (rF ) and transmission coefficient (tF ), respectively. The reflectivity
(RF ) and transmission (T F ) are described as
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RF = |rF |2, T F = |tF |2 (2.24)

So far, interface roughness is not considered in the above discussed scattering behavior,
which are based on the assumption that the interfaces are perfectly smooth. The deviation
from a smooth surface can be described by the interfacial roughness and expressed by the
root-mean-square surface roughness σrms [123]

σrms =

√√√√ 1
Nσrms

Nσrms∑
i=1

∆z2
i (2.25)

whereNσrms shows the number of the sampling spots along the interface and ∆zi represents
the deviation from a specific sampling spot i to the average interface. If the roughness
below the film thickness, an exponential function of Névot-Croce factor could be used
to improve and correct the Fresnel reflection coefficient [124]. However, such correction
cannot be used if the roughness is on the order of or even above the film thickness.

Figure 2.27 shows typical XRR data of a PS-b-PMMA DBC film spin-coated on a silicon
(Si) substrate. At αi < αDBCc , the beam is totally reflected. At αi = αDBCc and αi < αSic ,
an intensity minimum for PS-b-PMMA and silicon can be observed.

Figure 2.27: XRR data of a PS-b-PMMA DBC film on a supported silicon substrate. ∆qz
shows the distance between two neighboring intensity minima and revels information about
the film thickness.
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At αi > αSic , intensity oscillations (named Kiessig fringes) appear and provide informa-
tion about the film thickness given by t [125]

t ≈ 2π
∆qz

(2.26)

where ∆qz is the distance between two neighboring intensity minima, corresponding to
the distance between two valleys in the fringes, as shown in Figure 2.27.

Data analysis is performed by Parratt algorithm based software to fit the XRR data.

2.3.3 Grazing-incidence small-angle X-ray scattering (GISAXS)

Grazing-incidence small-angle X-ray scattering (GISAXS) is a powerful and non-destructive
technique used to investigate the structures of thin films. The large footprint of the X-
ray beam (originating from the shallow grazing incident angle) allows for the probing of
a large film volume and therefore good statistical information on the film morphology
can be obtained. Moreover, GISAXS is an excellent technique for in situ investigations
because GISAXS measurements can be performed with a high time resolution (such as
0.1 s per frame). In GISAXS, the X-ray scattering is considered to be elastic and the
scattering vector −→q is given as [126]

#–q = 2π
λ


qx

qy

qz

 = 2π
λ


cos(αf ) cos(ψ)− cos(αi)

cos(αf ) sin(ψ)
sin(αf ) + sin(αi)

 . (2.27)

In GISAXS measurements, the incident angle αi and the exit angle αf are small, indi-
cating qx ≈ 0 and can be ignored. According the the commonly used distorted wave Born
approximation (DWBA) [127,128], the diffuse scattering can be treated as a perturbation
of an ideal system. In the case of an ideal system with a smooth interface, the lateral
structure and the film roughness are described as the perturbations. Thus, the differential
cross section of the scattering can be denoted as

dσ

dΩ = Sπ2

λ4

(
1− n2

)2
| Ti |2| Tf |2 Pdiff (~q) ∝ Pdiff (~q) (2.28)

with the illuminated area S and the diffuse scattering factor Pdiff (~q) [129]. The Fresnel
transmission coefficients of the incident and scattered beams are denoted as Ti and Tf ,
respectively. If the incident angle is equal to the critical angle of the studied material,
the Fresnel transmission coefficients can reach a maximum. In the scattering map, a
characteristic intensity maximum called material sensitive Yoneda peak can be observed.
Thus, horizontal line cuts performed at the Yoneda peak position of the material allows
for the quantitative analysis of the lateral structures via modeling.
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In this thesis, the modeling is based in the framework of the DWBA using the ef-
fective interface approximation (EIA) [127]. For a system with N identical objects in a
geometrical arrangement, the diffuse scattering factor Pdiff (~q) can be given by [130]

Pdiff (~q) ∝ N |F (~q)|2S(~q) (2.29)

with form factor F (−→q ) describing the shape and size of the scattering objects, and struc-
ture factor S(−→q ) relating to the spatial arrangement of the scattering objects and presents
the objects at a certain distance from one another.

As mentioned above, the diffuse scattering is based in the framework of DWBA, which
considers four different scattering events [131]. The four terms are displayed schematically
in Figure 2.28. The first mode is where the X-ray beam is directly scattered on the
object (Figure 2.28a). The second occurs when the beam is reflected on the substrate
first and then scattered on the object (Figure 2.28b). In the third mode, the beam is
scattered first on the object and then reflected on the substrate (Figure 2.28c). The last
mode describes a reflected-scattered-reflected beam (Figure 2.28d). Moreover, for the size
distribution, a local monodisperse approximation (LMA) is applied. The LMA is based
on the assumption that in local domains, which have the size of the coherence length
of the X-ray beam, only objects of one type are found [132]. Thus no cross-correlation
terms are considered. Though fitting of the data, average object sizes and center-to-center
distances can be obtained.

Figure 2.28: Schematic of four different scattering events in the framework of DWBA. The
X-ray beam is (a) scattered directly without reflection, (b) reflected first before scattering,
(c) scattered first before reflection and (d) reflected before and after scattering.





3 Characterization methods

In the present chapter, all characterization techniques, applied to probe magnetic NPs
and thin films (pure DBC films and magnetic NP-DBC hybrid films), are described.
The morphologies of various used magnetic NPs are studied by transmission electron
microscopy. The surface structures of thin films are probed by optical microscopy (OM),
scanning electron microscopy (SEM) and atomic force microscopy (AFM). The inner
structures are investigated by grazing-incidence small-angle X-ray scattering (GISAXS).
Moreover, the film thickness is measured by surface profilometry and X-ray reflectivity
(XRR). The magnetic properties of the magnetic films are probed by superconducting
quantum interference device (SQUID) magnetometry.

3.1 Structural characterizations

3.1.1 Transmission electron microscopy (TEM)

Transmission electron microscopy (TEM) is a technique in which an electron beam passes
through a sample to form a graph. The chemical information and features in the range
of a few nanometers can be obtained via TEM. Figure 3.1 shows the working principle
of TEM. The electrons generated from the electron gun are focused into a thin beam.
Then, the beam hits the specimen and passes through the specimen. This transmitted
portion is focused and magnified by the objective lens and imaging lens into an image
onto a fluorescent screen or a charge coupled device (CCD) camera.

In this thesis, TEM measurements with different parameters are carried out on different
materials to obtain the best results. For FePt NPs in chapter 6, TEM is applied with
a JEOL JEM-2100 electron microscope (200 kV, 0.14 nm resolution) and a Gatan Orius
SC1000 camera (Binning 2, 1024 × 1024 pixels) in bright field mode. For Fe3O4 NPs in
chapter 7, TEM experiments are carried out using a Zeiss EM 10 CR (60 kV)/ Olympus
Megaview II / ITEM Software build 1276 operating at 60 kV in bright field mode. For
SrFe12O19 nanoplatelets in chapter 8, TEM images are obtained using Carl Zeiss Libra
200MC and LEO 912 AB Omega microscopes.

39
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Figure 3.1: Working principle of TEM.

3.1.2 Optical microscopy (OM)

Optical microscopy (OM) is applied to examine the surface morphologies of the obtained
films on the micrometer scale and check the film homogeneity, which is necessary for
many applications. The used OM is an Axiolab A microscope (Carl Zeiss) combined
with a charge coupled device camera (PixeLink USB Capture BE 2.6). The microscope is
mounted with objectives for various magnifications, such as 1.25, 2.5, 10, 50 and 100–fold.
The camera is equipped to record digital images (1280 × 1024 pixels).

Moreover, the resolution of each pixel is displayed in Table 3.1, which is used to calculate
the real–space distance. In this thesis, the magnification of 10× is selected. The obtained
images are processed and analyzed by ImageJ [133].
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magnification[×] resolution [µm/pixel]
1.25 6.26
2.5 3.11
10 0.82
50 0.17
100 0.082

Table 3.1: Resolutions for various magnifications of the optical microscopy (OM).

3.1.3 Scanning electron microscopy (SEM)

To study the film surface morphology at the nanoscale, scanning electron microscopy
(SEM) is applied. Compared with OM, SEM can provide images with higher resolution
(down to 10 nm). This is due to the fact that SEM is based on electrons rather than
optical light in OM. The shorter electron wavelength provides a higher spatial resolution
for the SEM. As a consequence, the film surface morphology at the nanoscale can be
obtained by SEM measurements.

Figure 3.2 shows a simplified schematic of the SEM setup. Electrons are emitted
through a field emission electrode. Then, electrons are accelerated by a voltage UB with
several kV and reach the anode. Afterwards, the generated electron beam is shaped by
electromagnetic condenser lenses and gets focused on the respective sample. Compared
with broad-shaped beams, an improved resolution could be achieved with narrow-shaped
beams. Then, scanning coils are used to control the beam deflection, which is beneficial
to scan the surface of the sample in a raster mode.

When the electron beam hits the film surface, secondary electrons from the area with
small escape depth are released and can be collected via a detector with a small distance
between the sample and detector. The intensity of the secondary electrons depends on
many factors, such as incident angle between the beam and film surface, beam size and the
surface morphology of the sample and sample-detector-distance. According to different
materials and topography of the film surface, the collected electronic signals are converted
to a monochrome image with different brightness. Moreover, backscattered electrons (
large penetration depth) and characteristic X-rays (highest penetration depth) also exist.
However, they do not contribute to the generation of the SEM images, because image
acquisition for structural analysis is usually carried out by detecting secondary electrons
with low energy. The electrons with a certain energy can be detected by using a de-
acceleration bias voltage and controlling the position of the detector.
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Figure 3.2: Simplified schematic of the SEM setup. The obtained SEM image of a magnetic
NP-DBC film is shown in the bottom right corner.

In this thesis, SEM is performed using an NVision40 FESEM (Carl Zeiss AG) controlled
by the software SmartSEM to probe the surface morphologies in nanoscale. An InLense
detector is used for recording the signal of secondary electrons. A relatively low accelera-
tion voltage of 1 kV is used during measurements because of the poor conductivity of the
examined DBC film. The aperture size is 10 m. All obtained SEM images are analyzed
with the software ImageJ [133].

3.1.4 Atomic force microscopy (AFM)

Atomic force microscopy (AFM) is a 3D mapping technique, topographic information of
the film surface, such as height and roughness, is accessible. The working principle of
AFM is based on the interaction between a shape AFM tip and the sample surface.

In Figure 3.3, a simplified sketch of the AFM instrument is illustrated. It shows an
AFM feedback loop consisting of an xyz piezoelectric scanner, a cantilever with an AFM
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tip, a laser beam, a photodiode detector and a feedback controller. The AFM tip is
installed on the end of a cantilever and utilized for scanning the sample surface.

Figure 3.3: Simplified sketch of the used AFM set–up. The sample is placed on an xyz
piezoelectric scanner, which is used to realize 3D movement of the sample. The deformation
of the cantilever is examined by a reflective laser beam recorded on a photodiode detector.
The adjustment of the sample position and data processing can be realized through a feedback
system.

When the sample surface is scanned by the tip, interaction between the tip and the
molecules on the sample surface produces, leading to a deformation of the cantilever based
on Hooke’s law [134]. According to the different interactions (forces) between the tip and
the the sample surface, AFM measurements can be summarized into three basic modes,
which are contact (repulsive force), non-contact (attractive force) and tapping modes
(repulsive and attractive forces) as shown in Figure 3.4. The force type depends on the
tip-surface distance and affects the deformation of the cantilever.

In this thesis, the AFM measurements are performed with a tapping mode using a
MFP-3D instrument (Asylum Research) to probe the height profile of the film surfaces
on the nanoscale. Such mode can record images with high resolution and minimize the
possible damage to the sample surface during measurements. In contrast, the sample
surface could be damaged by AFM measurements with a contact mode and the image
resolution in the non-contact mode is limited. The curvature radius of the used AFM tip
is 7 nm. The spring constant of the cantilever (OMCL-AC240TS-R3, Asylum Research) is
2 N m−1 with a resonance frequency of 70 kHz. During the measurements, the cantilever
is driven first to oscillate close to its resonance frequency. Then, the tip touches the
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sample surface repeatedly with high frequency. Due to the roughness and structure of
the film surface, the tip-surface distance changes with scanning time, leading to changes
in the tip-surface interaction. As a result, the amplitude of the oscillating cantilever is
changed. As shown in Figure 3.3, such change can be examined by a reflective laser beam
recorded on a photodiode detector. The detector is sensitive and is divided into four
parts. Thus, the deformation of the cantilever is converted into electronic signals, which
are then transfered to the feedback electronics. The feedback loop drives the movement
of the sample stage in z-axis to keep an unchanged tip-surface distance. According to the
motion of the stage, the height and phase images are obtained. All collected AFM images
are analyzed with the software Gwyddion 2.42 [135].

Figure 3.4: Three main AFM operation modes (contact, non-contact and tapping modes) are
presented based on the relationship between the tip-surface force and the tip-surface distance.
The deformations of the cantilever under different forces are also present. The image is
modified with permission from reference [136] Copyright 2013 IEEE Control Systems Society.

3.1.5 Surface profilometry

Profilometry is a fast technique utilized to obtain the film thickness. The basic working
principle of a profilometer is shown in (Figure 3.5) with a simplified sketch. A scratch is
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made first on the film surface with the help of a clean tweezer before the measurement.
Then, the sample is placed on the stage, the stylus with a diamond tip is put down to
touch the film surface. To ensure a good contact between the film surface and stylus, a
constant force is applied. Moreover, to allow the movement of the stage perpendicular to
the direction of the scratch (see Figure 3.5), adjustment of the sample position is required
before scanning. When the stage moves and the tip passes through the scratch, the
height change of the film surface could be detected. The film thickness can be obtained
by analyzing the collected height profile.

Figure 3.5: Schematic of the profilometer. The film is scratched and placed on a movable
stage. The stylus with a tip touches the film surface with a constant force. The scanning is
realized by the movement of the stage, which is perpendicular to the direction of the scratch.

In this thesis, a profilometry (DektakXT surface profiler, Bruker) is used to detect
rough films. The scan speed and distance are 100 µm/s and 2 mm, respectively. The used
contact force is 1 mN. For each sample, the obtained film thickness is an average value of
5 different measurement positions.

3.1.6 X-ray reflectivity (XRR)

X-ray reflectivity (XRR) is a non-destructive technique for the measurement of film thick-
ness compared to the surface profilometry. This technique is based on specular reflection
of X-rays and can be used to accurately obtain film thickness. The theoretical basics of
XRR with more details can be seen in section 2.3.2.
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For XRR measurements in this thesis, a Bruker D8–Advance is used. The measurement
protocols are programed and controlled by XRDwizard and XRDcommander, respectively.
As shown in Figure 3.6, XRR instrument is composed of three main parts (X-ray source,
sample stage and detector). The X-ray beam (λ = 0.154 nm) is generated via a copper Kα-
source and can be well defined by narrow slits, which are installed after the X-ray entrance
and before the detector. Moreover, a knife-edge cutter is mounted over the sample with
a short surface-to-edge distance to avoid excessive illumination of the sample. The XRR
measurements are performed by changing 2θ from 0° to 5° with an increment size of 0.01°.
To extract the film thickness from the corresponding XRR data, MOTOFIT package for
IGOR is applied. [137].

Figure 3.6: Schematic overview of a setup used for XRR measurements. The X-ray beam
is generated and impinges on the sample surface at an angle αi. The reflected X-ray beam
is recorded via a detector at an exit angle αf . 2θ is the angle between the reflected X-ray
beam and the incoming beam. 2αi = 2αf = 2θ. A knife edge is applied and approach to the
sample surface to avoid overillumination at small angles.

3.1.7 Grazing-incidence small-angle X-ray scattering (GISAXS)

As discussed above in the section 2.3.3 (theoretical basics), grazing-incidence small-angle
X-ray scattering (GISAXS) is a non-destructive technique, which can probe the inner
structure of the film with high statistical relevance. Figure 3.7 shows the schematic
illustration of a setup for GISAXS measurements in reflection geometry. The X-ray beam
impinges on the film with a incident angle αi. To ensure that the full depth of film is
probed, the incidence angle of the X-ray beam is set to larger than the critical angles of
all materials inside the measured film. In general, αi < 1o.
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In this thesis, GISAXS measurements are performed at two different synchrotron facili-
ties, which are Austrian SAXS beamline of the Elettra synchrotron source (Trieste, Italy)
and MiNaXS/P03 beamline of PETRA III at DESY (Hamburg, Germany). The samples
in chapter 5 are measured at the first facility, while the samples in other chapters (6, 7
and 8) are measured at the last facility. During the measurements, samples are placed
on a stage that can be moved in 3D. The scattered signal is collected via a 2D detector.
The sample-to-detector distance (SDD) is adjusted based on the structure sizes of the
measured sample. To reduce the scattering noise from air, a vacuum flight tube with
controllable length is applied and placed between the stage and the detector. Moreover,
two beam stops are mounted in front of the detector to avoid oversaturation and protect
the detector. One beam stop is installed at the position of the direct beam, and the other
one is mounted at the position of the specular reflection. Table 3.2 shows the detailed
parameters used for GISAXS measurements of samples in different chapters.

Figure 3.7: Schematic illustration of a setup for GISAXS measurements in reflection geom-
etry. The X-ray beam

−→
ki impinges on the film under an incident angle αi. For recording the

scattered signal
−→
kf with an exit angle αf , a 2D detector is used. ψ is the angle between the

scattered beam and incident beam in the xy-plane. SDD is the sample-to-detector distance.

For a quantitative analysis of the lateral structures inside the film, horizontal line cuts of
the 2D GISAXS data are made along the qy direction via the software DPDAK (Gunthard
Benecke, DESY Hamburg and MPIKG Potsdam) [138]. Then, the selected horizontal line
cuts were modeled in the framework of the distorted-wave Born approximation (DWBA)
using the effective interface approximation (EIA) as described in the section 2.3.3. In
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our modeling, a spherical (or a cylindrical) geometry with a Gaussian size distribution
of the scattering objects is assumed. From the model, the average object radii and their
corresponding center-to-center distances are obtained.

chapter λ αi SDD detector detector synchrotron
(nm) (°) (mm) (type) (pixel size)

5 0.154 0.40 2083 Pilatus 1M 172 µm × 172 µm Elettra
6 0.0993 0.35 4045 Lambda 750K 55 µm × 55 µm DESY
7 0.0957 0.35 4994 Pilatus 1M 172 µm × 172 µm DESY

8(in situ) 0.0965 0.40 4340 Pilatus 300K 172 µm × 172 µm DESY
8(static) 0.0965 0.32 3554 Lambda 750K 55 µm × 55 µm DESY

Table 3.2: Detailed parameters used for GISAXS measurements of samples in different
chapters.

3.2 Characterizations of magnetic properties

SQUID magnetometry

Superconducting quantum interference device (SQUID) magnetometry (MPMS XL-7,
Quantum Design, San Diego, CA, USA) measurements are conducted in a direct current
(DC) mode for probing the magnetic properties of films as a function of temperature. A
schematic view of the used SQUID instrument is displayed in Figure 3.8a. Before the ma-
gentic measurement, the measured sample is cut into a small size of 60 mm × 60 mm and
then is fixed inside a long plastic straw. The plastic straw is a non-magnetic disturbance
and is used as a sample holder to ensure that the sample’s direction cannot be changed
during the measurement. During the measurement, the direction of the applied external
magnetic field is fixed and parallel to the long direction of the plastic straw. Thus, if
the magnetic anisotropy of the sample needs to be measured, the direction of the sample
with respect to the long direction of the plastic straw should be changed via a rotation
of the sample (Figure 3.8b) before the measurement. The sample chamber is sealed and
filled with liquid helium after the sample is placed in the center of a superconducting
solenoid. Afterwards, an external magnetic field is applied and the magnetic signal from
the sample is collected by a superconducting pick-up coil mounted around the sample.
With a SQUID sensor connected to the coil, the magnetic flux from the sample can be
converted into voltage signals. Such signals are amplified and displayed by the electronics
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of a magnetometer. Moreover, the sample is oscillated with an amplitude of 3 cm in the
perpendicular direction, leading to a change of magnetic flux in the coil. As a result,
the output voltage changes in the SQUID and is proportional to the measured magnetic
moments. In general, magnetic thin films exhibit small magnetic responses, especially for
the films with low magnetic NP concentrations. Therefore, the instrument used needs to
have extremely high sensitivity, which can be achieved by locking the readout frequency
to the movement frequency [139].

Figure 3.8: (a) Schematic setup of a SQUID instrument. The sample (blue color) is fixed
inside a long plastic straw. (b) Sketch of a sample mounted inside a plastic straw. The sam-
ple can be rotated from in-plane to out-of-plane for the measurement of magnetic anisotropy.
The images are modified with permission from reference [140] Copyright 2018 AIP Publish-
ing LLC.

To study the influence of temperature on the magnetic properties, the samples are mea-
sured at various temperatures in the film plane, with an applied external magnetic field
parallel to the sample surface. However, in chapter 7, the applied external magnetic field
is rotated by 90o in the film plane to study the alignment of chain-like NP aggregates in
the film. In chapter 8, the nanoplatelets used have a high uniaxial magnetic anisotropy,
leading to the hybrid film exhibits a magnetic anisotropic behavior when the nanoplatelets
are not randomly aligned in the film. To verify this, the samples are measured in three
orthogonal orientations (two in the film plane and one out of the film plane) by changing
the direction of the applied external magnetic field. In the data analysis, the diamagnetic
contribution from the silicon substrate is subtracted. From the obtained magnetization
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curves, important magnetic parameters, such as magnetization saturation, coercivity, re-
manence and magnetic susceptibility, are extracted.



