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ABSTRACT: Ternary hybrid thin films composed of a diblock
copolymer templating two types of nanoparticles (NPs) expand the
functionality of binary systems, which renders them interesting for
magnetic sensing or magnetic data storage applications. Herein, one-pot
slot-die printed hybrid polystyrene-block-poly(methyl methacrylate) (PS-
b-PMMA) thin films are prepared with iron oxide (magnetite, Fe3O4, d =
20 nm) and nickel NPs (Ni, d = 46 nm) in one step by the advanced slot-
die coating technique, which facilitates upscaling of fabrication. The
evolution of the hybrid film morphology is probed with in situ grazing-
incidence small-angle X-ray scattering and compared to that of a PS-b-
PMMA thin film without NPs. Additionally, scanning electron
microscopy and atomic force microscopy are used to analyze the surface
morphology of hybrid films with an increasing NP content after deposition. It is found that different from the pure PS-b-PMMA thin
film drying kinetics with five stages, the ternary hybrid film formation can be divided into four stages that are attributed first to the
wet film, solvent evaporation, a subsequent rapid coalescence and microphase separation, and finally the dry film. The magnetic
properties of the hybrid thin films are investigated with a superconducting quantum interference device magnetometer. All hybrid
films are ferrimagnetic and with increasing nickel weight percent in the hybrid film, while the iron oxide weight percent is kept
constant, the magnetic properties of the film are modulated accordingly.
KEYWORDS: ternary hybrid films, magnetic nanoparticles, printing, GISAXS, ferrimagnetic behavior

1. INTRODUCTION
Polymer-templated magnetic hybrid films can be deposited
from solution by spin-coating or slot-die printing, the latter of
which enables large-scale film fabrication under ambient
conditions.1,2 In comparison, classical magnetic thin films are
often fabricated utilizing a physical vapor deposition process
such as sputtering, which can be limited by slow deposition
rates.3,4 Therefore, wet chemical processing of thin magnetic
films is of high interest as an alternative fabrication route for
magnetic sensing or magnetic data storage applications. In this
respect, the combination of a polymer film matrix with
magnetic nanofillers is one common route for the wet chemical
processing of thin magnetic films.

Diblock copolymers (DBCs) that undergo microphase
separation to form thin films with periodic, ordered
nanostructures are interesting in such scenarios to be the
host matrix.5−10 By tuning the volume fraction of the
amphiphilic blocks, a variety of nanostructures are accessible,
including spheres, cylinders, and lamellae.11,12 In addition, with
a constant interaction parameter, χ, the size of the nano-
structured domains depends on the molecular weight of the
polymer chain. By utilizing high or ultrahigh molecular weight
(UHMW) DBCs, Mn > 5 × 105 g mol−1, domain sizes of d >

80 nm can be achieved.13−18 Such large domains in DBC films
are attractive for use as templates and scaffolds for inorganic
materials such as magnetic nanoparticles (NPs). In particular,
larger-size NPs can be accommodated by the individual
domains of the DBC without risking a morphology
perturbation upon NP addition.19

The arrangement of NPs inside DBC films is determined in
part by the NP size and surface functionality. NPs with no
surface functionality, i.e., nonselective for both of the polymer
domains, localize either to the interface between the two
blocks if the NPs are small or are expelled from the film due to
entropy loss if the NPs are too large.20−22 Through surface
functionalization, more precise NP localization can be
achieved, and a specific domain of the DBC film can be
targeted.23,24 Among the multitude of magnetic NPs, magnet-
ite (Fe3O4) NPs are well-studied ferrimagnetic NPs that show
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size-dependent magnetic properties. In particular, at a critical
size attributed to the transition from a single magnetic domain
to multiple magnetic domains, a maximum in the coercivity
(Hc) is observed.25 However, this critical size is highly
dependent on the crystal structure and by extension on the
synthesis method.25−27 Nickel is a well-known soft ferromag-
net with high permeability.28 Similar to Fe3O4 NPs, Ni NPs
can demonstrate size-dependent magnetic behavior that is
influenced by crystal size and synthesis method.29−32 Fe3O4
and Ni composites have shown interesting magnetic anisotropy
attributed to the coupling between the magnetic domains.28

Thus, it is of interest to examine the magnetic behavior of
Fe3O4 NPs and Ni NPs templated by a DBC.