4 Sample preparation

In this chapter, the main materials and film fabrication techniques used for this thesis are
introduced. In section 4.1, the main materials, polystyrene-block-polymethyl methacry-
late (PS-b-PMMA) ultrahigh molecular weight diblock copolymers and various magnetic
nanoparticles (NPs), such as iron platinum, iron oxide and strontium hexaferrite, are
presented. The substrate and substrate cleaning prodedure (acid bath cleaning) are de-
scribed in section 4.2. Finally, the film fabrication techniques and post-treatment method
(solvent vapor annealing) are introduced in sections 4.3 and 4.4, respectively.

4.1 Materials

4.1.1 Ultrahigh molecular weight diblock copolymers

To obtain templates with large domain sizes and various desirable nanostructures, different
ultrahigh molecular weight diblock copolymers (UHMW DBCs) are utilized. In this thesis,
three types of UHMW PS-b-PMMA DBCs are employed. The chemical structure of PS-
b-PMMA is presented in Figure 4.1.

Figure 4.1: Chemical structure of PS-b-PMMA DBC.

51
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All used PS-b-PMMA DBCs are synthesized via anionic block copolymerization of
styrene and methylmethacrylate in tetrahydrofuran (THF) [89]. Table 4.1 shows the de-
tails of the UHMW PS-b-PMMA DBCs utilized in different chapters. The glass transition
temperature (Tg) of PS block and PMMA block are 100 and 105 ◦C, respectively. Accord-
ing to the self-consistent field theory combined with a very high segregation strength χN
(χ: Flory-Huggins interaction parameter, N : total degree of polymerization) between PS
and PMMA blocks in UHMW DBC [31,86], spherical strucures are expected for the PS-b-
PMMA with fPMMA = 0.07 and 0.09 used in chapters 5 and 7, respectively. A cylinderical
structure is expected for PS-b-PMMA (fPMMA = 0.173) used in chapters 6 and 8.

chapter DBC Mn PDI fPMMA

(kg/mol)
5 PS10193-b-PMMA951 1062 1.15 0.07
7 PS11384-b-PMMA1290 1184 1.18 0.09

6 and 8 PS6690-b-PMMA1740 870 1.13 0.173

Table 4.1: Details of used UHMW PS-b-PMMA DBCs.

Exemplary synthesis of a UHMW PS-b-PMMA DBC with Mn = 1062 kg/mol (PS10193-
b-PMMA951), which is taken from reference [86] and performed by Gallei group.

Materials. All solvents and reagents are purchased from Alfa Aesar, Sigma Aldrich,
Fisher Scientific, ABCR and used as received unless otherwise stated. Deuterated sol-
vents are purchased from Deutero GmbH, Kastellaun, Germany. THF is distilled from
sodium/benzophenone under reduced pressure (cryo-transfer) prior to the addition of 1,1
diphenylethylene and n-butyllithium (n-BuLi) followed by a second cryo-transfer. Styrene
and methylmethacrylate (MMA) are dried by stirring over calcium hydride (CaH2) or tri-
octylaluminium and cryo-transferred prior to use. All syntheses are carried out under an
atmosphere of nitrogen using Schlenk techniques or a glovebox equipped with a Coldwell
apparatus.

Experimental section. In an ampule equipped with a stirring bar, 10 mg (0.24 mmol,
260 eq.) LiCl and 760 mg (7.26 mmol, 8013 eq.) neat styrene are dissolved in 60 mL of
anhydrous THF. The solution is cooled to -78 ◦C before the polymerization is initiated
by quick addition of 70 µL (0.91 µmol, 0.013 M solution in hexane, 1 eq.) s-BuLi with a
syringe. After 1 h an aliquot of the solution is taken from the ampule for characterization
of the PS segment and determined by adding methanol. Then, 64 µL (1.81 µmol, 0.028
M solution in hexane, 2 eq.) DPE is added to the active macroanions and the solution is
stirred for 1 h at room temperature. After the solution is cooled for 1 h at -80 ◦C again 150
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mg (1.50 mmol, 1653 eq.) MMA is added to the living chains and the solution is stirred
for 24 h at -80 ◦C. After adding a small amount of degassed methanol, the polymer is
poured into a 10-fold excess of water. The polymer is collected by filtration, washed with
water and dried in vacuum (yield: 815 mg, 90 %). Figure 4.2 shows the molar mass
distributions obtained by size-exclusion chromatography (SEC) measurements vs. PS
standards in THF obtained for the PS10193−precursor (black line) and PS10193-b-PMMA951

(red line). Standard SEC is performed with a system composed of a 1260 IsoPump -
G1310B (Agilent Technologies), a 1260 VW - detector - G1314F - at 254 nm (Agilent
Technologies) and a 1260 RI-detector - G1362A - at 30 ◦C (Agilent Technologies), THF
as the mobile phase (flow rate is 1 mL min−1) on a SDV column set from PSS (SDV
103, SDV 105, SDV 106). Calibration is carried out using PS standards (from Polymer
Standard Service, Mainz). For data acquisition and evaluation of the measurements, PSS
WinGPC® UniChrom 8.2 is used.

Figure 4.2: Molar mass distributions obtained by SEC measurements vs. PS standards for
the PS10193−precursor (black line) and PS10193-b-PMMA951 (red line). The image is modified
with permission from reference [86] Copyright 2019 Nature Publishing Group.

The synthesis other UHMW DBCs, PS11384-b-PMMA1290 and PS6690-b-PMMA1740, fol-
lows the similar method above but with some small changes on the amount of reagents
and their ratios. Also these polymers were synthesized by the Gallei group.

4.1.2 Magnetic nanoparticles

In the present work, three types of magnetic NPs are studied. They are iron platinum
NP, iron oxide NP and strontium hexaferrite nanoplatelet. To ensure that the magnetic
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NPs can be preferentially located inside a designated block of the DBC template, surface-
modified selective NPs are normally required [15, 16]. Thus, all the magnetic NPs used
are coated with special organic layers on the surfaces.

Iron platinum NPs

The iron platinum (FePt) NPs are synthesized according to literature [110] by Sun group.
They are coated with PMMA, and dissolved in toluene with a concentration of 2 mg
mL−1. The morphology of the FePt NPs is shown in Figure 4.3 (TEM images). The
average NP radius is around 3.8 ± 0.4 nm (Figure 4.3c). Details of synthesis are shown
as follows.

Materials. All solvents are received from commercial sources. Oleylamine (techni-
cal grade 70 %), 1-octadecene (90 %), oleic acid (technical grade 90 %), iron pentacar-
bonyl (Fe(CO)5 (99.999 %), α-bromoisobutyryl bromide (98 %), methyl methacrylate
(MMA, 99 %) and tert-Butyl-α-bromisobutyrate (98 %) are purchased from Sigma Aldrich
(St. Louis, MO, USA). Platinum(II) acetylacetonate (Pt(acac)2 (98 %) and anhydrous
copper chloride (Cu(I)Cl (99.999 %) are purchased from ABCR (Karlsruhe, Germany)
and (3-Aminopropyl)triethoxysilane (APTES, 98 %) from TCI Europe. N,N,N′ ,N′ ′ ,N′ ′-
pentamethyldiethylenetriamine (PMDETA) is purchased from Merck KGaA. Prior to use
in polymerization MMA is passed through a basic alumina column to remove the inhibitor.
Toluene and TEA are dried over CaH2 and freshly distilled before using. PMDETA and
anisole are degassed and stored under argon in a glovebox.

Synthesis of FePt NPs. The synthesis of the FePt NPs are carried out according to the
protocol from Li et al. [110]. 5 mL 1 octadecene, 0.13 g Pt(acac)2, 0.7 mL oleylamine
and 0.65 mL oleic acid are added to a dry three-neck round bottom flask equipped with a
KPG stirrer and an argon inlet. Afterwards the flask is heated up to 120 °C and degassed
under an argon flow for at least 30 min. Then 0.11 mL of iron pentacarbonyl is added.
In the next step the temperature is increased to 220 °C with a heating rate of 5 °C min−1

and kept for 1 h. After cooling to room temperature, 15 mL 2-propanol is added and the
NPs are collected by centrifugation (8500 rpm). In addition, the particles are redispersed
in hexane, mixed with 15 mL ethanol and again separated by centrifugation (8500 rpm).
For further usage, the FePt NPs are redispersed in 30 mL of anhydrous toluene.

Synthesis of 2-bromo-2-methyl-N-(3-(triethoxysilyl)propyl) propenamide. For the syn-
thesis of 2-bromo-2-methyl-N-(3-(triethoxysilyl)propyl) propenamide 150 mL of anhy-
drous toluene, 1.11 mL triethylamine (TEA) and 1.87 mL APTES are transferred in
a dry 250 mL schlenk flask. After cooling the reaction mixture to 0 °C with an ice bath,
0.99 mL 2-Bromoisobutyrylbromide are added dropwise over 30 min. After the complete
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addition the reaction mixture is stirred for 2 h at 0 °C and then at room temperature
overnight. To isolate the final product, the reaction mixture is filtrated and the solvent
evaporated under reduced pressure. Finally, a slightly yellowish oil is obtained.

Modification of FePt NPs with 2-bromo-2-methyl-N-(3-(triethoxysilyl)propyl) propenam-
ide. 30 mL of a FePt-NP dispersion in toluene is added to a round bottom schlenk flask
equipped with a mechanical stirrer under an argon atmosphere. Subsequently, 0.1 mL
TEA and 0.2 mL 2-bromo-2-methyl-N-(3-(triethoxysilyl)propyl) propenamide are added
and the mixture is stirred for 48 h at room temperature. Afterwards, 20 mL petroleum
ether are added and the NPs are separated by centrifugation (8500 rpm), redispersed in
toluene and re-precipitated by petroleum ether. This step is repeated for two times to
remove unreacted initiator. After drying, the particles are redispersed in 25 mL of anisole.

Surface functionalization of FePt NPs with PMMA. 25 mL of the modified FePt NPs
dispersion are added to a three-neck round bottom schlenk flask equipped with a mechan-
ical stirrer and an argon inlet. After the addition of 10 mL MMA and 3 µL tert-Butyl-
α-bromisobutyrate, the dispersion is heated up to 90 °C. The polymerization is initiated
by the addition of 2 mL of a [CuI(PMDETA)Cl] solution (2 M in anisole). After 4 h
the mixture is precipitated in an excess of methanol and separated by filtration. The
precipitate is redispersed in THF, separated by centrifugation (23000 rpm) and washed
three times with THF and two times with toluene. Finally, FePt NPs coated with PMMA
are dispersed in toluene.

Figure 4.3: TEM images of FePt NPs (a and b). Radius distribution of the FePt NPs is
shown in (c). The image is reprinted with permission from reference [141] Copyright 2021
Wiley-VCH GmbH.

The surface ligands (PMMA) of FePt NPs are examined by Fourier Transform Infrared
Spectroscopy (FTIR), as shown in Figure 4.4. The peaks at 1143, 1720 and 2946 nm−1

are related to -C-O-, -C=O- and -C-H- groups, respectively. This reveals that the sur-
face of FePt NPs is modified successfully with PMMA. Thus, the magnetic NPs can be
preferentially located inside the PMMA domains of the UHMW PS-b-PMMA DBC films.
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Figure 4.4: FTIR spectra of PMMA (black curve) and FePt NPs coated with PMMA (blue
curve). The image is reprinted with permission from reference [141] Copyright 2021 Wiley-
VCH GmbH.

Iron oxide NPs

Iron oxide NPs (Fe3O4) are purchased from Ocean NanoTech (San Diego, CA, United
States). They are coated with carboxylic acid groups and dissolved in dimethylformamide
(DMF) with a concentration of 5 mg mL−1. The hydrogen bonding between the carboxylic
acid ligands of NPs and the ester groups of PMMA allows a slightly higher selectivity of
the NPs to PMMA blocks [142, 143]. The morphology of the parent iron oxide NPs is
shown in Figure 4.5 (TEM images), and the average NP radius is around 14.3 ± 1.2 nm
(Figure 4.5c).

Figure 4.5: TEM images of the parent iron oxide NPs with different magnifications (a and
b). Radius distribution of the iron oxide NPs is shown in (c). The images are modified with
permission from the reference [87] Copyright 2020 American Chemical Society.
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Strontium hexaferrite nanoplatelets

As discussed in the section 2.2.3 (magnetic nanoparticles), strontium hexaferrite (SrFe12O19)
nanoplatelets have high coercivity. They are hard magnetic materials with a platelet-like
shape and a high magnetic anisotropy. The SrFe12O19 nanoplatelets are synthesized ac-
cording to literature [35] by Trusov group. They are coated with polyacrylic acid (PAA)
according to the publication from Sehgal et al. [144], and dissolved in dimethylformamide
(DMF) with a concentration of 2 mg mL−1. Due to the hydrogen bonding between the
ester groups of PMMA and the PAA ligands of magnetic nanoplatelets, the magnetic
nanoplatelets should be preferentially located inside the PMMA domains of the UHMW
PS-b-PMMA DBC films [145]. The morphology of the SrFe12O19 nanoplatelets is shown
in Figure 4.6a-d (TEM images). As shown in Figure 4.6e and 4.6f, the nanoplatelets’
average diameter of the large facet is around 39 ± 15 nm and average thickness is around
5.5 ± 1.1 nm. However, the nanoplatelet is not a standard disk. The large facet of the
nanoplatelet can be treated as a rectangle with an average length of around 50 nm and
an average width of around 28 nm.

Figure 4.6: TEM images of the SrFe12O19 nanoplatelets (a-d). (a and b) The large facet
and (c and d) the thickness (height) of the nanoplatelets. Diameter distribution of the large
facet and thickness distribution of the strontium hexaferrite nanoplatelets are shown in (e)
and (f), respectively. The images are reprinted with permission from the reference [146]
Copyright 2020 American Chemical Society.

The surface ligands (PAA) of magnetic nanoplatelets are examined by FTIR, as shown
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in Figure 4.7. The peaks observed at 1465 and 2913 nm−1 are related to -C-H2- groupds,
providing the existence of PAA in the film. Moreover, peaks at 1175, 1740, 2851 and 3438
nm−1 are also observed, related to -C-O-, -C=O-, -C-H- and -O-H- groupds, respectively.
All these results reveal that the surface of magnetic nanoplatelets is coated with PAA.

Figure 4.7: FTIR spectra of the strontium hexaferrite nanoplatelets coated with PAA. The
image is reprinted with permission from the reference [146] Copyright 2020 American Chem-
ical Society.

4.2 Substrates

Silicon substrates (Si, p-type, Silchem) with a thickness of 525 µm, (100) orientation and
nature oxide layer are used for film deposition. They are cut into pieces with different sizes
related to different film deposition methods, such as 15 mm × 15 mm for spin-coating,
25 mm × 80 mm for printing and 20 mm × 20 mm for spray deposition.

Acid bath cleaning

Before film fabrication and after cutting, all substrates undergo a cleaning step with an
acid bath for better film deposition. They are immersed into a freshly prepared acid bath
at 80 ◦C for 15 min. The acid bath is composed of 198 mL of H2SO4, 84 mL H2O2 and 54
mL H2O. Finally, the substrates are thoroughly rinsed with deionized water (DI water),
dried with nitrogen gas (N2) and placed in a sealed sample box [147].
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4.3 Film fabrication techniques

Since the UHMW PS-b-PMMA DBCs and all magnetic NPs are soluble in organic solvents,
magnetic NP-DBC hybrid films can be fabricated easily via various techniques, such as
spin-coating, solution-casting, spray deposition and printing. In this thesis, spin-coating,
printing and spray deposition are applied and are described in the following sections 4.3.2,
4.3.3 and 4.3.4, respectively.

4.3.1 Solution preparation

To obtain homogeneous films, all materials (UHMW PS-b-PMMA DBC and magnetic
NPs) need to be well dissolved in the selected solvents. Generally, toluene is considered
as a good solvent for dissolving PS-b-PMMA with sufficient volatility [148,149]. However,
toluene is a hydrophobic solvent, which cannot be combined with hydrophilic materials
for extending applications. Thus, in the present work, a hydrophilic solvent, namely
DMF, is applied for dissolving the materials conatining UHMW PS-b-PMMA DBC and
magnetic NPs (Fe3O4 and SrFe12O19 nanoplatelets) in chapters 5, 7 and 8. While in
chapter 6, toluene is used to prepare homogeneous films by printing to study the kinetic
processes during printing. Since DMF has a boiling point of 153 ◦C [150], the drying time
of the film prepared with DMF at room temperature is long, and it is difficult to obtain
a homogeneous film via printing. Moreover, the kinetic processes of the film formation of
the DBC and the magnetic NPs are investigated during printing.

UHMW PS-b-PMMA DBC

In chapter 5, DBC solutions in DMF with various concentrations (1.0, 3.0, 5.0, 10.0,
15.0 and 20.0 mg mL−1) are prepared with shaking for 24 h to adjust the film thickness.
To investigate the influence of solvent vapor annealing time on DBC morphology, eight
solutions with a same DBC concentration (15.0 mg/mL) are prepared.

UHMW PS-b-PMMA DBC/FePt

In chapter 6, two UHMW PS-b-PMMA solutions with and without fcc-FePt NPs are
prepared in toluene with a fixed PS-b-PMMA concentration of 7 mg mL−1. For the PS-
b-PMMA solution with fcc-FePt NPs, the weight ratio of NPs to PS-b-PMMA is 3 wt %.
The UHMW PS-b-PMMA DBC is dissolved in toluene and shaken for 24 h before the
addition of FePt NPs.
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UHMW PS-b-PMMA DBC/Fe3O4

In chapter 7, for thin hybrid films: UHMW PS-b-PMMA DBC is dissolved in DMF and
shaken for 24 h. Various concentrations of Fe3O4 NPs are added into the DBC solution
with a fixed polymer concentration of 15 mg mL−1. In this case, eight different weight
ratios of Fe3O4 NPs to PS-b-PMMA (0, 0.1, 0.5, 1, 2, 5, 10, and 20 wt %) are investigated.
In contrast, for thick hybrid films prepared for TEM measurement: mixed solutions PS-
b-PMMA and Fe3O4 NPs) are prepared according to the preparation of thin films with a
fixed polymer concentration of 15 mg mL−1. However, only two different weight ratios of
Fe3O4 NPs to PS-b-PMMA (0.5 and 5 wt %) are investigated.

UHMW PS-b-PMMA DBC/SrFe12O19

In chapter 8, a pure UHMW PS-b-PMMA reference solution and a UHMW PS-b-PMMA
solution with SrFe12O19 nanoplatelets are prepared. The polymer concentration is fixed at
6 mg mL−1 with a solvent DMF. For the PS-b-PMMA solution with SrFe12O19 nanoplatele-
ts, the weight ratio of nanoplatelets to PS-b-PMMA is 3 wt %. The UHMW PS-b-
PMMA DBC is dissolved in DMF and shaken for 24 h before the addition of SrFe12O19

nanoplatelets.

4.3.2 Spin-coating

Spin-coating is a widely-used, fast and highly reproducible technique for fabrication of
homogeneous thin films, especially for lab-scale thin film fabrication [151]. In this the-
sis (chapters 5 and 7), pure UHMW PS-b-PMMA DBC films and UHMW PS-b-PMMA
DBC/Fe3O4 hybrid films are fabricated by spin-coating. The used spin coater is a Delta
6 RC TT device by Süss MicroTec Lithography GmbH. Figure 4.8a shows the schematic
representation of the working principle of film fabrication via spin-coating. Firstly, a pre-
cleaned substrate is placed on the center of a rotary plate and is sucked via a vacuum
pump. Then, the solution is dropped and is covered on the whole surface of the substrate.
Afterwards, the substrate with the solution is rotated under pre-set parameters. Finally, a
film with a defined film thickness is achieved. In our experiments, the films are fabricated
by spin-coating at 1200 rpm for 60 s with an acceleration time of 9 s in the presence
of flowing nitrogen (N2) gas. The nitrogen pressure is set to 1.8 bar to ensure a better
evaporation of the solvent DMF for obatining homogeneous films. Figure 4.8b shows an
AFM image of an UHMW PS-b-PMMA DBC film fabricated by spin-coating without any
post-treatment. The obtained film displays a disordered surface structure with continuous
domains. Since spin-coating is a fast established process, the DBC structure is frozen in
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a short period of time. In this case, the UHMW PS-b-PMMA DBC does not approach
thermodynamic equilibrium to form ordered structures by microphase separation.

The thickness (t) of spin-coated film can be obatined by [152,153]

t = Aω−1/2coM
1/4 (4.1)

where A is an experimental parameter determined by the preparation system (such as
the used spin coater and the actual environmental situations). ω, co and M are angular
velocity, solution concentration and molar mass of the DBC, respectively.

Figure 4.8: (a) Schematic representation of the working principle of film fabrication via
spin-coating. (b) AFM image of an UHMW PS-b-PMMA DBC film fabricated by spin-
coating without any post-treatment.

4.3.3 Printing

Printing is a solvent evaporation based scalable technique [99], which can provide the pos-
sibility of in situ investigation of the film formation process via GISAXS measurements.
Figure 4.9 shows a schematic of the printing with simultaneous in situ GISAXS measure-
ments, which is used to study kinetic processes during magnetic hybrid film (PS-b-PMMA
and fcc-FePt NPs) formation via printing.

Printing is performed on a pre-cleaned silicon substrate with a custom-made slot-die
coater and constructed in the context of a Master’s thesis [152]. As shown in Figure 4.10a,
a syringe pump provides a constant flow rate of the DBC or magnetic NP-DBC solution.
The solution is transported through a polytetrafluoroethylene (PTFE) semitransparent
tube to the printer head. An enlarged view of the printer head installed above the sample
stage is shown in Figure 4.10b. The movement of sample stage is controlled by a motor.
Then, the solution is guided through a solution guide mask and a meniscus guide mask
for printing. The printing width is defined by the solution channel in the die and the
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meniscus guide mask width. The two masks are attached inside a printer head, which can
be seen clearly from Figure 4.11.

Figure 4.9: Schematic of the printing with simultaneous in situ GISAXS measurements.

The printer head is composed of solution inlets, front endplate, solution guide mask,
meniscus guide mask and back endplat. The last four components can be seen clearly
from Figure 4.11b.

Figure 4.10: (a) Photograph of the set-up for meniscus guided slot-die coating. (b) An
enlarged view of the printer head installed above the sample stage. Selected components are
labeled with red arrows in (a) and (b).

In this thesis, all printed films are performed at ambient conditions. To achieve favorable
thicknesses of the printed films, the solution flow rate, printing velocity and distance
between the mask and the substrate are set to 0.1 mL min−1, 5 mm s−1 and 0.5 mm,
respectively.
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Figure 4.11: (a) Photograph of the exploded printer head. The names of different components
are shown in the figure accordingly. (b) Photographs of front endplate, back endplat, solution
guide mask and meniscus guide mask.

4.3.4 Spray deposition

Spray deposition, a technique, has obtained great attention because of its ability with large
scale fabrication. Moreover, spraying can provide the possibility of in situ investigation of
the film formation process via GISAXS measurements [13,154]. A schematic of the spray
deposition with simultaneous in situ GISAXS measurements is shown in Figure 4.12.

Figure 4.12: Schematic of the spray deposition with simultaneous in situ GISAXS measure-
ments.
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The details of spray deposition with simultaneous in situ GISAXS measurements in
chapter 8 are shown follows. A spray gun (Compact JAU D55500, Spraying Systems
Germany GmbH) is fixed on a custom made spray setup and orientated vertically to the
pre-cleaned silicon substrate (20 mm × 20 mm). For the spray gun, an air atomizing
nozzle (Stainless Steel 1.4404) is used. The distance between the substrate and the nozzle
is set to 190 mm. To ensure a rapid evaporation of the solvent DMF (boiling point:
153 ◦C), the temperature of the substrate is controlled via a heating plate (DHS1100
Anton Paar) and set to 170 ◦C. For spray deposition, it is carried out by atomizing the
polymer solutions with compressed nitrogen under a gauge pressure of 0.6 bar.

In the experiment, the spray protocol follows our previous work [155] with slight modifi-
cations as shown in Figure 4.13. One full spray cycle is defined as 0.1 s spray-on (spraying)
and 2 s spray-off (waiting). In total, 20 full cycles are applied. The thickness values of
the final deposited pure film and hybrid film are around 456 ± 52 nm and 514 ± 41 nm,
respectively.

Figure 4.13: Schematic of the used spray protocol (spray-on and spray-off) in this thesis.

4.4 Post-treatment

As discussed in the introduction, the fabrication of ordered nanostructured films with
UHMW PS-b-PMMA DBCs is challenging. UHMW PS-b-PMMA DBCs do not easily
approach thermodynamic equilibrium to form ordered nanostructures even with a post-
treatment of thermal annealing because of their highly entangled chain conformations
(very low chain mobility) [18]. To address this issue, solvent vapor annealing (SVA)
can be used. Through the SVA process, the mobility of the long polymer chains can be
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effectively enhanced [20,86]. As a result, ordered structures in UHMW PS-b-PMMA DBC
films and magnetic hybrid films can be realized if a suitable annealing time is applied.

Solvent vapor annealing

In this thesis, THF is used as a good solvent vapor for both blocks of PS-b-PMMA, which
exhibits a small selectivity to PS [156]. As shown in Figure 4.14, a desiccator (volume, V
= 942.3 cm3 and surface area, S = 519.7 cm2) is used for THF vapor atmosphere creation.
Inside the desiccator, a porous plate on which the samples are placed, is positioned over
the liquid solvent. The desiccator is tightly sealed with PARAFILM® M (Carl Roth
GmbH+Co. KG), which consists mostly of polyolefin and paraffin waxes. The whole SVA
process is carried out at room temperature and the solvent vapor pressure is saturated in
equilibrium. After SVA, all films are removed from the desiccator as quickly as possible
to allow for a preservation of the obtained nanostructures [157], rather than deswelling
the films at slow rates [158].

During SVA, the UHMW PS-b-PMMA DBC film is swollen by THF molecules. The Tg

of the PS-b-PMMA is decreased and the mobility of the long polymer chains in UHMW PS-
b-PMMA DBCs is enhanced [86]. The mobile chains are able to adjust themselves to ap-
proach thermodynamic equilibrium to form ordered structures by microphase separation.
The final morphology of the UHMW PS-b-PMMA DBC film mainly depends on three pa-
rameters, such as solvent selection, annealing time and solvent removal rate [74,159–161].
To simplify, a fixed solvent THF and a fast solvent removal rate are applied. For SVA
process, the structural evolution of the obtained UHMW DBC thin films is investigated
as function of increasing SVA time and shown in chapter 5.

Figure 4.14: A desiccator set-up utilized for SVA.





5 Fabrication of ordered polymer
template with a large domain size

Parts of this chapter have been published in the article: Self-Assembly
in ultrahigh molecular weight sphere-forming diblock copolymer thin films
under strong confinement [86] (Reprinted with permission from (W. Cao
et al., Sci. Rep., 2019, 9, 18269). Copyright (2019) Springer Nature. DOI:
10.1038/s41598-019-54648-3).

Ultrahigh molecular weight diblock copolymers (UHMW DBCs) continue to attract at-
tention due to their ability to form periodic templates with large domain sizes [18,19]. By
applying post-treatments, such as thermal annealing and solvent vapor annealing (SVA),
the fabrication of ordered nanostructured films with UHMW DBCs can be achieved [19,
88]. For example, Kim et al. combined thermal annealing and SVA to achieve ordered
large domain sized lamellar nanostructures of polystyrene-block-poly(methyl methacry-
late) (PS-b-PMMA) films [88]. With SVA, Mokarian-Tabari et al. reported highly ordered
hexagonally packed domain patterns of domain size above 100 nm based on an UHMW
DBC poly(styrene-b-2-vinylpyridine) (PS-b-P2VP) [19].

Similar to DBCs with low or intermediate molecular weights, the type and size of the pe-
riodic nanostructure of UHMW DBCs are significantly influenced by the SVA conditions,
such as polymer–solvent interaction parameters (A block-solvent and B block-solvent)
as well as the swollen film thickness [11, 30, 162–164]. Moreover, the final morphology
of UHMW DBCs is also determined by the film thickness in terms of thin films. How-
ever, systematic studies on the influence of film thickness and SVA on the morphology of
UHMW DBC films are rarely reported [47–49]. It is of high significance to systematically
study the influence of film thickness and SVA on the structure evolution of UHMW DBC
thin films for a better application.

67
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In this chapter, we exploit a hydrophilic solvent, namely dimethylformamide (DMF),
for dissolving an asymmetric UHMW PS-b-PMMA DBC to fabricate ordered large-sized
spherical nanostructured thin films. The structural evolution of the fabricated UHMW
DBC thin films is systematically investigated as function of increasing film thickness and
SVA time. Surface structures of the films are probed via AFM, and the buried structures
are detected with GISAXS. Results show that an ordered nanostructure with an average
half-sphere diameter of around 82 nm and an average inter-domain distance of around
151 nm can be achieved for the studied UHMW DBC thin films through the control of
the film thickness and the SVA time.

5.1 Surface and inner morphologies

Films are fabricated by spin-coating at 1200 rpm for 60 s in the presence of flowing nitrogen
(N2) gas as described in chapter 4. If the flowing nitrogen gas is not applied, the surface of
all films is heterogeneous and rough (Figure 5.1), especially at high concentrations (10.0,
15.0 and 20.0 mg/mL), owing to the use of the low volatile solvent DMF (boiling point,
Tb = 153 ◦C) [156].

Figure 5.1: Optical microscopy images of PS-b-PMMA films prepared at a fixed spin coating
speed of 2500 rpm without use of N2 gas at different PS-b-PMMA concentrations as indi-
cated.

In order to enhance the homogeneity of the films, we prepare the films via spin-coating
combined with a fixed flow rate of N2. As shown in Figure 5.2, homogeneous thin films
can be achieved by decreasing the spin coating speed to 1200 rpm. We attribute this im-
provement to a complex competition between the N2 gas (accelerated DMF volatilization)
and the decrease of spin coating speed (decelerated DMF volatilization) [156,165].
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Figure 5.2: Optical microscopy images of PS-b-PMMA films prepared with different spin
coating speeds as indicated, using a fixed flow rate of nitrogen gas. The concentration of
PS-b-PMMA is 15.0 mg/mL.

5.1.1 Influence of film thickness

In previous studies, it was reported that increasing film thickness to a thin film monolayer,
the half-spherical morphology is hexagonal packing in case of a normal molecular weight
block copolymer film [47, 48, 50]. Moreover, a random island-like morphology is usually
observed in thermally equilibrated films, due to the very high confinement effects between
the film thickness (t) and inter-domain distance (L0).

To investigate if these findings can be extended into the regime of UHMW DBCs,
films with different film thicknesses have been prepared by spin coating on pre-cleaned
substrates. The film thickness is controlled to be no more than 0.5 L0 to obtain a thin
film and the resulting system is highly confined.

The film thickness (c > 3.0 mg/mL) is measured by XRR (Figure 5.3a). Smaller concen-
trations (c ≤ 3.0 mg/mL) lead to discontinuous and rough spin coated films (dewetting),
which cannot be probed by XRR [166]. Therefore, surface profilometry is utilized as
complementary measurement method for these films. Figure 5.3b shows the thickness
of PS-b-PMMA thin films at different concentrations. The film thickness increases from
7 ± 2 nm nearly-linear to 91 ± 1.6 nm with increasing PS-b-PMMA concentration. Thus,
also for UHMW PS-b-PMMA DBC the predictions from the spin coating equation are
fullfilled [152].
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Figure 5.3: (a) XRR data (symbols) with fits (red solid lines) of PS-b-PMMA films produced
with different concentrations. Curves from bottom to top refer to PS-b-PMMA films with
concentrations of 5.0, 10.0, 15.0 and 20.0 mg/mL DBC in DMF. (b) Film thickness plotted
as a function of PS-b-PMMA concentration as measured by profilometry (empty box) and
XRR (solid box). The solid line represents a linear correlation of film thickness and PS-
b-PMMA concentration. (Reprinted with permission from [86]. Copyright 2019 Nature
Publishing Group.)

Surface morphology

As seen in Figure 5.4, AFM height images show the evolution of the film surface mor-
phology with different film thicknesses after SVA (THF, 18.0 h), in which bright domains
and a dark matrix are the PMMA and PS block segments, respectively. According to the
self consistent field theory, the morphology of the DBC with a PMMA volume fraction
of 0.07 should be sphere-type. This is confirmed by the previous study on thick DBC
films (1 mm) of this UHMW DBC [26]. Moreover, the distribution of PMMA half-sphere
size/distance for various film thicknesses are calculated statistically from the correspond-
ing AFM images by using Image J 1.46r and shown in Figure 5.5. Relatively ordered
nearly half PMMA spheres with a diameter (D) of 87 ± 11 nm (Figure 5.5b) and an
inter-domain distance of 192 ± 27 nm (Figure 5.5e) are observed when the film thickness
is 56 nm (Figure 5.4e).

For a better view of the phase separation structures of UHMW PS-b-PMMA DBC films,
the corresponding AFM phase images are displayed in Figure 5.6. The half-spherical
morphology follows locally a hexagonal packing (“hand”-drawn green hexagons in Figure
5.4e and 5.6e) but is irregular on a large scale (ring-like 2D fast Fourier transform pattern
in Figure 5.6e). Since the film thickness (56 nm) is less than D (diameter of PMMA half-
sphere, 82 nm), but higher than 0.5 D (41 nm), the arrangement of a full sphere is not
favorable. Moreover, the morphology with half-spheres can maximize the conformational
entropy of the polymer chains in the lateral direction [57,58].
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Figure 5.4: AFM height images of PS-b-PMMA thin films with thickness of (a) 7 nm, (b)
12 nm, (c) 19 nm, (d) 35 nm, (e) 56 nm, and (f) 91 nm after SVA in THF for 18 h.
The height bar is adapted individually as indicated. The green hexagons indicate that the
positions of these half-spheres are not well located at the apex of the hexagon. (Reprinted
with permission from [86]. Copyright 2019 Nature Publishing Group.)

For thinner films (7 nm, 12 nm, and 19 nm), a disordered elongated structure is seen.
No phase separation is found in the corresponding AFM phase images (Figure 5.6a, 5.6b,
and 5.6c). This is related to the confinement effects between the film thickness and inter-
domain distance, because the films are too thin to form a layer with spherical nanostruc-
ture [167]. Moreover, the effect of dewetting cannot be ignored, especially for the thinnest
film (7 nm) [168]. A film edge (dark line) is seen in local areas in Figure 5.4a, indicating
insufficient surface coverage and island formation [169].

As the film thickness increases to 35 nm, the elongated structures still exists while some
half-spheres appear as well. Partial PMMA half-spheres randomly appear in the film, due
to the film thickness which is not sufficient to support the formation of one layer of PMMA
half-spheres. Moreover, the value of thickness is close to the value of the PMMA radius
(around 44 nm at a film thickness of 56 nm), which increases the possibility of forming
PMMA half-spheres.

Figure 5.5a shows that the obtained PMMA half-spheres in Figure 5.4d have a radius of
around 39 nm, which is larger than the value of film thickness (35 nm). This indicates that
the half-spheres might be compressed in the vertical direction. In a thicker film (91 nm,
Figure 5.4f), the distance between neighboring PMMA half-spheres seems to be reduced
as compared with the thickness of 56 nm. However, from the corresponding AFM phase
image (Figure 5.6f), the distance (Figure 5.5f, 191 ± 24 nm) does not change and the
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spherical size (Figure 5.5c, 83 ± 9 nm) only slightly decreases. Such difference between
the height image and phase image might be attributed to the surface defects from PS
chains.

Figure 5.5: Half-sphere size distribution (red bar chart) and distance distribution (blue bar
chart) of PS-b-PMMA thin films (SVA time is 18.0 h) with thickness of (a + d) 35 nm, (b +
e) 56 nm, (c + f) 91 nm. Distance is the distance between neighboring PMMA half-spheres.
All of the data are calculated statistically from the corresponding AFM images by using
Image J 1.46r. (Reprinted with permission from [86]. Copyright 2019 Nature Publishing
Group.)

In thicker film the polymer has sufficient space in the vertical direction to adopt an
unperturbed chain conformation. In addition, “hand”-drawn green hexagons and ring-
like 2D fast Fourier transform (FFT) pattern in Figure 5.6f confirm the only locally regular
hexagonal packing of these PMMA half-spheres.

Inner morphology

In order to study the inner morphology of the films with high statistical relevance, all
films are investigated by GISAXS after SVA in THF for 18 h [129]. The large footprint
of the X-ray beam, which has its origin in the shallow grazing incidence angle, allows for
probing a large film volume and therefore yields lateral structure information of the films
with high statistical relevance. Horizontal line cuts of the 2D GISAXS data (Figure 5.7)
are done at the Yoneda peak position of PS-b-PMMA. They reveal lateral structure sizes,
as depicted in Figure 5.8. For quantitative analysis, the horizontal line cuts are fitted
in the framework of the distorted-wave Born approximation (DWBA) using the effective
interface approximation (EIA). In the model a half spherical geometry of the scattering
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objects is assumed to match the AFM observations, which is based on the ratio of sphere
diameter to film thickness [129].

Figure 5.6: AFM phase images of PS-b-PMMA thin films with thickness of (a) 7 nm, (b)
12 nm, (c) 19 nm, (d) 35 nm, (e) 56 nm, and (f) 91 nm after SVA in THF for 18 h. The
green hexagons indicate that the positions of these half-spheres are not well located at the
apex of the hexagon.On the top right corners, the insets show the corresponding 2D fast
Fourier transform (FFT) patterns. (Reprinted with permission from [86]. Copyright 2019
Nature Publishing Group.)

In case of a film thickness of 35 nm, compared to thinner films (7 nm, 12 nm, 19 nm),
an additional half spherically shaped scattering object is needed to fit the data and to
account for the presence of half-spheres as also seen in the AFM data. The form factors
refer to the radius of the PMMA half-spheres, the structure factors describe the center-to-
center distances of neighboring PMMA half-spheres (inter-domain distance). Moreover,
a constant Ornstein-Zernike-like contribution is needed to describe the data at large qy
values, accounting for fluctuations on small scale [170,171].

The fitted curves are shown as solid red lines in Figure 5.8a. The half-sphere radii and
distances are extracted from the fits and shown in Figure 5.8b and 5.8c, respectively. For
films with thicknesses ≤ 35 nm, a broad peak I around qy = 0.037 nm−1 (marked with
the green solid arrow in Figure 5.8a) is seen, which is the elongated (less ordered) PMMA
nanostructure. The corresponding radius is about 52 nm and inter-domain distance is
about 170 nm, respectively. For the film thickness ≥ 35 nm, another broad peak II is
observed in the smaller qy region (marked with the blue arrow in Figure 5.8a), which
indicates the structure of the PMMA half-spheres.
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As the film thickness increases from 35 nm to 56 nm, a layer of ordered half-spheres
appears (AFM image, Figure 5.4e), the inter-PMMA half-spheres’ distance decreases, re-
sulting in the peak II moves to higher qy value (shown in Figure 5.8a). The corresponding
radius remains constant at about 41 nm, while the inter-domain distance decreases from
225 nm to 172 nm. For the thickest film (91 nm), the peak II becomes more prominent,
indicating that an improved order is formed. The improved order is related to the larger
available space in vertical direction (larger film thickness) for the arrangement of the
polymer chains inside the film. The corresponding half-sphere radius and distance remain
constant at around 41 nm and 172 nm, respectively.

Figure 5.7: 2D GISAXS data of PS-b-PMMA thin films with thickness of (a) 7 nm, (b) 12
nm, (c) 19 nm, (d) 35 nm, (e) 56 nm, and (f) 91 nm after SVA in THF for 18 h. The
specular peak is shielded by a beamstop. (Reprinted with permission from [86]. Copyright
2019 Nature Publishing Group.)
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Figure 5.8: Horizontal line cuts (qy) from the 2D GISAXS data of the PS-b-PMMA thin
films with different thicknesses after SVA in THF for 18 h. (a) Data (black dots) and fits
(solid red lines) are shifted vertically along the y axis for clarity of the presentation (7 nm,
12 nm, 19 nm, 35nm, 56 nm, and 91 nm from bottom to top). The blue and green arrows
serve as a guide to the eye for the main contributions I and II. (b) Radius and (c) distance
of PMMA elongated structure (red) and PMMA half-spheres (black) determined from the
fits of the GISAXS data plotted as a function of film thickness. The dashed lines in (b)
and (c) serve as a guide to the eye. (Reprinted with permission from [86]. Copyright 2019
Nature Publishing Group.)

5.1.2 Influence of SVA time

Surface morphology

The influence of the SVA time on the morphology of the PS-b-PMMA films with a thick-
ness of 56 nm is investigated at room temperature. For SVA, THF is used as a good
solvent vapor for both blocks of PS-b-PMMA and all films are removed from the desicca-
tor as quickly as possible after SVA. Figure 5.9 shows AFM images of PS-b-PMMA thin
films annealed in THF atmosphere for different times.

The as-prepared film (Figure 5.9a) displays a surface structure with large-sized con-
tinuous PMMA domains, since DMF is used for dissolving PS-b-PMMA which is a good
solvent for PMMA versus PS [156]. The average size of the PMMA domains is around 122
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± 36 nm (Figure 5.10a). However, with increasing annealing time from 0 h to 0.5 h, the
PMMA domain size decreases while the PS phase increases. This change in the surface
morphology can be explained by the rearrangement of polymer chains due to the solvent
vapor annealing using THF which is a good solvent for both PS and PMMA. THF swells
both blocks with slight PS selectively in the SVA process.

Figure 5.9: AFM images of PS-b-PMMA thin films with a thickness of 56 nm for different
SVA times. (a) 0 h, (b) 0.5 h, (c) 1.0 h, (d) 2.0 h, (e) 3.5 h, (f) 5.5 h, (g) 18.0 h, and (h)
31.0 h. The height bar is adapted individually as indicated. The green hexagons indicate that
the positions of these half-spheres are not well located at the apex of the hexagon. The red
hexagons indicate that the positions of these half-spheres are well located at the apex of the
hexagon. On the top right corners in (d), (e), (f), and (g), the insets show the corresponding
2D fast Fourier transform (FFT) patterns. (Reprinted with permission from [86]. Copyright
2019 Nature Publishing Group.)

As the annealing time increases from 0.5 h to 3.5 h, the morphology of the PS-b-PMMA
films develops from a poorly ordered worm-like structure (Figure 5.9b) to an half-sphere
structure with local order (Figure 5.9e). Moreover, a local hexagonal packing of half-
spheres occurs when the annealing time increases to 2.0 h (Figure 5.9d, green hexagons).
However, the hexagonal packing is irregular on large scale as seen from the ring pattern
in the FFT analysis rather than having a 6-spot pattern. As the annealing time increases
from 2.0 h to 3.5 h, the packing becomes locally more ordered, which can be confirmed
by the red hexagons in Figure 5.9e. This transition can be explained by the enhanced
mobility of long polymer chains in the swollen BCP films, which allows the polymer chains
to approach the thermodynamically preferred arrangement [46,53,54]. For the annealing
time of 3.5 h, a locally better ordered spherical structure can be obtained. From the
surface morphology, one can see that the average half-sphere diameter is about 78 ± 13
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nm (Figure 5.10e), and the average inter-domain distance is about 157 ± 20 nm (Figure
5.10m).

Figure 5.10: Half-sphere size distribution (red bar chart) and distance distribution (blue bar
chart) as a function of solvent annealing time in PS-b-PMMA thin films (56 nm). (a) and
(i) 0 h, (b) and (j) 0.5 h, (c) and (k) 1.0 h, (d) and (l) 2.0 h, (e) and (m) 3.5 h, (f)
and (n) 5.5 h, (g) and (o) 18.0 h, (h) and (p) 31.0 h. For disordered phase consecutive
structures (a, b and c), Half-sphere size is the domain length for two orthogonal directions.
For micro-phase separated half-spheres (d, e, f, g and h), half-sphere size is the domain
diameter. Half-sphere distance is the distance between neighboring domains. All of the data
are calculated statistically from the corresponding AFM images by using Image J 1.46r, with
a total of at least 200 half-spheres or inter-domain distances being calculated on each image.
For the PS-b-PMMA thin films with annealing time of 31.0 h, the amount of count is far
less than 200 due to many half-spheres migrate inside the film. (Reprinted with permission
from [86]. Copyright 2019 Nature Publishing Group.)