Previous studies on hybrid DBC/NP thin films have focused
on the one-step deposition of binary DBC/NP composites, i.e.,
solvent mixtures of one DBC and one type of NP deposited at
the same time.19,33−37 In order to have more control over the
properties of hybrid thin films, there is an interest in expanding
on the development of ternary hybrid DBC/NP thin films with
two types of NPs.38−42 In the case of nonmagnetic NPs,
Bockstaller et al. used a one-step deposition approach for
ternary composites by utilizing polystyrene-block-poly(ethylene
propylene) (PS-b-PEP) and aliphatic-coated silica and gold
NPs. While both particles were functionalized to be specific for
the PEP block, the small gold NPs (d = 3.5 nm) were found to
preferentially segregate to the PS/PEP interface, while the
larger silica NPs (d = 21.5 nm) were found in the middle of the
PEP domains.41 Horechyy et al. demonstrated a two-step
approach for the dual patterning of NPs on a polystyrene-
block-polyvinylpyridine (PS-b-PVP) template. After deposition
of PS-b-PVP and Ag NPs (d = 12 nm) from a common
solution to form binary thin films, the films were immersed in
an aqueous dispersion of a second type of NP (d ≈ 2−5 nm),
and an ordered ternary film was realized.42 However, ternary
thin films containing two types of magnetic NPs of large size (d
≥ 20 nm) have not been the focus of previous research.
Actually, such ternary magnetic thin films are interesting for
magnetic sensing or magnetic data storage applications due to
the better tunability of the magnetic properties.

In this work, ternary thin films with varying NP
concentrations are prepared in a one-step deposition process
by slot-die printing. In order to achieve domain sizes large
enough to accommodate the large NPs, UHMW PS-b-PMMA
is chosen. The morphology evolution of the ternary hybrid thin
films containing PS-b-PMMA, Fe3O4 NPs, and Ni NPs is
investigated by in situ grazing-incidence small-angle X-ray
scattering (GISAXS) during slot-die printing, which probes the
formation of interfacial nanostructures with high sample
statistics. Atomic force microscopy (AFM) and scanning
electron microscopy (SEM) are used to examine the local
surface properties of the prepared films. Using a super-
conducting quantum interference device (SQUID) magneto-
meter, we probed the magnetic properties of the ternary films
at two different temperatures. This analysis of thin film
formation kinetics and the resulting magnetic properties of
ternary DBC/NP/NP composites provides insight for the
further design and fabrication of functional hybrid magnetic
thin films with an increased complexity as compared with the
previously studied binary DBC/NP composites. Such an
increase in the complexity of the magnetic response is required
to step forward in the area of printed magnetic thin films for
magnetic sensing or magnetic data storage applications, while

achieving printed magnetic bit-patterned media will be even
more demanding.

2. EXPERIMENTAL SECTION
2.1. Materials. An asymmetric polystyrene-block-poly(methyl

methacrylate) (PS-b-PMMA) DBC was synthesized by sequential
anionic polymerization as described in a previous publication.43 The
synthesized PS-b-PMMA had an average molar mass (Mn) of 1307 kg
mol−1 with a polydispersity index (D̵) of 1.18 and a PMMA volume
fraction (φPMMA) of 20.3%. Iron oxide NPs (Fe3O4, d = 20 ± 2.5 nm)
coated in oleic acid ligands and suspended in toluene at a
concentration of 5 mg mL−1 were purchased from Sigma-Aldrich.
Nickel NPs (Ni, dTEM = 46 ± 10 nm, Figures S1 and S2) were
synthesized by a chemical precipitation route according to Chopra et
al.44 The NPs were then functionalized with PMMA ligands. Details
of the synthesis can be found in the Supporting Information. The NPs
were suspended in toluene at a concentration of 5 mg mL−1.
2.2. Preparation of PS-b-PMMA/Nanoparticle Films. PS-b-

PMMA was dissolved in toluene (Sigma-Aldrich) at a concentration
of 10 mg mL−1 and shaken overnight at room temperature. Various
concentrations of Fe3O4 NPs and Ni NPs were added to the polymer
solution. For the current investigation, four different weight ratios (wt
%/wt %) of Fe3O4 NPs to Ni NPs (no NPs, 1:1, 1:2, and 1:5), with
respect to PS-b-PMMA, were selected. The NPs were added to the
polymer solution 1 h before the in situ GISAXS investigation.
Precleaned Si substrates (p/Bor, ⟨100⟩, d = 525 ± 25 μm, Si-Mat) cut
to 2.5 cm × 6 cm were prepared using an acid solution, as detailed in
the Supporting Information. The Si substrates were placed on the
stage of a custom-built meniscus-guided slot-die printer.45 Above the
stage, a syringe pump pushed the polymer/NP solution into an
aluminum print head. After the formation of a stable meniscus, the
print head was moved across the Si substrate perpendicular to the X-
ray beam to deposit the film. The printing parameters for film
deposition and formation were determined through pretests carried
out in the laboratory at TUM. The gap height between the print head
and substrate was 6 mm, while the printing speed was 5 mm s−1. The
acceleration of the print head from rest to final printing speed was 10
mm s−2. During the printing process, the pump rate of the solution
into the print head was set to 0.2 mL min−1. The printed range of the
slot-die coating process was 5.2 cm. Film deposition and formation
were performed at room temperature. With the above-mentioned
printing procedure, further tests for reproducibility were performed.
In total, 6 films were prepared for each system to confirm the
reproducibility of the printing procedure.
2.3. In Situ Characterization. Using the printing procedure