As the annealing time increases, further swelling and chain stretching continues, which
leads to an increasing inter-domain distance to 189 ± 22 nm (Figure 5.10o) for an an-
nealing time of 18.0 h. The hexagonal packing is still irregular on large scale as indicated
by the ring-like FFT pattern shown as inset in Figure 5.9e, 5.9f, and 5.9g. Moreover,
the position of these half-spheres becomes more and more deviated from the apex of the
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hexagon in Figure 5.9 (e, f, and g). However, the PS-b-PMMA film annealed for 31.0 h
(Figure 5.9h) shows a dramatic disappearance in the spherical morphology. This change
can be ascribed to the dynamic change of interfacial interactions and commensurability
conditions caused by the continual solvent absorption [168]. During the SVA process,
THF vapor is preferentially absorbed by the PS surface layer due to slight selectivity of
THF towards PS (χPS−THF < χPMMA−THF ) [21]. Therefore, part of the initially present
PMMA half-spheres migrate into the film and PS dominates the film surface after a suf-
ficient long annealing time, which is confirmed by the corresponding AFM phase image
shown in Figure 5.11. The underlying process will be explained in more detail in the
GISAXS analysis part.

Figure 5.11: AFM phase images of PS-b-PMMA thin films with a thickness of 56 nm for
different SVA times: (a) 18.0 h and (b) 31.0 h. (Reprinted with permission from [86].
Copyright 2019 Nature Publishing Group.)

Inner morphology

Figure 5.12 shows the 2D GISAXS data of PS-b-PMMA thin films after various SVA
times. Horizontal line cuts for Figure 5.12 are performed like before (at the Yoneda peak
position of PS-b-PMMA) and are displayed together with their corresponding fits (solid
red lines) in Figure 5.13a. A broad peak (marked by the blue arrow) is observed. For the
fitting of the horizontal line cut, the model as described before is used. The results of the
extracted PMMA half-sphere radii and distances are depicted in Figure 5.13b and 5.13c,
respectively.

For the non-solvent annealed reference sample, a shoulder-like feature around qy =
0.048 nm−1 is observed. This peak becomes weaker, and it moves towards lower qy

values with increasing the annealing time to 0.5 h, which indicates the formation of
less ordered nanostructures with larger inter-domain distance at the onset of annealing.
The corresponding average inter-domain distance increases slightly from around 129 nm
to 137 nm (Figure 5.13c) while the average half-sphere radius decreases from around
49 nm to 35 nm (Figure 5.13b). Such a decrease of the half-sphere size is caused by the
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rearrangement of the polymer chains, which occurs when spin coated PS-b-PMMA films
are placed in a new solvent-vapor atmosphere as we discussed above in AFM analysis
(Figure 5.9a and 5.9b).

Figure 5.12: 2D GISAXS data of PS-b-PMMA thin films with a thickness of 56 nm for
different SVA times. (a) 0 h, (b) 0.5 h, (c) 1.0 h, (d) 2.0 h, (e) 3.5 h, (f) 5.5 h, (g) 18.0
h, and (h) 31.0 h. The specular peak is shielded by a beamstop. (Reprinted with permission
from [86]. Copyright 2019 Nature Publishing Group.)

As the SVA time increases from 0.5 h to 3.5 h, the peak moves slightly to lower qy values
and becomes more prominent (Figure 5.13a). This change indicates the formation of a
higher ordered structure with larger inter-domain distance with increasing the annealing
time. The corresponding average inter-domain distance and half-sphere radius increases
from around 137 nm to 151 nm (Figure 5.13c) and from around 35 nm to 41 nm (Figure
5.13b), respectively, since the degree of micro-phase separation in swollen BCP films is
improved by the enhanced chain swelling and the increased mobility under THF solvent
vapor [55].

As the annealing time further increases from 3.5 h to 18.0 h, the peak becomes weaker
while it still shifts to lower qy values. This shift is the result of a continuous extension
of the polymer chains, especially for the PS block segments. Since the DBC used has a
PS volume fraction of 93 %, the PS chain stretching has not reached maximum, which
leads to the larger inter-domain distance distribution. The corresponding average inter-
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domain distance increases from around 151 nm to 180 nm (Figure 5.13c) while the average
half-sphere radius remains constant at around 41 nm (Figure 5.13b).

Figure 5.13: Horizontal line cuts (qy) from the 2D GISAXS data of the PS-b-PMMA thin
films (56 nm) with increasing SVA time. Data (black dots) and fits (solid red lines) are
shifted vertically for clarity of the presentation (0 h, 0.5 h, 1.0 h, 2.0 h, 3.5 h, 5.5 h, 18.0
h and 31.0 h from bottom to top). The blue solid arrow serves as a guide to the eye for the
peak. Half-sphere (b) radius and (c) distance of PS-b-PMMA nanostructures determined
from the fits of GISAXS data plotted as a function of SVA time. (Reprinted with permission
from [86]. Copyright 2019 Nature Publishing Group.)

Prolonging the annealing time (from 18.0 h to 31.0 h) results in a PS chain stretching
close to equilibrium and a more prominent peak is seen in the line cuts at an annealing
time of 31.0 h (Figure 5.13a). This indicates the formation of a higher ordered structure
inside the film, which results from the rearrangement of polymer chains, causing part
of the initially present PMMA half-spheres migrate into the film as discussed above in
AFM analysis. The corresponding average inter-domain distance increases slightly from
around 180 nm to 187 nm (Figure 5.13c) while the average radius remains constant at
around 41 nm (Figure 5.13b) as before. The obtained radius of 41 nm indicates that the
inner PMMA morphology is not full sphere, since the film thickness is only around 56
nm, which is not favorable to form full spheres with diameters of 82 nm. In our case,
ellipsoid inside the film might be a reasonable morphology. Because at a swelling ratio of
1.7 (the initial 56 nm film swells to 91 nm where the nanostructure is in equilibrium), the
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swollen film thickness (around 91 nm) is sufficient to accommodate a full sphere (diameter
of 82 nm from GISAXS analysis) that may get “squished” into an ellipsoid upon solvent
evaporation. Moreover, earlier work from Tang et al. shows that the half-sphere were
formed only on the sample surface [50].

5.2 Evolution of morphology

To illustrate the entire morphology evolution of PS-b-PMMA thin films, a schematic
model is shown in Figure 5.14 summarizing the findings of the AFM and GISAXS data
analysis. On the left side of Figure 5.14, the schematic model illustrates the evolution
of the film morphology with different thicknesses after SVA in THF for 18.0 h. At small
film thicknesses (Figure 5.14a), a disordered structure inside the film is observed. This
is the result of the confinement effects as observed with AFM measurements [172, 173].
Moreover, the film thickness is too small to support the formation of full-spheres or even
half-spheres. At a medium film thickness (higher than 0.5 D, lower than 0.5 L0, Figure
5.14b), vertical half-spheres with the poorly hexagonal packing fully cover the substrate.
This is a typical arrangement to allow the characteristic structure (L0) to be achieved in
lateral direction. However, a similar structure with half-spheres aligned more ordered on
the surface is seen at large film thicknesses (Figure 5.14c), instead of full-spheres. Since
in the case where the film thickness is close to 0.5 L0, a morphology with half-spheres is
favorable for achieving the characteristic structure (L0) in lateral and vertical direction.

The right side of Figure 5.14 shows the morphology evolution at various SVA times
at room temperature in case of the film with a thickness of 56 nm. In case of the PS-b-
PMMA thin film without any SVA (Figure 5.14d), a structure with a continuous PMMA
phase appears due to the PS-b-PMMA thin film was fabricated under non-equilibrium
conditions with the spin coating method [174]. As THF diffuses from the atmosphere
into the film, a decrease in size and increase of the number of PMMA half-spheres occurs
(Figure 5.14e). This is mainly attributed to the enhanced mobility of the polymer chains
and a morphological rearrangement inside the thin films [51]. However, at this stage,
there are still some island-like PMMA structures due to insufficient SVA time for highly
entangled chain conformations in UHMW PS-b-PMMA thin films. When the film is
treated in THF vapor for a certain time (i.e., 3.5 h), ordered half-spheres with hexagonal
packing are obtained (Figure 5.14f). Thus, an annealing time of 3.5 h is sufficient for
the self-assembly of the UHMW polymer chains. However, when the PS-b-PMMA film
is annealed further, PS dominates the free surface. Part of the initially present PMMA
half-spheres migrate into the film (Figure 5.14g) and become ellipsoids with same radius
in film plane to minimize the energy of the system. This is confirmed by the AFM (surface
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morphology is PMMA half-spheres) and GISAXS analysis (inner morphology is PMMA
ellipsoids).

Figure 5.14: Schematic model of the microstructure formation of PS-b-PMMA thin films
(left) as function of film thickness and (right) as function of SVA time. The PS phase
(green) forms the matrix in which PMMA domains (blue) are embedded. (Reprinted with
permission from [86]. Copyright 2019 Nature Publishing Group.)

5.3 Summary

The present chapter focuses on the fabrication of ordered polymer (DBC) templates with
a large domain size. An asymmetric linear UHMW PS-b-PMMA DBC is used. To obtain
a desired DBC template, the structural evolution of the fabricated UHMW DBC thin
films is systematically investigated as function of increasing film thickness and SVA time.

DBC templates with ordered nanostructures and large domain sizes are fabricated by
using spin-coating of an asymmetric linear UHMW PS-b-PMMA DBC combined with
SVA. Over a large concentration range, we observe a linear dependence of the film thick-
ness on the polymer concentration in the solution used for spin coating, which before was
known for DBCs with smaller molecular weights. By applying an asymmetric UHMW
DBC, we are able to tune the domain size and center-to-center distance of neighboring
PMMA half-spheres to values larger than 80 nm and 150 nm, respectively, with SVA
(THF) time of 3.5 h. As a function of film thickness (≤ 0.5 L0), the morphology changes
from disorder to relativity ordered PMMA half-spheres (locally regular hexagonal packed)
in a PS matrix. This is the result of the confinement effects between the film thickness
and inter-domain distance. With increasing SVA time, a rapid morphology evolution of
locally hexagonal packed half-spheres (from poorly ordered to locally ordered, and then
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back to poorly ordered nanostructure) is observed, suggesting that a suitable SVA time
is crucial for the formation of ordered nanostructures also in case of the UHMW DBC.
Furthermore, when the annealing time increases to 31.0 h, PS dominates the entire film
surface.

The obtained DBC-based large-sized nanomaterials will pave the way for future appli-
cations. For example, using the UHMW DBC will provide large inter-domain distance
for application of photonic band gap structures (in the field of visible light). In addition,
such UHMW DBC template has sufficient space for embedding large-sized NPs, such as
large magnetic iron oxide NPs with diameters above 20 nm.





6 In situ study of magnetic hybrid
polymer film during printing

Parts of this chapter have been published in the article: In situ study of FePt
nanoparticles-induced morphology development during printing of magnetic
hybrid diblock copolymer films [141] (Reprinted with permission from (W.
Cao et al., Adv. Funct. Mater., 2021, 2107667). Copyright 2021 Wiley-VCH
GmbH. DOI: 10.1002/adfm.202107667).

In the previous work (chapter 5), ordered DBC templates with a large domain size
are fabricated by using a linear UHMW PS-b-PMMA DBC. Such templates can be well
utilized to host magnetic NPs to prepare magnetic hybrid NP-DBC films. For the wet
chemical fabrication of magnetic hybrid NP-DBC films, various methods such as spin
coating, solution casting, spray coating and printing, have been developed [175–177]. For
instance, Konefa l et al. prepared magnetic hybrid films by spin coating, in which Fe3O4

NPs were dispersed uniformly inside the P4VP domains of the DBC polystyrene-block-
poly(4-vinylpyridine) PS-b-P4VP [175]. Hammond et al. fabricated nanocomposite films
containing a cylindrical PS-b-P2VP DBC and spindle type hematite (α-Fe2O3) NPs via
a solution casting method [176]. The alignment of the α-Fe2O3 NPs can be improved by
employing a uniaxial external magnetic field during solution casting. In previous studies
from Müller-Buschbaum group, various methods, like spin coating, spray coating and
printing, were utilized to prepare magnetic NP-DBC films with different morphologies
and magnetic properties [13, 177, 178]. Among these fabrication methods, printing has
obtained increasing attention because of its large-scale production capability in industrial
applications [179,180]. Moreover, printing is an effective method to obtain homogeneous
films with smooth surfaces on a macroscopic level compared to other methods such as
spray coating. To achieve a favorable morphology, it is necessary to have a systematic
investigation on the morphological evolution of hybrid NP-DBC films during printing
process.
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During the printing process, GISAXS has been proven to be an effective approach to
track the morphology evolution without destroying the films [181, 182]. For instance,
Liu et al. utilized in situ GISAXS measurements to study the morphology evolution
in slot-die printed polymer-based active layers during the film formation process [179].
With in situ GISAXS, Marques et al. and Gu et al. followed the structure evolution
during printing in polystyrene-block-poly(2-vinylpyridine) DBC and polyisoprene-block-
polystyrene-block-poly(4-vinylpyridine) triblock terpolymer, respectively [183, 184]. In
previous studies from the Müller-Buschbaum group, the kinetics of printed different films,
such as PbS quantum dot stacking and bulk heterojunction films, were in-depth investi-
gated via in situ GISAXS [185,186].

So far, concerning magnetic NP-DBC hybrid films, less attention has focused on the
kinetics of printed magnetic hybrid films during the film formation process. The kinetics
of the magnetic hybrid films and the arrangement of the magnetic NPs during the printing
process are rarely investigated. Most studies focused on the final printed magnetic NP-
DBC hybrid films [10,177].

In this chapter, the slot-die printing technique is applied to fabricate magnetic hybrid
films by using an UHMW DBC PS-b-PMMA to host magnetic iron platinum (FePt)
NPs. With in situ GISAXS, the kinetics of the magnetic hybrid NP-DBC films and
the arrangement of the magnetic NPs during solvent evaporation are investigated. The
structure formation in different stages of the film formation is monitored. As a reference, a
pure DBC PS-b-PMMA film without magnetic NPs is printed under the same conditions.
The surface structures and magnetic properties of the printed films are probed by SEM
and SQUID magnetometry, respectively. The in situ GISAXS data suggest that the
addition of NPs accelerates the solvent evaporation, leading to a faster film formation
of the hybrid film compared to the pure DBC film. A metastable state is formed in
both films when the solvent is almost evaporated. Compared with the pure film, such
metastable state remains longer in the hybrid film due to the presence of the FePt NPs,
which limits the reorganization of polymer chains. SQUID data shows that the printed
magnetic hybrid NP-DBC film is superparamagnetism and is benefical to scale up the
magnetic film fabrication for magnetic sensors [13].

6.1 Printing

Two UHMW PS-b-PMMA solutions with and without FePt NPs are prepared in toluene
with a fixed DBC concentration of 7 mg mL−1. For the PS-b-PMMA solution with
FePt NPs, a NP concentration (weight ratio between NPs and PS-b-PMMA) of 3 wt %
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is studied. PS-b-PMMA and FePt NPs are synthesized by the Gallei group and are
detailed in section 4.1 (materials). The whole printing is performed on a pre-cleaned
silicon substrate (with a size of 25 mm × 70 mm) with a custom-made slot-die coater at
room temperature. To achieve a favorable film thickness, the solution flow rate, printing
velocity and distance between the mask and the substrate are set to 0.1 mL min−1,
5 mm s−1 and 0.5 mm, respectively. Details can be seen from the chapter 4 (sample
preparation).

To track the structure evolution of the printed films, GISAXS measurements are per-
formed at the DESY synchrotron (P03, Hamburg, Germany) in situ during the printing
(Figure 4.10). The scattering signal is recorded on a 2D detector Lambda 750 K with a
pixel size of 55 µm × 55 µm (X-Spectrum GmbH) with 20 cycles. Each cycle consisted of
0.1 s X-ray exposure time and 2.0 s waiting time. To track the morphology of films over a
large area and to avoid beam damage, the in situ GISAXS measurements are carried out
at different spots of the film through moving the sample. The X-ray wavelength and inci-
dence angle of the X-ray beam are 0.0993 nm and 0.35o, respectively. The sample-detector
distance is set to 4045 mm.

6.2 Surface morphology

SEM is applied to examine the surface morphology of the printed final pure and hybrid
films. The SEM images of the printed pure PS-b-PMMA film at low and high magnifica-
tions are shown in Figure 6.1a and 6.1c, respectively. The bright matrix and dark domains
correspond to PS and PMMA blocks [187]. Due to the use of UHMW DBC, a very high
segregation strength χN between PS and PMMA blocks is obtained. According to the
self-consistent field theory, such very high segregation strength leads to the realization
of a cylindrical morphology of the DBC, although the PMMA volume fraction of DBC
is only 0.172 [31]. Thus, PMMA cylinders dispersed in the PS matrix are expected as
microphase separation structure. In Figure 6.1a and 6.1c, indeed parallel and perpen-
dicular PMMA cylinders are observed. The average half-length of the parallel PMMA
cylinders and average radius of the PMMA cylinders are about 27 ± 5 nm and 59 ± 11
nm, respectively.

For the hybrid NP-DBC film, magnetic FePt NPs (brighter spots) are observed in
addition. The NPs are positioned inside the PMMA domains as shown in Figure 6.1b
and 6.1d. In the hybrid film, the FePt NPs have a higher selectivity to the PMMA
domains versus the PS phase because the FePt NPs are functionalized with PMMA
chains. Moreover, less parallel PMMA cylinders are observed in the hybrid system (Figure
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6.1d) compared with the pure film (Figure 6.1c). The parallel PMMA cylinders are marked
with blue rectangles in Figure 6.1c and 6.1d. Such decreased number of parallel cylinders
can be attributed to the presence of a polymer-rich layer during the solvent evaporation
and a strong interaction between the polymer and the functionalized FePt NPs [188,189].
It has been reported that a polymer-rich layer at the interface of liquid and vapor was
formed during solvent evaporation of polymer solution [189]. The formed layer can attract
more NPs to the interface if the interaction FNP−polymer is higher than the interaction
FNP−solvent. In case of the present study, the used FePt NPs are functionalized with
PMMA chains and the DBC is PS-b-PMMA. Thus, the interaction FNP−polymer is strong
enough to move the NPs to the interface, causing more flipping of the PMMA domains
from parallel to vertical orientation. Moreover, driving FePt NPs to the film surface can
reduce the entropy loss of the polymer chains [13]. The formation of more upstanding
PMMA cylinders can minimize the surface energy of the hybrid system, which is achieved
by decreasing the contact area between air and PMMA (functionalized on NP surface)
due to a higher surface energy of PMMA (γPMMA = 41 mN m−1) compared with that of
PS (γPS = 40 mN m−1) [190,191].

Figure 6.1: SEM images of printed films of (a) pure PS-b-PMMA reference film and (b)
hybrid film containing 3 wt % of FePt NPs at (a, b) low and (c, d) high magnifications. The
parallel PMMA cylinders are marked with blue rectangles in the high magnification images.
(Reprinted with permission from [141]. Copyright 2021 Wiley-VCH GmbH.)
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6.3 Morphology evolution during printing

To study the impact of FePt NPs on the morphology evolution of PS-b-PMMA DBC
film and the arrangement of the NPs during the film formation process, the film printing
is combined with in situ GISAXS (as shown in Figure 4.10). Printing is done at room
temperature. During printing, the DBC solution flows out along a solution guide mask
and is then spread evenly on the substrate via movement of the sample holder [185]. For
the in situ GISAXS measurements, we define the moment when the sample holder stops
as t = 0 s.

6.3.1 Pure DBC film

For the pure PS-b-PMMA film without FePt NPs, selected 2D GISAXS data at various
times are displayed in Figure 6.2. With increasing time, the overall signal intensity in
the Yoneda peak region increases first due to the evaporation of solvent and then remains
relatively stable in the later stages [186]. The DBC structure is developing along with the
solvent evaporation.

To extract the DBC morphology changes during printing, horizontal line cuts of the 2D
GISAXS data are performed as indicated in Figure 6.2 with a red rectangle at t = 0 s.
Figure 6.3a shows selected horizontal line cuts (black dots) of the printed pure PS-b-
PMMA film at selected times from the in situ printing. All horizontal line cuts are
displayed in an 2D intensity mapping for the pure PS-b-PMMA film in Figure 6.3b [126].
For the pure DBC film, it can be seen that the intensity along the qy direction becomes
relatively stable after t = 18.9 s (marked with a white dashed line), indicating that the
solvent is almost evaporated and a relatively stable film is formed.

For a quantitative insight, horizontal line cuts are modeled based on the effective inter-
face approximation (EIA) and the distorted wave Born approximation (DWBA) [129,192].
The corresponding fits and obtained radii of the pure PS-b-PMMA film are summarized
and plotted in Figure 6.3a and 6.3c, respectively. Two main structures (I and II) are
observed (Figure 6.3a). Structures I and II are form factors of the PMMA domains (per-
pendicular PMMA cylinders and parallel PMMA cylinders along the radius direction) and
of the elongated PMMA structure (parallel PMMA cylinders along the length direction),
respectively. In the initial stage (t ≤ 18.9 s), structure I shifts to higher qy values with
increasing time, indicating that the average radius of the PMMA domains decreases over
time. In more detail, the average radius of the PMMA domains decreases from 117 ± 12
to 28.1 ± 1.5 nm. Such a decrease in the PMMA domain size is similar to the reported
observations of the drying process of a block copolymer film [184]. The polymer chains
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shrink due to the solvent evaporation over time, leading to a decrease in PMMA domain
radius.

Figure 6.2: Selected 2D GISAXS data of the pure DBC reference film measured during in
situ printing at different times as indicated (top right corner). (Reprinted with permission
from [141]. Copyright 2021 Wiley-VCH GmbH.)

As the solvent is almost evaporated, the film changes from a wet state to a solid-like
state and the mobility of polymer chains is strongly suppressed due to the lack of sufficient
solvent molecules. Thus, structure I remains constant with further increasing time (after
18.9 s) with an average radius of the PMMA domains of 28.1 ± 1.5 nm. Looking in more
detail, structure I turns out to be metastable in the time range from 18.9 s to 27.3 s as
seen from the increasing error bars in Figure 6.3c, which indicate a loss in order. Such
reorganization of the polymer chains is caused by a small amount of residual solvent inside
the DBC film [184]. For t > 27.3 s, the error bars remain constant and since the average
radius of the PMMA domains also remains constant within in the error bars, a final stable



6.3. Morphology evolution during printing 91

DBC film is obtained. Besides structure I, in the lower qy region (0.010 – 0.015 nm−1),
an additional scattering feature (denoted as structure II, shown as a purple arrow in
Figure 6.3a) is observed at t ≤ 6.3 s. It arises from the form factor of elongated PMMA
structures, which are ascribed to the parallel PMMA cylinders seen in the SEM images.
As time increases to 18.9 s, this structure II shifts to higher qy values. The corresponding
average radius of the elongated PMMA structure decreases from 124 ± 17 to 61 ± 8 nm.
For t ≤ 18.9 s, structure II remains constant as discussed for structure I. Error bars do
not change for structure II.

Figure 6.3: (a) Selected horizontal line cuts of the 2D GISAXS data during printing of the
pure PS-b-PMMA film at selected times (0.0 s, 6.3 s, 12.6 s, 18.9 s, 25.2 s, 31.5 s, 44.1 s,
and 63.0 s from bottom to top). The fits are shown with red lines and shifted along the y axis
together with their corresponding cuts. The form factors of PMMA domains and PMMA
elongated structure are denoted with I (blue arrow) and II (purple arrow), respectively. (b)
2D mapping of all horizontal line cuts obtained from the 2D GISAXS data during printing of
the pure PS-b-PMMA film. (c) Radius of the PMMA domains (RI) and PMMA elongated
structure (RII) obtained from the fits. The semi-transparent color area indicates a metastable
state. (Reprinted with permission from [141]. Copyright 2021 Wiley-VCH GmbH.)
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6.3.2 Hybrid film

For the hybrid film containing 3 wt % FePt NPs, the selected 2D GISAXS data at various
times are displayed in Figure 6.4. Similar to the observations in the pure PS-b-PMMA
film, the overall intensity in the Yoneda peak region increases first with increasing time,
while it remains relatively stable at an earlier time compared to the pure film.

Figure 6.4: Selected 2D GISAXS data of magnetic hybrid film measured during in situ print-
ing at different times as indicated (top right corner). (Reprinted with permission from [141].
Copyright 2021 Wiley-VCH GmbH.)

Figure 6.5a shows selected horizontal line cuts from the 2D GISAXS data of the hybrid
NP-DBC film and the corresponding fits. The 2D intensity mapping from all horizontal
line cuts of hybrid NP-DBC film is shown in Figure 6.5b. Obviously, a relatively stable
hybrid film is formed already at t = 12.6 s (Figure 6.5b), which is faster as compared to
the pure PS-b-PMMA film (t = 18.9 s). This indicates that the addition of FePt NPs
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accelerates the majority of the solvent evaporation, which will be explained further below.
For modelling of the horizontal line cuts, three characteristic structures are required. Two
structures resemble the PMMA domains (perpendicular and parallel orientation) and the
third structure the FePt NPs.

Figure 6.5: (a) Selected horizontal line cuts of the 2D GISAXS data during printing of
the hybrid film containing 3 wt % FePt NPs at selected times (0.0 s, 6.3 s, 12.6 s, 18.9 s,
25.2 s, 31.5 s, 44.1 s, and 63.0 s from bottom to top). The fits are shown with red lines
and shifted along the y axis together with their corresponding cuts. The structure factors of
PMMA domains and FePt NPs are denoted with structures I (blue arrow) and III (green
arrow), respectively. The form factors of PMMA elongated structure are denoted with II
(purple arrow). (b) 2D mapping of all horizontal line cuts obtained from the 2D GISAXS
data during printing of the hybrid film. (c) Radius of the PMMA domains (RI), PMMA
elongated structure (RII) and FePt NPs (RIII) and distance of the PMMA domains (DI)
and of nearest neighbor FePt NPs (DIII) obtained from the fits. The semi-transparent color
areas indicate a metastable state. (Reprinted with permission from [141]. Copyright 2021
Wiley-VCH GmbH.)

As shown in Figure 6.5a, in the hybrid film formation the evolution of structure I is
similar to that of pure film. However, structure I of the hybrid film remains constant
at t ≤ 12.6 s, while in case of the reference film this happens at t ≤ 18.9 s. Thus, the
hybrid film dries faster compared to the pure film in terms of forming a metastable film
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during printing. Since the used solvent toluene exhibits a higher selectivity to PS versus
PMMA, the solvent prefers to move to the surface to evaporate through the PS phase.
The polymer-solvent interaction parameter is χPS−toluene = 0.34 and χPMMA−toluene =
0.45 [156]. Less parallel PMMA cylinders are formed due to the presence of the NPs and
more PS is at the surface of the hybrid film compared with the pure DBC film as observed
from the SEM images. Thus, the solvent molecules have more chances to evaporate in
the hybrid system.

As the solvent evaporates faster, one might expect a less ordered DBC structure in the
hybrid film versus the pure film, especially for the used UHMW DBC [18]. In general,
having long polymer chains requires more time to phase separate into ordered struc-
tures [18]. However, instead of getting a less ordered DBC structure, structure I shows
higher order at t ≤ 12.6 s for the hybrid film containing 3 wt % FePt NPs (marked with
blue arrow in Figure 6.5a) compared with the pure film (marked with blue arrow in Figure
6.3a). Such increased order of the DBC structure in the hybrid film originates from the
reduced number of parallel PMMA cylinders (as seen in SEM) due to the addition of the
FePt NPs. The more parallel PMMA cylinders are present, the more they disturb the
DBC structure [146], because they are distributed in the film with random orientations
as shown in SEM images.

With further increasing time, again an increase in the error bars of structure I is ob-
served (from 12.6 to 33.6 s, marked with semi-transparent colors in Figure 6.5c). The
respective metastable state of the hybrid film is longer (21.0 s) as compared to the pure
DBC (8.4 s). Obviously, the presence of the FePt NPs limits the movement of the poly-
mer chains, while residual solvent molecules enable a local reorganization of the polymer
chains [193]. Moreover, to better model the structure I with a relatively ordered struc-
ture, a structure factor is required to describe the interdomain distance of the PMMA
domains. As shown in Figure 6.5c, the average center-to-center distance of the PMMA
domains decreases in the beginning of the film formation and remains constant around
146 ± 5 nm (Figure 6.5c) at t ≤ 12.6 s. Comparing the final printed films, the PMMA
domains (structure I) are larger for the hybrid film (average radius 33.4 ± 2.7 nm, Figure
6.5c) compared with the pure DBC film (28.1 ± 2.5 nm, Figure 6.3c) due to the space
required for accommodating the FePt NPs inside the PMMA domains.

Similar to the pure DBC film, a constant structure II (elongated PMMA structure) is
seen at lower qy values after a relatively stable film has formed (t ≤ 12.6 s). The corre-
sponding average radius of the elongated PMMA structure remains constant at around
63 ± 8 nm (Figure 6.5b). However, we do not see a decrease of structure II at the early
stage of the solvent evaporation, which is different to the observation in the pure DBC
film. Such difference can be explained by the formation of fewer parallel PMMA cylinders
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in the hybrid film compared with the pure DBC film due to the addition of the FePt NPs.
As a result, these parallel PMMA cylinders are located sparsely inside the semi-dry film
and do not have a sufficient scattering contribution to be seen in the GISAXS measure-
ments. With further solvent evaporation, the number of parallel PMMA cylinders per
unit volume gradually increases and finally passes the threshold to be detectable in the
GISAXS data at t ≤ 12.6 s.

At the studied NP concentration, the FePt NPs are no longer dispersed only as isolated
NPs but also aggregate. Consequently, for the hybrid film, one more structure factor is
required to model the inter-domain distance of neighboring FePt NPs, which is denoted
as structure III (marked with a green arrow in Figure 6.5a). The form factor representing
the radius of NPs remains constant during the entire film formation, since the size of the
FePt NPs does not change during the printing [17, 162]. Information about the PMMA
chains located on the NP surface during printing is gained from analyzing the nearest
neighbor distance of the NP. As seen in Figure 6.5a, the structure III shifts to higher qy
values with increasing until 12.6 s, which is similar to the changes of structure I. The
corresponding average nearest neighbor distance of the FePt NPs decreases from 42 ±
13 nm to 20 ± 6 nm (Figure 6.5c), while the average FePt NP radius is 3.9 ± 0.6 nm
(Figure 6.5c). When t ≤ 12.6 s, structure III remains constant due to the absence of
mobility of NPs caused by an almost complete evaporation of the solvent.

6.4 Morphology evolution

A side view sketch illustrates the film formation of the DBC without (Figure 6.6a) and with
FePt (Figure 6.6b) NPs during the print process. Initially, a wet (W) film is deposited.
During the drying process, both PS and PMMA chains shrink as the solvent evaporates,
leading to a decrease in the size and the center-to-center distance of the PMMA domains.
Due to the presence of SiOx on the Si substrate, which is preferentially wetted by the
PMMA block, parallel PMMA cylinders should form [194,195]. In case of the pure DBC
printing, parallel PMMA cylinders are observed during the wet (W) stage in the GISAXS
measurements. Similar to the PMMA domains, the size and center-to-center distance
of these parallel PMMA cylinders decrease over time. In contrast, in the hybrid film
printing parallel PMMA cylinders are not observed during wet (W) and wet-dry (W-D)
stages via GISAXS measurements. They appear at the last stage, namely the dry (D)
stage as explained by the formation of less parallel PMMA cylinders in the hybrid film
compared with the pure film as discussed before. Importantly, the hybrid film exhibits a
faster drying speed than the pure DBC film due to the different selectivity of the solvent
to PS and PMMA and the different proportions of PS and PMMA on the surface for pure
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and hybrid films. The final dry (D) films differ in their characteristic domain sizes due to
the presence of the NPs in the hybrid film.

Figure 6.6: Side-view sketch of the morphology evolution during printing for (a) pure and (b)
hybrid films from a wet state (W) to a wet-dry state (W-D) to a dry state (D), in which the
solvent is almost evaporated. The green dots only represent the amount of solvent (toluene).
(Reprinted with permission from [141]. Copyright 2021 Wiley-VCH GmbH.)

6.5 Magnetic properties

For the analysis of the magnetic properties of the final printed hybrid film, measurements
are performed at different temperatures via a SQUID magnetometer. Figure 6.7a shows
magnetization curves of the printed hybrid film for temperatures between 2 and 300 K. At
2 and 10 K, the magnetization curves exhibit a hysteresis loop. With increasing temper-
ature, the hysteresis loop narrows and finally disappears, indicating a superparamagnetic
behavior of the printed hybrid film [8]. To further quantify the relationship between
magnetic properties and temperature, the corresponding saturation magnetization (Ms),
coercivity (Hc) and magnetic susceptibility (χ) are shown in Figure 6.7b.

As the temperature increases, Ms decreases due to thermal fluctuations [196], which
leads to faster fluctuations in magnetic moments and higher random anisotropy in the
magnetic domains with increasing temperature. As a result, lower Ms values are obtained
at higher temperatures. Due to the superparamagnetic behavior of the used fcc-FePt NPs,
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Hc decreases sharply first and then remains constant with a value of almost zero [197].
At low temperatures (2 and 10 K), the thermal energy is too small to overcome the
anisotropy energy and the magnetic moments are blocked along the applied external
magnetic field [10]. As the temperature increases, such blocked behavior is weakened,
resulting in a decrease of Hc. While at high temperatures (T ≥ 50 K), the anisotropy
energy can be overcome by the high thermal energy [95]. In this case, magnetic moments
can spontaneously reverse themselves when the external magnetic field is removed, leading
to an Hc of almost zero.

Figure 6.7: (a) Magnetization curves of the printed hybrid film obtained at various tempera-
tures plotted against magnetic field (from -10000 to 10000 Oe). (b) Saturation magnetization
(Ms), coercivity (Hc), and magnetic susceptibility (χ) versus temperature obtained from the
magnetization curves. The solid red lines serve as guides to the eye. (Reprinted with per-
mission from [141]. Copyright 2021 Wiley-VCH GmbH.)

In addition, a non-monotonic temperature dependence of the χ is observed as shown
in Figure 6.7b. With increasing the temperature from 2 to 50 K, χ increases from
0.0115 ± 0.0012 to 0.0421 ± 0.0007. This increase results from a faster fluctuation of
the magnetic moments, yielding an enhanced magnetic response at a higher tempera-
ture [13]. However, when the magnetic moments can be spontaneously reversed, a further
increase in temperature causes the magnetic moments to fluctuate quite fast and become
more difficult to be aligned or controlled by an external magnetic field with a previous
used strength [198]. Thus, χ decreases as the temperature increases from 50 to 300 K.

According to the changes in Hc and χ (Figure 6.7b), the characteristic blocking tem-
perature (TB) of the superparamagnetic hybrid film is expected to be between 10 and
50 K. To quantify the TB, field-cooling (FC) and zero-field-cooling (ZFC) measurements
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are performed for the printed hybrid film at an applied external magnetic field of 100 Oe.
Figure 6.8 shows the obtained FC and ZFC curves in the range of 2 to 300 K. A peak is
observed at a temperature of around 24 K (marked with an arrow), indicating the TB of
the printed hybrid film is 24 K [199]. Thus, the hysteresis loops are observed at temper-
atures (2 and 10 K) below 24 K and disappear at temperatures above 24 K, such as 50,
100, 200 and 300 K (Figure 6.7a).

Figure 6.8: FC (black square) and ZFC (red sphere) curves for printed hybrid film obtained
at a magnetic field of 100 Oe. (Reprinted with permission from [141]. Copyright 2021
Wiley-VCH GmbH.)

6.6 Summary

In this chapter, the influence of the presence of FePt NPs on the film formation of UHMW
PS-b-PMMA DBC film is investigated in situ during printing of magnetic hybrid DBC
film. A printed pure DBC PS-b-PMMA film serves as a reference to understand the impact
of the NPs. The structure formation is monitored with in situ GISAXS measurements.

For both films, pure and hybrid, the size of PMMA domains decreases as the solvent
evaporates from the initially deposited wet film. Compared to the pure film, the hybrid
film exhibits a faster shrinkage of the PMMA domains due to the addition of NPs, which
accelerates the solvent evaporation. As a result, a faster formation of a metastable state
is observed in the hybrid film compared with the pure film. The metastable state changes
slightly as the time increases due to the reorganization of polymer chains enabled by a
small amount of residual solvent molecules inside the printed film. Since the presence of
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the FePt NPs hinders the reorganization of the polymer chains, a longer metastable state is
observed during the printing of hybrid film compared with the pure film. In addition, less
parallel oriented microphase separation structures of the DBC are formed in the hybrid
film compared to the pure film, which results in a higher ordered structure of the hybrid
film when the solvent is almost evaporated. Similar to the PMMA domains, the size of
the parallel DBC microphase separated structure is decreased as the solvent evaporates
from the pure film. However, we do not see the similar shrinkage at the beginning of the
solvent evaporation in case of the hybrid film because of the formation of less parallel
PMMA cylinders in the hybrid film compared with the pure film. This leads to a weak
scattering contribution, which is not detected in the GISAXS measurements of the hybrid
film. Moreover, magnetic data reveal that the printed hybrid film is superparamagnetic,
which is important for the fabrication of magnetic films used in magnetic sensors on a
large scale.

Overall, this chapter provides insights for the future optimization of printed magnetic
NP-DBC hybrid films, as well as the hybrid systems based on DBC and other types of
non-magnetic NPs.





7 Self-assembly of large magnetic
nanoparticles in UHMW diblock
copolymer

Parts of this chapter have been published in the article: Self-assembly of
large magnetic nanoparticles in ultrahigh molecular weight linear diblock
copolymer films [87]. (Reprinted with permission from (W. Cao et al.,
ACSAppl. Mater. Interfaces, 2020, 12, 7557�7564.). Copyright 2020 Amer-
ican Chemical Society. DOI: 10.1021/acsami.9b20905).

In the previous work (chapter 6), a magnetic hybrid film containing UHMW PS-b-
PMMA and small-sized FePt NPs is fabricated. By applying an UHMW DBC template
with a large domain size, all FePt NPs are positioned inside the PMMA domains with-
out excess of NPs into the other block. SQUID data indicates that the hybrid film is
superparamagnetic which makes this film class promising for a hysteresis-free switching
when changing the external magnetic field. However, the absence of a hysteresis at room
temperature limits their utilization in data storage. To enable application in the field of
magnetic data storage, magnetic films containing ferromagnetic NPs are required [32,33].

For ferromagnetic NPs, larger iron oxide NPs with a diameter above 20 nm can be
utilized. The critical value for iron oxide NPs, below which the NPs are superparama-
gentic, is around 20 nm [33]. Unlike FePt NPs, the iron oxide NPs can be more easily
synthesized and are commercially available nowadays. In literature, many reports re-
lated to the investigation of iron oxide NP-DBC hybrid films can be found [15, 17]. For
example, Upadhyaya et al. demonstrated that poly(methacrylic acid)-block-poly(methyl
methacrylate) (PMAA-b-PMMA) DBCs with different structures (spheres, worms, and
vesicles) can be utilized as templates for the arrangement of Fe3O4 NPs coated with quat-
ernized poly(2-(dimethylamino)ethyl methacrylate) [15]. In previous studies from the
Müller-Buschbaum group, DBCs with different morphologies, like spherical polystyrene-
block-poly(methyl methacrylate) (PS-b-PMMA), lamellar poly(styrene-d8)-block-poly(n-
butyl methacrylate) (PSd8-b-PBMA) and cylindrical polystyrene-block-poly(N-isopropyl

101



102Chapter 7. Self-assembly of large magnetic nanoparticles in UHMW diblock copolymer

acrylamide) (PS-b-PNIPAM), were used to template maghemite (γ-Fe2O3) NPs with PS
chains [164, 178, 200]. However, the investigation mostly focused on iron oxide NPs with
diameters below 20 nm, leading to iron oxide NP-DBC hybrid films with superparamag-
netic behavior at room temperature. Such films cannot be utilized in data storage [32].

In this chapter, larger iron oxide NPs with a diameter of 27.0 ± 0.6 nm, above the
critical value of 20 nm, are utilized to obtain ferrimagnetic properties. An asymmetric
UHMW linear DBC PS-b-PMMA, which yields perpendicularly aligned large PMMA half-
spheres inside the PS matrix, is used to template the large iron oxide NPs. The iron oxide
NPs are purchased from Ocean NanoTech (San Diego, CA, United States). To enhance
the compatibility between the NPs and the DBC, the NPs are coated with carboxylic
acid ligands. The hydrogen bonding between the carboxylic acid ligands of NPs and
the ester groups of PMMA allows a slightly higher selectivity of the NPs to PMMA
blocks [142, 143]. The surface structure of the NP-DBC hybrid films is investigated as a
function of the NP concentration by using AFM, SEM, and TEM. To probe the buried
structures, GISAXS is applied. The magnetic properties of the hybrid films are probed
with a SQUID magnetometer. We observe a change in the position of the NPs inside the
UHMW DBC thin films depending on the NP concentration. At low NP concentrations,
they are located at the interfaces (between the PS and PMMA domains), and at high
NP concentrations, they are positioned preferentially inside the PMMA domains. SQUID
data indicates that all hybrid films are ferromagnetic and thus are promising for potential
applications in magnetic data storage.

7.1 Film surface morphology

7.1.1 Largescale morphology

For many applications the film homogeneity is necessary. The film homogeneity is exam-
ined via optical microscopy as a function of the NP concentration on a large scale (Figure
7.1). At low NP concentrations (< 2 wt %), the films are homogenous. Only small dots,
which are NP aggregates, can be observed. As the NP concentration increases (2 and
5 wt %), the size of NP aggregate increases, and the film uniformity is reduced. Further
loading of NPs (10 and 20 wt %) leads to a formation of network-like agglomerates, which
are covering the film surface, and result from the attractive forces among the magnetic
NPs [200]. As a consequence, the films become rough.
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Figure 7.1: OM images of hybrid films with increasing iron oxide NP concentration: (a) 0,
(b) 0.1, (c) 0.5, (d) 1, (e) 2, (f) 5, (g) 10 and (h) 20 wt %. (Reprinted with permission
from [87]. Copyright 2020 American Chemical Society.)

7.1.2 Nanoscale morphology

To study the film surface morphology at the nanoscale, AFM is applied. The nanos-
tructure of the pure films (NP-free PS-b-PMMA) is shown in Figure 7.2, where the dark
matrix and bright domains are the PS and PMMA blocks, respectively. According to our
previous study on the DBC with a PMMA volume fraction of 0.09, the morphology of
the pure film should be spherical [26].

Figure 7.2: AFM images of hybrid films with increasing iron oxide NP concentration. (a) 0,
(b) 0.1, (c) 0.5, (d) 1, (e) 2, (f) 5, (g) 10 and (h) 20 wt %. The dark matrix, bright domains,
and brighter dots are PS, PMMA, and iron oxide NPs, respectively. In (b) and (c), the blue
circles show the NPs are selectively located at the interface between PS and PMMA domains.
(Reprinted with permission from [87]. Copyright 2020 American Chemical Society.)

With iron oxide NP loading, brighter dots (iron oxide NPs) appear at the interface
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between the PS and the PMMA domains first (Figure 7.2b and 7.2c), then more and
more white dots appear in the area of the PMMA spheres as shown in Figure 7.2d, 7.2e,
7.2f, 7.2g, and 7.2h. For a better view of the iron oxide NPs, the corresponding AFM
phase images (Figure 7.3) and SEM images (Figure 7.4, 7.5 and 7.6) are also displayed.