described in Section 2.2, the evolution of the films’ morphology
during self-assembly was followed with in situ GISAXS measurements
performed at the MiNaXS/P03 beamline of PETRA III at DESY in
Hamburg, Germany.46 For each weight ratio of NPs (no NPs, 1:1,
1:2, and 1:5), one film was investigated in situ. The wavelength of the
X-ray beam was 0.1048 nm, and an incidence angle of 0.4°, above the
critical angle of the DBC and NPs, was selected. The sample−
detector distance was 4122 mm. A two-dimensional detector (Pilatus
2M, Dectris Ltd.) with a pixel size of 172 μm × 172 μm was used to
record the scattered signal. To avoid overexposure of the hybrid film,
an exposure time of 0.1 s was chosen and a fresh position was
measured for each captured image. The thickness of each hybrid film
was determined to be approximately 300 nm (Table S1). The in situ
printed hybrid films were further investigated with the ex situ
characterization techniques.
2.4. Ex Situ Characterization Techniques. The surface

morphology of the hybrid films after deposition was investigated
with AFM (CoreAFM, Nanosurf) operated in tapping mode in air
utilizing a monolithic silicon cantilever coated with aluminum
(TAP190Al-G, BudgetSensors) and SEM (Gemini Nvision 40,
ZEISS). The magnetic behavior of the hybrid films was investigated
with a SQUID magnetometer (MPMS XL-7, Quantum Design) in
direct current mode. The magnetic moment was measured in the film
plane and an external magnetic field (−70,000 to 70,000 Oe) was

ACS Applied Materials & Interfaces www.acsami.org Research Article

https://doi.org/10.1021/acsami.4c18920
ACS Appl. Mater. Interfaces 2024, 16, 71060−71069

71061

https://pubs.acs.org/doi/suppl/10.1021/acsami.4c18920/suppl_file/am4c18920_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c18920/suppl_file/am4c18920_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c18920/suppl_file/am4c18920_si_001.pdf
https://pubs.acs.org/doi/suppl/10.1021/acsami.4c18920/suppl_file/am4c18920_si_001.pdf
www.acsami.org?ref=pdf
https://doi.org/10.1021/acsami.4c18920?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


applied parallel to the film surface. The magnetic properties were
probed at 300 K and 40 K.

3. RESULTS AND DISCUSSION
3.1. As-Printed Surface Morphology. The surface

morphology of the as-printed films is investigated on the
microscale and nanoscale by complementary AFM and SEM
measurements. Due to the utilization of a DBC of UHMW, the
segregation strength (χN) between the PS blocks and the
PMMA is large, where N is the total degree of polymerization.
Accordingly, for large segregation strengths, the self-consistent
mean-field theory predicts the formation of cylindrical PMMA
domains inside the thin film when the PMMA volume fraction
is 0.2.47,48 This agrees with the observations made in our
previous study.43 The AFM phase image of the as-printed pure
PS-b-PMMA film can be seen in Figure 1a and clearly reveals
the DBC morphology. The PMMA domains appear as bright
circular spots in the darker PS matrix due to the relative
viscoelastic contrast between the blocks.49,50 As the concen-
tration of NPs increases, the embedded NPs appear
individually or as small aggregates on the film surface (blue
circles). Corresponding AFM topography images are shown in
Figure S3. The bright circular spots corresponding to an
increased height are assigned to the PMMA domains, while the
darker area in between is assigned to the PS matrix. Toluene is
a good solvent for both PS and PMMA but has a higher affinity
to PS.51 During drying, as the PS selective solvent leaves the
film, the PMMA domains become glassy while the PS domains

remain more mobile, leading to PMMA protrusions in the dry,
as-casted thin film.52 Due to the film thickness not matching
the DBC periodicity, holes, which are not deep enough to
expose the bare substrate underneath, appear in the film.53