Figure 7.3: AFM phase images of hybrid films with increasing iron oxide NP concentration.
(a) 0, (b) 0.1, (c) 0.5, (d) 1, (e) 2, (f) 5, (g) 10 and (h) 20 wt %. In (b) and (c), the blue
circles show the NPs are selectively located at the interface between PS and PMMA domains.
(Reprinted with permission from [87]. Copyright 2020 American Chemical Society.)

Figure 7.4: SEM images of the NP-DBC hybrid films with iron oxide NP concentration of
(a) 0.1 wt % and (b) 0.5 wt %. The NPs are selectively located at the interface between PS
and PMMA domains, and are marked with blueorange circles. (Reprinted with permission
from [87]. Copyright 2020 American Chemical Society.)

Interestingly, instead of an increase of the PMMA sphere size, an obvious decrease is
found with a NP concentration of 0.5 wt %. Such behavior can be explained by the
location of the NPs. As seen in AFM (Figure 7.2b, 7.2c, 7.3b and 7.3c, marked with
blue circles) and SEM (Figure 7.4a and 7.4b, marked with blue circles) images, the NPs
are selectively located at the interface between PS and PMMA domains, due to a large
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interfacial tension caused by the strong segregation strength χN of the UHMW DBC
PS-b-PMMA [31, 201]. The selective localization of NPs at the interface is beneficial for
reducing the interfacial tension [31]. Thus, in this case, less stretching of the polymer
chains is necessary for accommodating the unfavorable contacts of PS and PMMA [202].

Figure 7.5: SEM images of the NP-DBC hybrid films with iron oxide NP concentration
of (a) 1 wt %, (b) 2 wt % and (c) 5 wt %. The NPs are located preferentially in the
PMMA domains, and are marked with green circles. (Reprinted with permission from [87].
Copyright 2020 American Chemical Society.)

Figure 7.6: SEM images of the NP-DBC hybrid films with iron oxide NP concentration of
(a) 10 wt % and (b) 20 wt %. The formation of chain-like NP aggregates. (Reprinted with
permission from [87]. Copyright 2020 American Chemical Society.)

As the NP concentration increases from 0.5 to 5 wt %, more and more NPs and small
NP aggregates (white dots in Figure 7.2d, 7.2e, and 7.2f) appear, resulting in a significant
increase of the polymer elastic penalty. To minimize the polymer elastic penalty [31], the
NPs and NP aggregates are preferentially located inside the PMMA spheres (Figure 7.2e-
2f and 7.5b-c) due to the hydrogen bonding between the carboxylic acid ligands of NPs
and the ester groups of PMMA. This is consistent with the results we observed in thick
films, as shown in Figure 7.7 (cross-section TEM images). A further increase of the NP
concentration to 10 wt % results in a deformation of the spherical structure of the PMMA
domains, leading to the formation of PMMA ellipsoids (Figure 7.2g). Such ellipsoidal
PMMA domain is caused by chain-like NP aggregates (a head-to-tail orientation, see
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in Figure 7.6a), which are formed by strong dipolar coupling among the magnetic NPs
at room temperature [203, 204]. The formation of such chain-like NP aggregates inside
the PMMA block deforms the hosting domain. With the highest NP concentration, a
discontinuous film appears (Figure 7.2h and 7.6b), which results from an overload of NPs.

Figure 7.7: Cross-sectional TEM images of thick NP-DBC hybrid films with iron oxide NP
concentration of (a) 0.5 wt % and (b) 5 wt %. The NPs are located at the interface between
PS and PMMA domains and in the PMMA domains, and are marked with blue circles and
green circles, respectively. An ultramicrotom is applied to cut the thick film (around 30 m)
into thin film (around 40 nm) on a Cu grid for the cross-sectional TEM measurements.
(Reprinted with permission from [87]. Copyright 2020 American Chemical Society.)

7.2 Film thickness

To accurately determine the thickness of the hybrid films, XRR measurements are per-
formed for the homogenous films (< 10 wt %) and surface profilometry measurements for
the rough films (≥ 10 wt %), because XRR is not suitable for rough films [166]. Thus,
in Figure 7.8a XRR data of hybrid films with NP concentrations of 0, 0.1, 0.5, 1, 2, and
5 wt % are shown. Figure 7.8b shows the thickness of the hybrid films as a function of
iron oxide NP concentration. At NP concentrations below 10 wt %, film thicknesses are
extracted from the fits of corresponding XRR data. The film thickness increases linearly
from 51 ± 0.3 nm (pure) to 74 ± 0.5 nm (5 wt %), due to the space required by the added
NPs inside the films. For a further increase in the NP concentration the film thickness
increases non-linearly from 74 ± 0.5 nm (5 wt %) to 92 ± 6 nm (20 wt %), because NPs
are no longer mostly embedded inside the hybrid films. Instead, excessive NPs are on the
sample surface at high NP concentrations [178].
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Figure 7.8: (a) XRR data (black dots) of hybrid films at different iron oxide NP concen-
trations. Curves with fits (red solid lines) from bottom to top refer to hybrid films with NP
concentrations of 0, 0.1, 0.5, 1, 2, and 5 wt %. (b) Film thickness plotted as a function
of iron oxide NP concentration as measured by XRR (solid box) and surface profilometry
(empty box). The black solid line serves as a guide to the eye. (Reprinted with permission
from [87]. Copyright 2020 American Chemical Society.)

7.3 Film inner morphology

The buried nanostructures are investigated with GISAXS [129]. Figure 7.9 shows the 2D
GISAXS data of hybrid films with different iron oxide NP concentrations. With increasing
NP concentration, the 2D GISAXS data change significantly. Interestingly, an extended
intensity streak (Bragg rod, marked with red arrow) is observed at a NP concentration
of 0.5 wt % (Figure 7.9c). This indicates a formation of a well-ordered nanostructure
within the hybrid film. Moreover, the intensity becomes more and more prominent in the
Yoneda region with increasing NP concentration, due to an enhancement of the electron
density contrast with increasing NP content.

For a quantitative analysis, horizontal line cuts are performed at the Yoneda peak
position from 2D GISAXS data and plotted together with the corresponding fits as shown
in Figure 7.10a. In the fit procedure, the distorted-wave Born approximation (DWBA)
based on the effective interface approximation (EIA) is applied for modeling the structures
of the hybrid films [205]. Considering the observations from AFM and SEM, a spherical
geometry is assumed for the PMMA domains and the iron oxide NPs [200].

In Figure 7.10a, in the GISAXS data two main features are observed. They are structure
factors of the PMMA domains and the iron oxide NPs and are marked with I and II,
respectively. For the NP-free (pure) PS-b-PMMA sample, a shoulder-like peak (qy =
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0.032 nm−1, denoted as peak I, shown as a solid blue arrow in Figure 7.10a) is observed,
which resembles the distance between two neighboring PMMA spheres. From the fit of
the pure film, a structure with a PMMA sphere radius of 47 nm and an inter-domain
distance of 195 nm is extracted. However, the film thickness is only 51 ± 0.3 nm (Figure
7.8b), which is less than the PMMA sphere diameter (94 nm). Thus, the film is highly
confined and the formation of a full-sphere is not possible. The polymer blocks have to
adopt a half-spherical morphology to realize the characteristic structure (L0) in lateral
direction [29,57,58].

Figure 7.9: 2D GISAXS data of hybrid films with different iron oxide NP concentrations: (a)
0, (b) 0.1, (c) 0.5, (d) 1, (e) 2, (f) 5, (g) 10 and (h) 20 wt %. The specular peak is shielded
by a beamstop. In (c), the red arrow shows the order peak. (Reprinted with permission from
[87]. Copyright 2020 American Chemical Society.)

As the NP concentration increases to 0.5 wt %, peak I shifts to higher qy values and
becomes more prominent, which indicates the formation of smaller inter-domain distances
of PMMA spheres with higher ordered structures. The corresponding average PMMA
sphere radius and inter-domain distance, extracted from peak I, decrease from around
47 nm to 35 nm (Figure 7.10b) and from around 195 nm to 137 nm (Figure 7.10c),
respectively. Such decreases are consistent with the observation obtained from the AFM
analysis discussed above. However, with increasing NP concentration from 0.5 to 10 wt %,
peak I gets less prominent and shifts to lower qy values (Figure 7.10a). The corresponding
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average PMMA domain radius and inter-domain distance increase from around 35 nm to
53 nm and from around 137 nm to 210 nm, respectively. This increase can be explained
by the incorporation of NPs inside the PMMA domains, resulting in an expansion of
the PMMA domain radius and inter-domain distance. During SVA, the mobility of the
polymer chains is enhanced. Thus, the mobile chains are able to adjust themselves for
accommodating more NPs. As a result, the ordered spherical morphology is perturbed
with increasing PMMA domain sizes.

Figure 7.10: (a) Horizontal line cuts obtained from the 2D GISAXS data for hybrid films
with different iron oxide NP concentrations (from bottom to top: 0, 0.1, 0.5, 1, 2, 5, 10 and
20 wt %). The fits are indicated with red solid lines. For clarity, all curves are shifted along
the intensity axis. Peak I and II are structure factors of PMMA spheres and iron oxide
NPs, respectively. The structure results from a constant Ornstein-Zernike-like contribution
at high qy, which is indicated with a dashed orange arrow. Feature structures extracted from
the fits are (b) radius and (c) distance of the nanostructures. The dashed lines in (b) and
(c) serve as a guide to the eye. (Reprinted with permission from [87]. Copyright 2020
American Chemical Society.)

Moreover, as discussed above, from the AFM and SEM images (Figure 7.2g and 7.6),
at a NP concentration of 10 wt %, part of the PMMA spheres are severely deformed
into ellipsoids for accommodating the chain-like NP aggregates. These random ellipsoids
accelerate the formation of ill-defined PMMA structures, as shown by the large error bars
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in Figure 7.10b and 7.10c (NP concentration = 10 wt %). For further increase in the
NP concentration from 10 to 20 wt %, peak I stays at a low qy value. Figure 7.10b and
7.10c show the corresponding average PMMA domain radius and inter-domain distance,
extracted from the fits, which are maintained at around 53 nm and 210 nm, respectively.
Such constant values indicate the over-saturation of the PMMA domains with NPs.

In addition, with NP concentrations ≥ 0.5 wt %, another broad scattering feature
(peak II, shown as a solid purple arrow) appears at higher qy values (Figure 7.10a), which
represents the structure factor of the iron oxide NPs. The corresponding NP radius stays
constant at 13.5 ± 0.3 nm, while the center-to-center distance decreases from 40 ± 3 nm
(0.5 wt %) to 28 ± 1 nm (1 wt %), and then remains constant at 28 ± 1 nm (Figure 7.10b
and 7.10c).

Moreover, an additional scattering feature is seen at a rather high qy value (shown as
a dashed orange arrow), which is modelled with a constant Ornstein-Zernike-like con-
tribution [170, 171]. The Ornstein-Zernike like contribution is the so-called correlation
length, which can be considered as the distance between the neighboring entanglement
points [171]. As the NP concentration increases, it becomes more prominent. Such phe-
nomenon is caused by the redistribution of polymer chains due to more and more polymer
chains stretching around the NPs at higher NP concentration.

7.4 Evolution of morphology

To present the entire morphological evolution of the NP-DBC hybrid films with increas-
ing iron oxide NP concentration, a simplified sketch is shown in Figure 7.11. Via SVA,
perpendicularly aligned large PMMA half-spheres are obtained in the pure (Figure 7.11a)
UHMW DBC film. At low NP concentrations (0.1 and 0.5 wt %), the NPs are prefer-
entially located at the interface of PS and PMMA phases (Figure 7.11b and 7.11c), the
PMMA half-sphere size and inter-PMMA half-sphere distance decrease, and the order of
the spherical structure is enhanced. It reaches the highest order at a NP concentration of
0.5 wt % (Figure 7.11c). At intermediate NP concentrations (Figure 7.11d), the previous
ordered structure is perturbed, which is caused by the expansion of the PMMA domains
for accommodating more NPs. However, further addition of NPs to a concentration of
10 wt % (Figure 7.11e) leads to a morphology change from half-sphere to half-ellipsoid for
part of the PMMA domains. Such transition is caused by stronger dipoles among large
iron oxide NPs, favoring the formation of NP chains. Finally, at very high NP concentra-
tion, a discontinuous film is observed (Figure 7.11f), due to the formation of larger NP
aggregates on the film surface.
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Figure 7.11: Schematic representation of the morphology evolution of the (a) pure UHMW
DBC film, and the NP-DBC hybrid films with (b) very low (0.1 wt %), (c) low (0.5 wt %),
(d) intermediate (1 - 5 wt %), (e) high (10 wt %), and (f) very high (20 wt %) iron oxide NP
concentrations. (Reprinted with permission from [87]. Copyright 2020 American Chemical
Society.)

7.5 Magnetic properties

7.5.1 Influence of temperature

Magnetization measurements are recorded by applying an external magnetic field (range
from -7000 to 7000 Oe) parallel to the sample surface. To study the influence of the
temperature on the magnetic behavior, a selected hybrid film with a NP concentration of
5 wt % is measured at different temperatures (Figure 7.12). The hybrid film is ferrimag-
netic at all temperatures. As the temperature increases from 5 to 300 K, the hysteresis
loop becomes narrower, especially for temperatures from 200 K (Figure Figure 7.12a).
The corresponding remanence (Mr) and coercivity (Hc) decrease from around 0.95 to
0.64 emu cm−3 and from around 90 to 46 Oe, respectively (Figure Figure 7.12b). The
observed behavior of Mr and Hc is caused by thermal fluctuations [196,206]. With increas-
ing temperature, the magnetic moments fluctuate faster, causing an increase in random
anisotropy of the magnetic domains. Moreover, a strong temperature dependence of the
magnetic susceptibility (χ) is shown in Figure 7.12b. The higher the temperature, the
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faster the magnetic response (higher χ), which is consistent with a previous study on
magnetic NP-DBC films [13].

Figure 7.12: Magnetic property of the NP-DBC hybrid film with an iron oxide NP concen-
tration of 5 wt %. (a) Magnetic hysteresis loops recorded at different temperatures (from 5
to 300 K), and shown in the magnetic field range from -1200 to 1200 Oe. The hysteresis
loops in the full field range from -7000 to 7000 Oe are displayed in the inset. (b) Remanence
(Mr), coercivity (Hc) and magnetic susceptibility (χ) are extracted from the corresponding
hysteresis loops and plotted as a function of temperature. The red solid lines serve as a guide
to the eye. (Reprinted with permission from [87]. Copyright 2020 American Chemical So-
ciety.)

7.5.2 Influence of NP concentration

Figure 7.13a shows the impact of the NP concentration on the magnetic properties of the
NP-DBC hybrid films. The magnetic hysteresis loops are obtained at a temperature of
300 K, with an applied external magnetic field (from -7000 to 7000 Oe) parallel to the
sample surface. All hybrid films are ferromagnetic at room temperature (300 K) with a
coercivity (Hc) of about 46 Oe. The corresponding remanence (Mr), saturation magneti-
zation (Ms) and relative remanence (Mr/Ms), extracted from Figure 7.13a, are plotted as
a function of NP concentration (Figure 7.13b). With increasing NP concentration, both
Mr and Ms increase evenly with similar tendency due to more NPs can provide more free
flipping of magnetic moments. As a result, the ratio Mr/Ms remains unchanged, which
is independent of NP concentration. This is consistent with previous studies of magnetic
NP-DBC films [10,164].
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Figure 7.13: (a) Magnetic hysteresis loops of the NP-DBC hybrid films with various iron
oxide NP concentrations, in a magnetic field ranging from -1200 to 1200 Oe. All samples
are measured at a temperature of 300 K. The hysteresis loops in the full field range from
-7000 to 7000 Oe are displayed in the inset. (b) Remanence (Mr), saturation magnetization
(Ms) and relative remanence (Mr/Ms) extracted from the corresponding hysteresis loops and
plotted as a function of NP concentration. The red solid lines serve as a guide to the eye.
(Reprinted with permission from [87]. Copyright 2020 American Chemical Society.)

7.5.3 Magnetic anisotropy

As discussed earlier from the AFM and SEM images (Figure 7.2g, 7.6a and 7.14), at a NP
concentration of 10 wt %, part of the NPs are aggregated to chain-like NP aggregates with
a head-to-tail orientation. If the chain-like NP aggregates, as shown in Figure 7.14, are
not randomly aligned in the film, they should exhibit a magnetic anisotropic behavior.
In order to verify this, a magnetization curve is measured for the sample with a NP
concentration of 10 wt %, in which the applied external magnetic field (B) is rotated by
90o in the film plane, as shown in Figure 7.14 (from B1 to B2).

Figure 7.14 shows the NP chains are aligned closer to the B2 direction compared to the
B1 direction (more blue rectangles versus red rectangles). For comparison, a reference
sample (5 wt % NP) without chain-like NP aggregates is also measured under the same
conditions. Figure 7.15a shows the effect of NP aggregate morphology on the magnetic
properties of the NP-DBC hybrid films at T = 300 K. For the sample with a NP con-
centration of 5 wt %, no magnetic anisotropy is observed. However, for the sample with
a NP concentration of 10 wt %, it shows a weak magnetic anisotropy. Ms and χ are
slightly higher in the B2 versus B1 directions (Figure 7.15b), due to the alignment of NP
chains closer to the B2 direction (Figure 7.14), whereas a slightly lower Hc is observed
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in the B2 direction (Figure 7.14b). In general, a higher Hc should be obtained when the
magnetic field is oriented closer to the easy axis (NP chain’s direction). Thus, in addition
to the effects of simple anisotropy, the possible mechanisms of magnetization reversal also
need to be considered. There are two possible mechanisms, “parallel rotation mechanism”
and “fanning mechanism”, for the magnetization reversal [207,208]. It has been reported
that if the magnetization reversal follows a “fanning mechanism”, Hc is decreased with
decreasing ψ (an angle between the NP chain and the applied magnetic field B) from a
critical angle ψ0 (between 54.8o and 49.8o) [207]. Thus, a lower Hc is obtained when the
applied magnetic field is oriented closer to the easy axis (NP chain’s direction).

Figure 7.14: SEM image of the NP-DBC hybrid film with iron oxide NP concentration of
10 wt %. B1 and B2 are external magnetic fields, which are applied in two orthogonal direc-
tions in the film plane to determine the magnetic property of the hybrid film at temperature
of 300 K. The NP chains (with three or more single NPs) align along the directions of B1
and B2 are marked with red and blue rectangles, respectively. (Reprinted with permission
from [87]. Copyright 2020 American Chemical Society.)
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Figure 7.15: (a) Magnetic hysteresis loops of the selected NP-DBC hybrid films with iron
oxide NP concentrations of 5 and 10 wt % at a temperature of 300 K, and shown in the
magnetic field range from -1200 to 1200 Oe. The hysteresis loops in the full field range from
-7000 to 7000 Oe are displayed in the inset. B1 and B2 are external magnetic fields, which
are applied in two orthogonal directions in the film plane. (b) Saturation magnetization
(Ms), coercivity (Hc) and magnetic susceptibility (χ), are extracted from the corresponding
hysteresis loops and plotted as a function of NP concentration. B1 (red dots) and B2 (blue
dots) orientations are compared. (Reprinted with permission from [87]. Copyright 2020
American Chemical Society.)

7.6 Summary

In this chapter, we report a facile method for the fabrication of ferromagnetic hybrid films
containing large iron oxide NPs with diameters of 27.0 ± 0.6 nm.

The UHMW linear DBC PS-b-PMMA with large domains is utilized to template large
iron oxide NPs. The localization of the NPs inside the UHMW DBC is investigated as
a function of the NP concentration. For small amounts of NPs, the decrease in poly-
mer interfacial tension is dominant. The NPs are located preferentially at the interface
between the PS and PMMA domains, resulting in a decrease of PMMA domain sizes
and inter-domain distances. Moreover, low NP loading helps to enhance the order of
the half-spherical structure, and a well-ordered half-spherical morphology is observed at
a NP concentration of 0.5 wt %. At high NP concentrations, the decrease in polymer
elastic penalty becomes dominant. The NPs are preferentially located inside the PMMA
domains, which leads to an expansion of the PMMA domains and inter-domain distances.
As a result, the previously ordered half-spherical morphology is perturbed resulting in an
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increased PMMA domain sizes. Interestingly, a change in the morphology from sphere
to ellipsoid is seen for part of the PMMA domains at NP concentrations above 5 wt %.
Such transition is caused by the formation of chain-like NP aggregates.

Magnetic properties of the hybrid films are probed via SQUID magnetometry. SQUID
data show that the hybrid film containing chain-like NP aggregates exhibit a weak mag-
netic anisotropy at NP concentration of 10 wt %. All hybrid films are ferromagnetic at
room temperature and are therefore good candidates for potential applications in mag-
netic data storage.



8 Spray deposited anisotropic
ferromagnetic hybrid polymer films

Parts of this chapter have been published in the article: Spray-deposited
anisotropic ferromagnetic hybrid polymer films of PS-b-PMMA and stron-
tium hexaferrite magnetic nanoplatelets [146]. (Reprinted with permission
from (W. Cao et al., ACSAppl. Mater. Interfaces, 2021, 13, 1592�1602.).
Copyright 2021 American Chemical Society. DOI: 10.1021/acsami.0c19595).

In the previous chapter 7, magnetic hybrid polymer films containing iron oxide NPs
and UHMW PS-b-PMMA DBC are fabricated. All hybrid films are ferromagnetic at room
temperature. However, the coercivity of the obtained iron oxide NP-DBC hybrid film is
only around 46 Oe, which is too small to meet advanced requirements in data storage
applications.