As the two types of NPs are coated with different surface
ligands, oleic acid for the Fe3O4 NPs and PMMA groups for
the Ni NPs, segregation of the NPs into a specific domain,
Fe3O4 NPs into PS and Ni NPs in PMMA, should be
energetically favorable. However, the individual NPs and small
NP clusters localize at the interface of PS and PMMA or
appear to sit on the surface of the film. This is due in part to
the high segregation strength, χN, of the UHMW DBC, where
an increase in χN leads to an increase in the interfacial tension
between the two blocks. Thus, even though the NPs are
selective, a reduction in the interfacial tension is more
energetically favorable and the NPs localize to the polymer
interface.21

Corresponding SEM measurements are also carried out on
the as-printed films. The SEM image of the as-printed pure PS-
b-PMMA film can be seen in Figure 2a. The bright matrix is
PS, while the dark domains are PMMA, resulting from the
compositional contrast between the two blocks that depends
on the effective atomic number, Zeff.

54,55 At low photon
energies near 2 keV, Zeff of PS is higher than that of PMMA.
Thus, the PS matrix appears brighter in the SEM images than
the PMMA domains, as opposed to the phase and topo-
graphical information obtained from the AFM analysis. In
addition to the circular PMMA domains, elongated domains

Figure 1. AFM phase images of ternary hybrid films printed during the in situ characterization with increasing NP concentration: (a) no NPs, (b) 1
wt % Fe3O4 and 1 wt % Ni, (c) 1 wt % Fe3O4 and 2 wt % Ni, (d) 1 wt % Fe3O4 and 5 wt % Ni. The bright domains correspond to the PMMA block
while the darker matrix corresponds to PS. NPs appear individually or as bright, small aggregates typically found at the domain interface (blue
circles).

Figure 2. SEM images of ternary hybrid films printed during the in situ characterization with increasing NP concentration: (a) no NPs, (b) 1 wt %
Fe3O4 and 1 wt % Ni, (c) 1 wt % Fe3O4 and 2 wt % Ni, (d) 1 wt % Fe3O4 and 5 wt % Ni. The NPs, appearing as white dots, appear as clusters or as
individual NPs on/in the thin films.
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are also observed. As the self-assembly process occurs over a
short time period, the reorganization of the polymer domains
is cut short, and the film remains in a nonequilibrium state.
Furthermore, a few inorganic NPs are readily visible on the
surface of the hybrid films, and the NPs appear individually or
as clusters at or near the interface between the two polymer
domains.
3.2. In Situ Morphology Evolution. The influence of the

NPs on the self-assembly of the DBC films is studied during
slot-die printing by in situ GISAXS. The grazing-incidence
geometry provides information on the film morphology with
high statistical significance.56,57 Printing is done at ambient
temperature to observe the transition from the dispersion/wet-
film regime to the dry thin film. As the print head moves across
the substrate and through the incoming beam path, t = 0 s is
defined as the first scattering image where the signal from the
deposited dispersion is observed.

Selected 2D GISAXS data showing the evolution of the
scattering information during film formation are shown in
Figure S4 in the Supporting Information for the PS-b-PMMA
film with no NPs. Initially, only scattering from the solution is
observed, and no information relating to the DBC film
morphology can be resolved. As self-assembly begins and the
film transitions from a wet to a dry state, lateral features in the
scattering information develop, which correspond to the DBC
domains.

To quantify the changes observed in the scattering
information relating to the DBC morphology, horizontal line
cuts at the Yoneda region of the two blocks, which have similar
critical angles (αc,PS ≈ 0.10°, αc,PMMA ≈ 0.11°), are taken from
the 2D GISAXS data.56 Exemplary line cuts are shown in
Figure 3a with the corresponding fits overlaid in red. The line
cuts show one main feature that is attributed to the PMMA
domains. The data are modeled according to the distorted-
wave Born approximation and the effective interface
approximation.57−59 The extracted radii and center-to-center
distances from the model are plotted in Figure 3b.