To obtain films with high coercivity, M-type hexaferrite magnetic nanoplatelets with
high coercivity can be utilized [34,120]. They are hard magnetic materials with a platelet-
like shape and a high magnetic anisotropy [35]. Earlier works showed that coerciv-
ity depended on a favorable orientation of the magnetic nanoplatelets [119, 209]. To
achieve the favorable orientation of the nanoplatelets, various approaches, such as an-
odic aluminum oxide (AAO) template, electrostatic attraction and external magnetic
field, were used [119, 209, 210]. For instance, Lukatskaya et al. successfully controlled
the arrangement of aluminum doped magnetic strontium hexaferrite nanoplatelets by us-
ing AAO membrane as a template [209]. Kushnir et al. prepared strontium hexaferrite
nanoplatelets with positive charges and observed a fixed orientation of the nanoplatelets
on a negatively surface charged glass substrate [119]. Such orientation was caused by the
electrostatic attraction between the positive charges of the nanoplatelets and the negative
charges of the substrate surface, which allowed the large facet of the nanoplatelets to
align parallel to the surface of the substrate. Shuai et al. utilized an external magnetic
field to align the moments of ferromagnetic nanoplatelets and investigated the mecha-
nism of magnetomechanical effects [210]. Apart from these approaches, utilization of
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DBC templates is also an efficient way to control the orientation of the nanoplatelets.
For example, Krook et al. utilized a lamellar PS-b-PMMA to template the alignment of
the rhombic nanoplatelets, which were gadolinium trifluoride doped with ytterbium and
erbium [211,212].

So far, concerning nanoplatelets-DBC hybrid films, less attention has been paid to the
use of magnetic nanoplatelets and the study of kinetic processes during film fabrication.
Due to the orientation-dependent magnetic properties of the magnetic nanoplatelets, it
is of great significance to systematically investigate the kinetic processes during the film
preparation process. GISAXS has proven to be a suitable approach for in situ morphology
studies, which provided an in-depth understanding of fundamental kinetic processes [13,
154]. In a previous study, GISAXS was successfully applied to study the kinetics of
superparamagnetic NPs-DBC hybrid films during spray deposition [13]. The effects of
the magnetite NPs on the film formation and DBC morphology were identified. However,
the used magnetic NPs were spherical, which limited the investigation of their orientation
during spray deposition. Moreover, the hybrid film exhibited superparamagnetic behavior,
instead of a ferromagnetic behavior that can be used in data storage applications [6,213].

In the present study, spray deposition, a scalable technique, is applied to prepare ferro-
magnetic hybrid films from solution precursors, which contain UHMW DBC PS-b-PMMA
and strontium hexaferrite nanoplatelets. Compared to DBCs with low or intermedi-
ate molecular weight, UHMW DBCs can provide more space to host the nanoplatelets
due to the large nanostructures formed by microphase separation [18]. During spray
deposition, kinetic processes of the DBC morphology and the orientation of the mag-
netic nanoplatelets are monitored by in situ GISAXS measurements. A pure DBC film
without nanoplatelets is also prepared as a reference. The scattering data suggest that
the average tilt angle between the nanoplatelet large facet and substrate surface nor-
mal is decreased over spray time, which is caused by the dipole-dipole interactions be-
tween magnetic nanoplatelets and the interaction among the substrate, PMMA block and
nanoplatelets. The obtained final dried films are then solvent vapor annealed inside a
closed chamber with tetrahydrofuran (THF) to study the influence of solvent vapor an-
nealing (SVA). To probe the surface structures and magnetic properties of the final films
before and after SVA, characterizations, with scanning electron microscopy (SEM) and
superconducting quantum interference device (SQUID) magnetometry, are applied. Re-
sults show that ferromagnetic hybrid polymer films with high coercivity can be achieved
via spray deposition, which is beneficial to scale up the fabrication of hybrid films for
magnetic data storage applications [34]. Moreover, the hybrid film shows perpendicular
magnetic anisotropy before SVA while a weak magnetic anisotropy remains after SVA,
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which renders these hybrid films as interesting candidates for magnetic data storage and
sensors [214].

8.1 Spray deposition

The solution used for spray deposition is prepared from a mixture of UHMW PS-b-PMMA
DBC and strontium hexaferrite nanoplatelets dissolved in a solvent DMF with a fixed
DBC concentration of 6 mg mL−1. The weight ratio of nanoplatelets to the PS-b-PMMA
is 3 wt %. The utilized PS-b-PMMA has an average molar mass of 870 kg mol−1 with the
PMMA volume fraction of 0.173. The strontium hexaferrite nanoplatelets are synthesized
by Trusov group and are functionalized with polyacrylic acid (PAA). The nanoplatelets’
average diameter of the large facet is around 39 nm and average thickness is around
5.5 nm. For reference, a pure DBC solution without nanoplatelets is prepared with the
same conditions. Silicon wafers are cut into the size of 20 mm × 20 mm and cleaned
before spray deposition. The whole spray process is performed in a custom-made spray
set up equipped with a spray gun. The spray protocol consists of 20 cycles. Each cycle is
defined as 0.1 s spray-on (spraying) and 2.0 s spray-off (waiting). Details of the utilized
materials and spraying can be seen from the chapter 4 (sample preparation).

To track the structure evolution of spray deposited films, GISAXS measurements are
performed in situ during the 42 s spray time, which is calculated by (0.1 s spraying +
2.0 s waiting) × 20 cycles (Figure 4.9). The in situ measurements are performed at
PETRA III (MiNaXS/P03 beamline) at DESY (Hamburg, Germany) [215] with an X-ray
wavelength of 0.0965 nm. To avoid beam damage and to also obtain information on the
measured samples over a large area, the sample stage keeps scanning in a 15 mm range
along the sample surface y-direction, which is normal to the X-ray beam direction [13].
The scattering signal is collected on a 2D detector Pilatus 300 K (Dectris Ltd.; pixel size
of 172 µm × 172 µm) with each frame of 0.1 s measurement time. The statistics of the
scattering signal are improved by integrating 10 frames to 1 frame with 1 s because there
is no morphological change in a time range of less than 1 s [13]. To probe the desirable
nanostructures in the sprayed films with full depth, the sample-detector distance and
incidence angle of the X-ray beam are set to 4340 mm and 0.4o, respectively.

8.2 Surface morphology before solvent vapor annealing

For final spray deposited films (pure and hybrid), SEM is used to examine their surface
morphologies before SVA, as shown in Figure 8.1. Figure 8.1a shows the SEM image of the
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final pure PS-b-PMMA film, in which the bright and dark parts are the PS and PMMA
blocks, respectively [187]. Due to the use of UHMW DBC, a very high segregation strength
χN between PS and PMMA blocks is obtained [31]. According to the self-consistent field
theory, [40] such very high segregation strength leads to the realization of a cylindrical
morphology of the DBC, although the PMMA volume fraction of DBC is only 0.172.
Thus, the morphology of the PMMA domains should be cylindrical. In Figure 8.1a, lying-
down and perpendicular PMMA cylinders are observed. They can be better identified
from Figure 8.1c, which is an enlarged view of Figure 8.1a. The average diameter of the
PMMA cylinders and the average length of the lying-down PMMA cylinders are around
26 nm and 103 nm, respectively.

Figure 8.1: SEM images of the spray deposited final films before SVA of (a, c) pure DBC ref-
erence film and (b, d) ferromagnetic hybrid film containing 3 wt % of magnetic nanoplatelets
at (a, b) low and (c, d) high magnifications. (Reprinted with permission from [146]. Copy-
right 2020 American Chemical Society.)

With magnetic nanoplatelets loading, brighter objects (magnetic nanoplatelets) appear
in the area of PS matrix of the DBC film as shown in Figure 8.1b, 8.1d (an enlarged
view of Figure 8.1b) and Figure 8.2. Due to the hydrogen bonds between ester groups of
PMMA and polyacrylic acid (PAA) ligands of magnetic nanoplatelets, the nanoplatelets
should be located preferentially inside the PMMA cylinders [145]. However, the size
of the nanoplatelets is too large to be located inside the PMMA cylinders with an av-
erage diameter of around 26 nm. As shown in Figure 4.4, the nanoplatelets’ average
diameter of the large facet is around 39 nm and average thickness is around 5.5 nm.
Moreover, during spray deposition, the film formation speed is too fast [216], causing the
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nanoplatelets do not have sufficient time to undertake vigorous movements [217]. As a
result, the nanoplatelets are trapped inside the PS matrix, which has sufficient space for
the accommodation of nanoplatelets and the final sprayed films exhibit a non-equilibrium
morphology.

Figure 8.2: SEM images of the spray deposited final ferromagnetic hybrid film containing
3 wt % of magnetic nanoplatelets before SVA at (a) low and (b) high magnifications. In (b),
on the top right corner is a zoomed-in image, which is used to show the position of magnetic
nanoplatelets. (Reprinted with permission from [146]. Copyright 2020 American Chemical
Society.)

8.3 Morphology evolution during spray deposition

To monitor the morphology evolution of the reference and hybrid films during spray
deposition, in situ GISAXS measurements are applied. A schematic view of the spray
deposition with simultaneous in situ GISAXS measurements is shown in Figure 4.9. In
the selected spray protocol, 20 spray cycles are applied and each cycle consists of 0.1 s
spraying (spray-on) and 2 s waiting (spray-off). The temperature of the substrate is
controlled at 170 ◦C via a heating plate, which is slightly higher than the boiling point of
dimethylformamide (DMF) (153 ◦C) [150], being used to dissolve PS-b-PMMA and the
magnetic nanoplatelets. Therefore at 170 ◦C, the rapid drying of the deposited hybrid
films means to operate the spray process in the dry-spray regime [13]. Moreover, the
temperature of 170 ◦C is also higher than the glass transition temperature of both PS
and PMMA blocks (around 105 ◦C). However, considering the utilized UHMW DBC with
highly entangled chain conformations [25], significant movement of the DBC chains are
not expected in the very short spray time (less than 1 minute). Thus, in the present
study, the influence of the temperature on the DBC evolution can be ignored.
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8.3.1 Pure DBC reference film

For the pure DBC reference film, the selected 2D GISAXS data with different spray times
are shown in Figure 8.3. As the spray time increases, the overall scattering intensity
increases, which is caused by a growing amount of DBC on the substrate over time [154].

Figure 8.3: Selected 2D GISAXS data of the pure DBC reference film measured during in
situ spray deposition at different times as indicated (top left corner). A red rectangle in
2.1 s represents the horizontal line cut along qy direction. (Reprinted with permission from
[146]. Copyright 2020 American Chemical Society.)

In order to quantitatively analyze the structure evolution during spraying, horizontal
line cuts of the 2D GISAXS data are taken as shown in Figure 8.3 (2.1s). The selected
horizontal line cuts (Figure 8.4a, black dots) are modeled based on the distorted-wave
Born approximation, which relates to the effective interface approximation [126, 192].
Considering the observations from SEM, two different cylindrical geometries (form fac-
tors), which represent the radii of PMMA elongated structure (half-length of lying-down
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PMMA cylinder) and PMMA cylinders, are assumed in the model. Detailed modeling
parameters can be found in the Supporting Information. The fits, extracted radii and
distances are displayed in Figure 8.4a (red lines), 8.4b and 8.4c, respectively.

Figure 8.4: (a) Selected horizontal line cuts (black dots) from the 2D GISAXS data of
pure DBC reference film with increasing spray cycle number (1st, 2nd, 4th, 6th, 8th, 10th,
12th, 16th, and 20th from bottom to top, corresponding to the spray time of 2.1 s, 4.2 s,
8.4 s, 12.6 s, 16.8 s, 21 s, 25.2 s, 33.6 s, and 42 s). The red lines show the fits. Curves are
shifted along the intensity axis for clarity of the presentation. Structure I (purple arrow) and
II (blue arrow) are structure factors of PMMA elongated structure and PMMA cylinders,
respectively. (b) Radius and (c) distance of the nanostructures extracted from the fits. The
dashed lines in (b) and (c) serve as a guide to the eye. (Reprinted with permission from
[146]. Copyright 2020 American Chemical Society.)

In Figure 8.4a, two main features are observed and denoted with structure I and struc-
ture II in the GISAXS data, which correspond to the structure factors of PMMA elongated
structure (lying-down PMMA cylinders along the length direction) and PMMA cylinders
(all PMMA cylinders along the radius direction), respectively. As the spray cycle num-
ber increases, structure I remains constant and becomes weaker, indicating the formation
of unchanged center-to-center distance of neighboring PMMA elongated structure with
less ordered structures. The average radius and center-to-center distance of the PMMA
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elongated structure remain stable at around 51 ± 3 nm (Figure 8.4b) and 211 ± 37 nm
(Figure 8.4c) during the entire spray process. Such unchanged radius and distance are
similar to our previous research on spraying DBC films [13].

During spraying, the DBC solution is first atomized into a multitude of droplets. These
droplets are then carried onto the substrate driven by the nitrogen flow [218]. Due to the
flying time of the droplets from the nozzle to the substrate surface, part of the solvent in
the droplets has been evaporated before the droplets reach the substrate [154]. Moreover,
the high temperature of the substrate (170 ◦C) causes an extremely rapid evaporation
of the residual solvent (dry-spray regime) [13]. Thus, the average domain radius and
average center-to-center distance remain constant over the spray deposition. However, as
spray deposition progresses, less free substrate surface is exposed and more DBC material
is deposited on the previously deposited discontinuous DBC film [13]. This change in
surface coverage can cause a change in the orientation of the PMMA cylinders related to
the effect of the substrate and free surface. The reason is as follows: Due to the presence
of hydrophilic SiOx on the silicon substrate surface caused by the acid cleaning process
with an acid solution, the interfacial energy substrate-PMMA is lower than the interfacial
energy substrate-PS, leading to segregation of the PMMA block at the substrate surface
accompanied with the formation of lying-down PMMA cylinders [195,219]. Since PMMA
has a slightly higher surface energy than PS at 170 ◦C, on the film surface less lying-down
PMMA cylinders remain [194]. The previous work by Ji et al. confirmed that the number
of tilted (lying-down) cylinders decreased as they were close to the free surface [220].
In later spray stages, such difference between the substrate and film surface leads to
the formation of less lying-down PMMA cylinders, causing a broader distribution of the
center-to-center distance of the PMMA elongated structure. As a result, the structure
order of the overall PMMA elongated structure in the entire film becomes weak (Figure
8.4a), as shown by the error bars in Figure 8.4c. In contrast, there are no obvious
changes in the value and error bar extracted from structure II (structure factor of PMMA
cylinders) during the entire spray process (Figure 8.4c). The corresponding average radius
and center-to-center distance of the PMMA cylinders remain constant at around 13 ± 3
nm (Figure 8.4b) and 58 ± 7 nm (Figure 8.4c), respectively.

8.3.2 Hybrid polymer film

For the ferromagnetic hybrid film containing 3 wt % magnetic nanoplatelets, the selected
2D GISAXS data with different spray times are shown in Figure 8.5. As the spray time
increases, the scattering intensity increases which is similar to the observations in case of
the pure DBC reference film. However, 2D GISAXS data of the ferromagnetic hybrid film
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show a higher intensity along the qy direction compared to the reference film, because of
the presence of magnetic nanoplatelets.

Figure 8.5: Selected 2D GISAXS data of the ferromagnetic hybrid film measured during
in situ spray deposition at different times as indicated (top left corner). (Reprinted with
permission from [146]. Copyright 2020 American Chemical Society.)

Figure 8.6a shows selected horizontal line cuts (black dots) and corresponding fits (red
lines) from the 2D GISAXS data of ferromagnetic hybrid film (Figure 8.5). Due to the
presence of the magnetic nanoplatelets, an additional cylindrical geometry is required in
the model to fit the horizontal line cuts of the hybrid film. It is noticeable that three
main features (denoted with structures I, II, and III) are observed in the GISAXS data
(Figure 8.6a). Moreover, from the 2D mapping of the scattering data versus spray time
as extracted from all horizontal line cuts (Figure 8.7), one can also observe the additional
structure from magnetic nanoplatelets at high qy values in the hybrid film compared to
the pure film.
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Figure 8.6: (a) Selected horizontal line cuts (black dots) from the 2D GISAXS data of
ferromagnetic hybrid film with increasing spray cycle number (1st, 2nd, 4th, 6th, 8th, 10th,
12th, 16th, and 20th from bottom to top, corresponding to the spray time of 2.1 s, 4.2 s,
8.4 s, 12.6 s, 16.8 s, 21 s, 25.2 s, 33.6 s, and 42 s). The red lines show the fits. Curves are
shifted along the intensity axis for clarity of the presentation. Structure I (purple arrow),
II (blue arrow) and III (green arrow) are structure factors of PMMA elongated structure,
PMMA cylinders and magnetic nanoplatelets, respectively. (b) Radius and (c) distance
of the PMMA elongated structure, PMMA cylinders and magnetic nanoplatelets extracted
from the fits. The dashed lines in (b) and (c) serve as a guide to the eye. (Reprinted with
permission from [146]. Copyright 2020 American Chemical Society.)

Similar to the pure DBC reference film, structure I (structure factor of PMMA elongated
structure) and structure II (structure factor of PMMA cylinders) remain constant with
increasing spray cycle number. However, as compared to the reference film, structure I
and structure II shift to lower qy values (corresponding to 0.028 nm−1 and 0.087 nm−1) due
to the incorporation of magnetic nanoplatelets, caused by the expansion of the center-to-
center distances of PMMA elongated structure and PMMA cylinders. The corresponding
average center-to-center distances of the PMMA elongated structure and PMMA cylinders
are around 229 ± 38 nm (Figure 8.6c) and 73 ± 7 nm (Figure 8.6c), respectively. In
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contrast, their domain radii are the same as for the reference film. These findings confirm
the observation in the SEM that the nanoplatelets are trapped inside the PS phase.

The width of the PS phase (wPS) between two neighboring PMMA domains in the pure
reference film is around 32 nm, as calculated via

wPS = dII − 2RII (8.1)

where dII is the center-to-center distance of neighboring PMMA cylinders and RII is the
PMMA cylinder radius.

The available spacing of 32 nm is smaller than the average diameter of the large facet
of the nanoplatelets (39 nm). However, the nanoplatelets are not standard discs as shown
in Figure 4.4. The large facet of the nanoplatelet can be treated as a rectangle with an
average width of around 28 nm, which provides possibilities to arrange them inside the
PS matrix.

Figure 8.7: Mapping extracted from horizontal line cuts from respective 2D GISAXS data
of (a) pure polymer reference film and (b) hybrid ferromagnetic film. (Reprinted with per-
mission from [146]. Copyright 2020 American Chemical Society.)

At higher qy values, an additional scattering feature (green arrow) is seen in Figure
8.6a. This feature originates from the structure factor of the magnetic nanoplatelets.
As the spraying proceeds, the structure III shifts to higher qy values and becomes more
prominent. The corresponding average radius and center-to-center distance of the mag-
netic nanoplatelets, extracted from structure III, decrease from around 5.9 nm to 4.3 nm
(Figure 8.6b) and from around 26 nm to 15 nm (Figure 8.6c), respectively. Obviously, the
average diameter of the nanoplatelets extracted from GISAXS (from 11.8 nm to 8.6 nm)
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is larger than the average thickness of the nanoplatelets obtained by TEM analysis (5.5
nm). This deviation indicates that the nanoplatelet large facet is oriented not normal to
the substrate surface. Instead, they are tilted at an angle (αβ) of more than 45o close
to the substrate surface [221], as calculated and shown in Figure 8.8. αβ represents the
angle between the nanoplatelet large facet and the substrate surface normal.

Figure 8.8: (a) Simplified schematic representation of GISAXS measurements on tilted mag-
netic nanoplatelets. (b) A zoomed-in cross sectional schematic of the tilted nanoplatelets.
(Reprinted with permission from [146]. Copyright 2020 American Chemical Society.)

Such tilted nanoplatelets can be explained by the interactions between substrate, nanop-
latelets and PMMA block [222–224]. Entropic force causes accumulation of the nanoplatel-
ets at the substrate surface and the orientation of the nanoplatelets is limited by the
arrangement of the PMMA block near the substrate surface. The PMMA block prefers to
segregate to the substrate surface while the domain is limited in height due to a fast-dry
process causing a limitation of the polymer chain stretching. As a result, the nanoplatelets
have to adopt a lying-down way (with their large facets parallel to the substrate surface)
on the substrate surface (marked with blue boxes in Figure 8.9) to realize the arrangement
of the restricted PMMA blocks, due to the existence of hydrogen bonds between the PAA
ligands of the nanoplatelets and the ester groups of PMMA. Moreover, magnetic dipole-
dipole interactions cause most nanoplatelets in PS or subsequently deposited nanoplatelets
to spontaneously rotate their orientation close to the orientation of the nanoplatelets that
stay on the substrate surface during spraying, because every nanoplatelet can be seen
as a permanent magnet with a spontaneous magnetization direction perpendicular to
the large facet [209]. However, due to the binding effect of the polymer chains and the
distance effect of the dipole-dipole interactions, the rotation of the subsequently deposited
nanoplatelets is limited. This causes a decrease in the tilt angle of the nanoplatelets over
spray time, leading to the observed decrease in the radius and distance extracted from the
GISAXS fits. Here, it is undeniable that some nanoplatelets can also adopt a lying-down
way inside the film as shown in the SEM images (Figure 8.1b, 8.1d and 8.2). However,
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they are too sparsely dispersed inside the film to have sufficient scattering contribution
to become visible in the GISAXS signal.

In Figure 8.8, αβ is the angle between the nanoplatelet large facet and substrate surface
normal, h and d′ are the thickness (height) of the nanoplatelets and center-to-center dis-
tance of neighboring nanoplatelets in thickness (height) direction, respectively. 2R and d
are the values extracted from GISAXS, corresponding to the diameter of the nanoplatelets
and center-to-center distance of neighboring nanoplatelets in lateral direction. The angle
αβ can be calculated via

αβ = arccos h

2R = arccos d
′

d
(8.2)

Figure 8.9: Cross-sectional SEM images of spray deposited final ferromagnetic hybrid film
containing 3 wt % magnetic nanoplatelets before SVA. Bright spots (marked with blue boxes)
represent the lying-down magnetic nanoplatelets, which stay on the substrate surface. In the
thin film, the porous structure might be caused by the solvent evaporation during sample
preparation and subsequently breaking the sample for the cross-section study. (Reprinted
with permission from [146]. Copyright 2020 American Chemical Society.)

8.4 Surface morphology after solvent vapor annealing

To study the influence of SVA, the obtained final dried films are annealed inside a closed
chamber with THF vapor at room temperature for 20 h. SEM is used to examine the
surface morphology of both films (pure and hybrid) after SVA. Compared to the films
before SVA, both films developed the relatively ordered larger nanostructures after SVA
as shown in Figure 8.10. During annealing, the mobility of both polymer blocks, PS and
PMMA, is enhanced, leading the average diameter of PMMA domains increases to around
85 ± 8 nm (Figure 8.10a). The increased size of the PMMA domains and a long time of
SVA process (20 h) allow the magnetic nanoplatelets to migrate to the PMMA domains
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(Figure 8.10b) via the hydrogen bonding between the ester groups of PMMA and the
PAA ligands of magnetic nanoplatelets.

To better present the DBC morphology and position of the nanoplatelets, enlarged
views of the SEM data of the pure and hybrid films are shown in Figure 8.10c and 8.10d,
respectively. Additionally, a growing number of lying-down PMMA cylinders (PMMA
elongated structure) is observed for the hybrid film (Figure 8.10b) compared to the pure
reference film (Figure 8.10a). This can be attributed to the fact that the nanoplatelets pre-
fer to aggregate at the substrate surface and attract more PMMA chains to the substrate
side, resulting in more flipping of the PMMA cylinders from perpendicular to lying-down
orientation [222].

Figure 8.10: SEM images of the spray deposited final films after SVA of (a, c) pure DBC ref-
erence film and (b, d) ferromagnetic hybrid film containing 3 wt % of magnetic nanoplatelets
at (a, b) low and (c, d) high magnifications. (Reprinted with permission from [146]. Copy-
right 2020 American Chemical Society.)

To probe inner morphologies of the solvent annealed final spray deposited films (pure
and hybrid), static GISAXS measurements are applied. Figure 8.11a and 8.11b show the
2D GISAXS data of pure and hybrid films, respectively. A prominent Bragg scattering
rod (marked with a red arrow in Figure 8.11a and 8.11b) is observed in both pure reference
and hybrid films, indicating the formation of ordered nanostructures. Compared to the
pure film (Figure 8.11a), the hybrid film (Figure 8.11b) exhibits a higher intensity along
the qy direction due to the presence of magnetic nanoplatelets enhancing the contrast.
For quantitative analysis, horizontal line cuts and modeling are carried out as already
explained before (in situ GISAXS). Figure 8.11c shows the horizontal line cuts (black
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dots) and the corresponding fits (red lines). For the pure film, a strong main peak (qy
= 0.033 nm−1) and a weak second-order peak (qy = 0.059 nm−1, marked with a dashed
blue arrow) are seen, which originate from the structure of the PMMA cylinders. The
presence of the second-order peak indicates that a well-ordered structure is obtained in
the pure film.

With nanoplatelets loading (3 wt %), the peak (structure of PMMA cylinders) shifts
slightly to a lower qy value (qy = 0.031 nm−1) due to the incorporation of magnetic
nanoplatelets, resulting in the expansions of the PMMA domain size and inter-PMMA
distance. Moreover, the peak becomes less prominent and the second-order peak disap-
pears. The well-ordered structure in the pure film is perturbed with growing PMMA
domain sizes to accommodate the nanoplatelets and further perturbed by the appearance
of more lying-down PMMA cylinders (shown in Figure 8.10d) in the hybrid film [10].

Figure 8.11: 2D GISAXS data of (a) pure film and (b) hybrid film after SVA of 20 h. (c)
Corresponding horizontal line cuts of the 2D GISAXS data (black dots) and fits (red lines)
of pure film (top) and hybrid film (bottom), respectively. (Reprinted with permission from
[146]. Copyright 2020 American Chemical Society.)

To model the horizontal line cut of the hybrid film, two additional cylindrical geometries
with different sizes are required. As shown in Figure 8.11c, a broad and weak peak at qy
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around 0.1 nm−1 (marked with a black solid arrow) is observed, which is the structure
of the nanoplatelet aggregates. Similar to the in situ GISAXS analysis, at a higher qy
value, a scattering feature from single nanoplatelets is also seen (marked with a green
solid arrow). However, it shifts to a lower qy value compared to the sample without
SVA, because THF is a good solvent for the PAA chains, which are coated on the surface
of nanoplatelets [225]. During SVA, the PAA chains stretch and cause a larger center-
to-center distance between neighboring nanoplatelets. Moreover, the extracted average
radius of the single nanoplatelet from GISAXS is around 3.8 ± 0.5 nm (Figure 8.12). If the
calculation of the tilt angle of the nanoplatelet is applied, a tilt angle slightly less than 45o

can be obtained. However, considering the existence of lying-down nanoplatelets as shown
in the SEM image (Figure 8.10d), the nanoplatelets are expected to be randomly located
in the PMMA domains after SVA. Because the increased size of the PMMA domains after
SVA allows the nanoplatelets to be arranged in any orientation, including those on the
substrate surface.

Figure 8.12: (a) Radius and (b) distance of PMMA cylinders (blue squares), magnetic
nanoplatelet aggregates (red circles) and magnetic nanoplatelets (green triangles) extracted
from the fits (Figure 8.11c) of pure and hybrid films after SVA of 20 h. (Reprinted with
permission from [146]. Copyright 2020 American Chemical Society.)

8.5 Morphology evolution

To sketch the orientation of magnetic nanoplatelets during spraying and SVA processes, a
simplified schematic is shown in Figure 8.13. With increasing spray time, the orientation of
the nanoplatelets changes by a decrease in the average tilt angle (αβ). As described earlier,
the nanoplatelets prefer to aggregate to the substrate and finally adopt a lying-down way
on the substrate surface because of the interactions between substrate, nanoplatelets and
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PMMA block. This drives the nanoplatelets so that they do not lie randomly inside the
PS matrix but are tilted and lie close to the substrate surface at the initial spraying stage.

As spraying proceeds, such driving force becomes weaker and magnetic dipole-dipole
interactions dominate. However, due to the binding effect of the polymer chains and
distance effect of the dipole-dipole interactions, the rotation of the subsequently deposited
nanoplatelets is limited, resulting in a decrease in the average αβ over spray time. With
applying SVA, the mobility of polymer blocks is enhanced, causing a significant increase
in the size of PMMA cylinders. Moreover, the hydrogen bonding between the PMMA and
nanoplatelets allows the nanoplatelets to aggregate and lie randomly inside the PMMA
domains after a long SVA time of 20 h.

Figure 8.13: Schematic representation of the orientation of magnetic nanoplatelets during
spraying and SVA. For clarity, only the average state is shown. (Reprinted with permission
from [146]. Copyright 2020 American Chemical Society.)

8.6 Magnetic properties

8.6.1 Influence of temperature

To study the influence of temperature on the magnetic properties of the hybrid film,
before SVA a final spray deposited hybrid film is measured at various temperatures as
shown in Figure 8.14. The measurements are performed with the film surface parallel to
the applied external magnetic field (from -15000 to 15000 Oe).

In Figure 8.14a, noticeable magnetic hysteresis loops with large loops are observed for
all temperatures, indicating a strong ferromagnetic behavior of the hybrid film. With
an increase in temperature, the hysteresis loop becomes narrower. The corresponding
saturation magnetization (Ms), remanence (Mr) and coercivity (Hc) decrease from around
2.17 to 1.36 emu cm−3, from around 1.05 to 0.67 emu cm−3 and from around 3609 to
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3350 Oe, respectively. Such observation in Ms, Mr and Hc can be explained by thermal
fluctuations [196]. The magnetic moments exhibit faster fluctuations with increasing
temperature, which leads to higher random anisotropy in the magnetic domains, resulting
in lower Ms, Mr and Hc at a higher temperature. Additionally, a slight S-shaped curve is
observed in the hysteresis loops at low magnetic fields. This may be caused by residual
superparamagnetic γ-Fe2O3, as described in our previous publication [119].

Figure 8.14: Magnetic properties of the spray deposited final hybrid film before SVA. (a)
Magnetic hysteresis loops collected at various temperatures (2, 20, 100, 200, and 300 K) as
a function of the magnetic field (from -7000 to 7000 Oe). The inset shows the hysteresis
loops with a full field range from -15000 to 15000 Oe. (b) Saturation magnetization (Ms),
remanence (Mr), and coercivity (Hc) versus temperature are obtained from the corresponding
hysteresis loops. The red solid lines serve as a guide to the eyes. (Reprinted with permission
from [146]. Copyright 2020 American Chemical Society.)

8.6.2 Magnetic anisotropy

As seen in GISAXS and SEM, in the hybrid film before SVA the magnetic nanoplatelets are
tilted with a large facet being close to the substrate surface. In contrast, the nanoplatelets
are oriented randomly after SVA. Moreover, the nanoplatelets used have a high uniax-
ial magnetic anisotropy with the easy magnetization axis perpendicular to their large
facets [119]. Thus, a magnetic hybrid film with an easy magnetization axis close to the
film surface normal should be obtained for the hybrid film before SVA. The hybrid film
should exhibit magnetic isotropy after SVA.
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To verify this, the hybrid films are measured in three orthogonal orientations (two in
the film plane and one out of the film plane) by changing the direction of the applied
external magnetic field (B), as shown in Figure 8.15. Two in-film orientations are marked
with B1 and B2 (film surface parallel to the applied external magnetic field) and the out-
of-film orientation is marked with B3 (film surface perpendicular to the applied external
magnetic field). The measurements are performed in the above mentioned three orthogo-
nal orientations with an applied external magnetic field ranging from -15000 to 15000 Oe
at 300 K via a SQUID magnetometry.

Figure 8.15: Schematic to present the sample’s magnetic properties measured with the mag-
netic field applied in three orthogonal orientations (two in the film plane marked with B1

and B2, and one out of the film plane marked with B3). (Reprinted with permission from
[146]. Copyright 2020 American Chemical Society.)

Figure 8.16 shows the magnetic data of the obtained final hybrid film before SVA.
For the sample measured in the film plane (B1 and B2), no magnetic anisotropy is seen,
indicating that the orientation of the nanoplatelets in the film plane is random. However,
an apparent change in the hysteresis loops is observed when changing the direction of the
applied external magnetic field to out of the film plane (B3). Ms, Hc, and χ are higher
in the out-of-film orientation (B3) versus in-film (B1 and B2) orientations (Figure 8.16b)
due to the anisotropic behavior of the magnetic hybrid film [10]. As discussed above,
the easy axis of the hybrid film is perpendicular to the film surface, i.e. out of the film
plane. Therefore, higher Ms, Hc, and χ are obtained in the perpendicular direction (B3)
compared to the parallel direction (B1 and B2).

Figure 8.17a shows the magnetic hysteresis loops of the spray deposited final hybrid
film after SVA at 300 K in three orthogonal orientations. Compared to the hybrid film
without SVA, the annealed film exhibits weaker magnetic anisotropy due to the rearrange-
ment of magnetic nanoplatelets during SVA. As seen in SEM and GISAXS, SVA helps
to enhance the mobility of the polymer chains, leading to the average PMMA domain
diameter increased to above 80 nm, which is sufficient for the incorporation of magnetic
nanoplatelets with any orientation. Moreover, the annealing time of 20 h ensures that
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the nanoplatelets have enough time to move in the hybrid film. In general, magnetic
anisotropy is not supposed to be observed if the orientation of the magnetic nanoplatelets
is random. However, in our case, the annealed film exhibits a weak magnetic anisotropy.
Because the nanoplatelets are located inside the PMMA cylinders with a random orien-
tation and most of the PMMA cylinders are vertically aligned on the substrate, resulting
in an easy magnetization axis is aligned in the perpendicular (B3) versus parallel direc-
tions (B1 and B2) [10]. Slightly higher Ms, Hc, and χ are obtained in the perpendicular
direction (B3) as shown in Figure 8.17b.

Figure 8.16: (a) Magnetic hysteresis loops of the spray deposited final hybrid film before
SVA are plotted at a temperature of 300 K in three orthogonal orientations of the magnetic
field (from -7000 to 7000 Oe). The in-film orientations are marked with B1 and B2 and the
out-of-film orientation is marked with B3. The inset shows the hysteresis loops with a full
field range from -15000 to 15000 Oe. (b) Saturation magnetization (Ms), coercivity (Hc),
and magnetic susceptibility (χ) versus orientation. (Reprinted with permission from [146].
Copyright 2020 American Chemical Society.)

From the observed magnetic behaviors of the hybrid films before and after SVA, a
solvent-controlled magnetic property of the hybrid film has been proven. The hybrid film
shows obvious perpendicular magnetic anisotropy before SVA while it exhibits extremely
weak perpendicular magnetic anisotropy after SVA. Such solvent-controlled magnetic be-
havior will play an important role in the practical fabrication of magnetic solvent sensors.
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Figure 8.17: (a) Magnetic hysteresis loops of the spray deposited final hybrid film after SVA
are plotted at a temperature of 300 K as a function of magnetic field (from -7000 to 7000 Oe)
in three orthogonal orientations. The in-film orientations are marked with B1 and B2 and
the out-of-film orientation is marked with B3. The inset shows the hysteresis loops with
a full field range from -15000 to 15000 Oe. (b) Saturation magnetization (Ms), coercivity
(Hc), and magnetic susceptibility (χ) obtained from the corresponding hysteresis loops. B1

(green dots), B2 (blue dots), and B3 (red dots) orientations are compared. (Reprinted with
permission from [146]. Copyright 2020 American Chemical Society.)

8.7 Summary

In this chapter, anisotropic ferromagnetic hybrid polymer films of UHMW PS-b-PMMA
and strontium hexaferrite magnetic nanoplatelets are prepared by spray deposition.

The morphology evolution of the hybrid film is monitored via GISAXS measurements
in situ during spray deposition. A pure DBC film without nanoplatelets is also deposited
under the same conditions as a reference. For both films, with and without nanoplatelets,
the PMMA cylindrical structure remains stable during spray deposition, while the PMMA
elongated structure becomes weaker over time. However, the hybrid film shows larger
inter-domain distances and unchanged domain sizes compared to the pure film due to the
hosting of nanoplatelets, which are trapped inside the PS matrix. Moreover, in the hybrid
film, the scattering data suggest that the magnetic nanoplatelets are tilted with the large
facet close to the substrate surface. A decrease in the average tilt angle between the
nanoplatelet large facet and substrate surface normal is observed with increasing spray
time. This is the result of the dipole-dipole interactions between magnetic nanoplatelets
and the interaction among the substrate, PMMA block and magnetic nanoplatelets. After
SVA, both films develope a relatively ordered and larger PMMA nanostructure, which
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allows the magnetic nanoplatelets to migrate to the PMMA domains inside the hybrid
film. This change in the film morphology is mainly driven by the hydrogen bonds between
the ester groups of PMMA and the PAA ligands of magnetic nanoplatelets and a sufficient
SVA time (20 h).

SQUID data show that both hybrid films, before and after SVA, are ferromagnetic and
have a high coercivity above 3000 Oe at room temperature, which is beneficial for poten-
tial applications in the field of magnetic data storage. Moreover, the hybrid film shows
perpendicular magnetic anisotropy before SVA while exhibits extremely weak perpendic-
ular magnetic anisotropy after SVA, which endows it as a good candidate for magnetic
sensors.



9 Conclusion and outlook

In the present thesis, the main aim is to optimize the morphology of pure UHMW DBCs
and hybrid magnetic NP-DBC systems and to investigate the magnetic properties of the
obtained hybrid magnetic NP-DBC systems. The investigation is focused on three main
topics: the fabrication of UHMW DBC PS-b-PMMA templates with large domain sizes,
the kinetic process of film formation during printing and spray deposition of magnetic NP-
DBC films and the fabrication of ferromagnetic NP-DBC films. To obtain a desired DBC
template, the structure evolution of the fabricated UHMW DBC PS-b-PMMA thin films
is systematically investigated as a function of increasing film thickness and SVA time. For
different investigated magnetic hybrid topics, different magnetic NPs are selected. Small
fcc-FePt NPs and large Fe3O4 NPs are utilized for the hybrid systems showing superpara-
magnetism and ferromagnetism, respectively. To enhance the ability of the ferromagnetic
hybrid films to withstand an external magnetic field without becoming demagnetized and
to obtain a hybrid film with magnetic anisotropy, SrFe12O19 nanoplatelets are selected.

In a first study, an asymmetric linear UHMW PS-b-PMMA DBC is used for the fabri-
cation of an ordered DBC template with a large domain size. The structural evolution of
the fabricated UHMW DBC template is systematically investigated as function of increas-
ing film thickness and SVA time using AFM and GISAXS measurements. GISAXS data
suggest that the morphology changes from disorder to relativity ordered PMMA domains
in a PS matrix as the film thickness increases (≤ 0.5 L0). With increasing SVA time,
a rapid morphology evolution of locally hexagonal packed PMMA domains (from poorly
ordered to locally ordered and then back to poorly ordered nanostructures) is observed.
Thus, suitable film thickness and SVA time are crucial for the formation of ordered nanos-
tructures also in the case of the UHMW DBCs. By controlling the film thickness and the
SVA time, ordered DBC templates with domain sizes above 80 nm can be obtained. The
obtained DBC-based large domain sized nanomaterials are attractive for use as templates.

Based on the study of pure UHMW PS-b-PMMA DBC thin films and to scale up the
fabrication, a superparamagnetic NP-DBC film containing UHMW DBC PS-b-PMMA and
small fcc-FePt NPs is fabricated by the slot-die printing technique. The kinetic process of
the film formation during printing of the superparamagnetic NP-DBC film is investigated
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via in situ GISAXS measurements. As a reference, a pure DBC PS-b-PMMA film is also
printed. The scattering data suggest that the hybrid film exhibits a faster shrinkage of
the PMMA domains and a faster formation of a relatively stable state compared to the
pure film. This difference is due to the addition of FePt NPs which accelerates the solvent
evaporation. A metastable state is installed as the scattering data changes slightly with
increasing time. Due to the presence of the FePt NPs which inhibit the reorganization of
the polymer chains, a longer metastable state is observed during the printing process of
the hybrid film compared to the pure film. SQUID data reveal that the printed hybrid
film is superparamagnetic and therefore is good candidate for potential applications in
magnetic switches and sensors having a large scale.

To enable magnetic data storage application, magnetic films containing ferromagnetic
NPs are required. Here, large Fe3O4 NPs with a diameter of around 27 nm, above the
critical value of 20 nm, are utilized. Compared to FePt NPs, Fe3O4 NPs can be more easily
synthesized and are nowadays commercially available. The localization of the large Fe3O4

NPs inside the UHMW DBC PS-b-PMMA and the corresponding magnetic preoperties are
investigated as a function of NP concentration. Through AFM and SEM measurements,
a change in the position of the NPs inside the UHMW DBC thin films depending on
the NP concentration is observed. At low concentrations, the NPs are located at the
interfaces between the PS and PMMA domains, and at high concentrations, the NPs are
positioned preferentially inside the PMMA domains. GISAXS data suggests that low
amount of Fe3O4 NPs helps to enhance the order of the UHMW DBC structure, and
a well-ordered DBC morphology is observed at a Fe3O4 NP concentration of 0.5 wt %.
SQUID data show that all hybrid films are ferromagnetic at room temperature and a weak
magnetic anisotropy in the film plane is observed for the hybrid film containing chain-like
NP aggregates at a NP concentration of 10 wt %.

In order to fabricate perpendicular magnetically anisotropic films and to enhance the
ability of the magnetic hybrid films to withstand an external magnetic field without be-
coming demagnetized, large Fe3O4 NPs are replaced by SrFe12O19 nanoplatelets in the
hybrid magnetic NP-DBC system. Because SrFe12O19 nanoplatelets are hard magnetic
materials with high magnetic anisotropy and high coercivity, they are a optimal choice.
By applying in situ GISAXS measurements, the orientation of SrFe12O19 nanoplatelets
during spray deposition can be monitored. The scattering data suggest that the mag-
netic nanoplatelets are tilted with the large facet close to the substrate surface and a
decrease in the average tilt angle between the nanoplatelet large facet and substrate sur-
face normal is observed with increasing spray time. The final obtained hybrid film is then
solvent-vapor-annealed inside a closed chamber with THF to study the influence of SVA
on the film’s properties. Obvious changes in the DBC morphology and nanoplatelet local-
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ization are observed after SVA treatment. SQUID data show that ferromagnetic hybrid
polymer films with high coercivity (above 3000 Oe) are obtained by using the SrFe12O19

nanoplatelets. The hybrid film exhibits a perpendicular magnetic anisotropy before SVA,
which is strongly weakened after SVA. Such hybrid films appear highly promising for
potential applications in magnetic data storage and sensors.

Based on the results obtained in this thesis, several topics are of interest for future
research. First, as stated before, coercivity is the ability of magnetic films to withstand
an external magnetic field without becoming demagnetized. It is of great significance to
fabricate magnetic films based on NPs with ultrahigh coercivity, such as fct-FePt NPs.
The coercivity of the fct-FePt NPs can reach 33 KOe. However, the conditions for fct-FePt
NPs synthesis are intensive and complicated because a protective layer of robust oxide is
required to avoid aggregation of the FePt NPs during the thermal annealing step. Since
UHMW DBCs are effective templates to disperse NPs, it would be attractive to study
and use such templates for the fabrication of fct-FePt NP films. Moreover, fct-FePt NPs
can “duplicate” the structure of UHMW DBC, thereby achieving structural diversity.
Secondly, the kinetic study of printed superparamagnetic NP-DBC system shows that
the presence of magnetic NPs can accelerate the solvent evaporation, resulting in a faster
formation of a relatively stable state in a hybrid film compared to the pure film. Thus, it
would be interesting to study the influence of NP concentration on solvent evaporation and
the structure evolution via in situ measurements such as GISAXS. Finally, considering the
fact that the external magnetic field has a great influence on the morphology of magnetic
NP-DBC films, it is also compelling to study the film formation kinetics of NP-DBC film
in the presence of external magnetic fields of varying strengths.
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