The formation of the DBC film without NPs can be divided
into five stages based on the drying kinetics. A 2D intensity
mapping of the horizontal line cuts with the ascribed stages can
be seen in the Supporting Information (Figure S5). The first
stage (0 < t < 30 s) is characterized by the wet film. For the
first 30 s after deposition, no significant scattering features are
observed from the wet film so that a preaggregation in the
solution is ruled out. In the second stage (30 < t < 95 s), due
to solvent evaporation, a shoulder-like scattering feature
evolves located near qy = 0.02 nm−1, which is attributed to
the form factor of the PMMA domains, i.e., the radius, with an
average size of (61 ± 12) nm. The domains remain unordered
in relation to one another, so that no clear structure factor
related peak is seen. A broad peak (qy ≈ 0.1−0.5 nm−1) of low
intensity observed in both the first and second stages is
ascribed to background scattering from the wet film. In the
third stage (95 < t < 113 s), the shoulder-like scattering feature
changes into a peak (marked with an orange arrow in Figure
3a) due to the onset of microphase separation. This polymer
domain peak shifts toward higher qy values, which is
accompanied by an increase in intensity. Interdomain ordering
can be observed, and at the beginning of this stage, the center-
to-center distance is (250 ± 30) nm. Over a period of
approximately 20 s, the size and center-to-center distance of
the PMMA domains decrease markedly to (43 ± 5) nm and
(195 ± 8) nm. A rapid coalescence and microphase separation
in the DBC film occurs in conjunction with ongoing solvent
evaporation. The fourth stage (113 < t < 150 s) describes the
slow transformation of the film into the dry state with little
changes in intensity and domain peak position. Within this
time frame, the center-to-center distance is consistently larger,
and the domain radius is consistently smaller than the values
attributed to the dry film in the following stage. Since only a
little residual solvent evaporates from the film, only subtle
changes in the film morphology are observed as the polymer
chains relax toward a more favorable chain conformation.60,61

In the dry film (t > 150 s), due to the absence of chain

Figure 3. (a) Representative line cuts are taken from the 2D GISAXS data of the PS-b-PMMA film printed during the in situ characterization
containing no NPs. The curves are shifted along the y-axis for clarity, and the time at which each curve is collected during the printing process is
displayed to the right of each curve. Fits for the data are shown in red and overlaid on the respective curve. As the printing process proceeds, the
evolution of the polymer domain peak can be clearly observed (orange arrow). (b) Extracted radius and distance information for the cylindrical
PMMA domains obtained from the fits. The film formation process can be divided into five stages (I−V): wet film, solvent evaporation,
coalescence and microphase separation, morphology relaxation, and dry film.
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mobility, a final morphology results with a constant radius of
(44 ± 2) nm and a constant center-to-center distance of (192
± 5) nm.

For the in situ GISAXS study of the printing of the ternary
hybrid DBC film, we restrict ourselves to the example
containing 1 wt % Fe3O4 NPs and 1 wt % Ni NPs. The
horizontal line cuts and extracted morphological information
are shown in Figure 4a,b, in addition to selected 2D GISAXS
data shown in Figure S6. Compared with the pure DBC film,
the hybrid film with mixed magnetic NPs shows only four
stages of film formation, consistent with the 2D intensity map
of the horizontal line cuts shown in Figure S7. The first stage
(0 < t < 55 s) corresponds to the wet film, and no scattering
features are seen. Thus, no characteristic morphological feature
developed as in the pure DBC. In a further similarity to the
pure DBC film, a broad scattering feature around 0.1 to 0.5
nm−1 is observed. In the second stage (55 < t < 90 s), during
solvent evaporation, two small peaks at high qy values, qy =
0.18 nm−1 and qy = 0.36 nm−1, appear in the GISAXS data.
These peaks correspond to the Ni NPs and Fe3O4 NPs (yellow
and green arrows in Figure 4a), which are modeled as
aggregates in which the structure factor is twice the form
factor. The beginning of the third stage (90 s < t < 125 s) is
defined by the abrupt appearance of the polymer domain peak
near qy = 0.019 nm−1, and the PMMA domains have an
average radius of (58 ± 12) nm and center-to-center distance
of (230 ± 30) nm. Over the course of the third stage, solvent
evaporation and coalescence, the polymer domain peak
increases in intensity, and the peak moves to higher qy values.
This is reflected in the decrease in the average radius and
center-to-center distance to (44 ± 6) nm and (185 ± 6) nm.
No changes in the NP peak positions are observed as the NPs
remain as aggregates and the individual NP size does not
change. The fourth and final stage (t > 125 s) represents the
dry film with a constant PMMA domain radius of (44 ± 4) nm

and center-to-center distance of (181 ± 7) nm. These values
are similar to those of the pure DBC film, suggesting that the
film morphology, even in the presence of NP aggregates, is
undisturbed at such low NP concentrations. The absence of an
observable relaxation in the polymer can be attributed to heavy
and sterically demanding NPs and their agglomerations in the
hybrid film. As discussed in the analysis of the SEM images, the
NPs preferentially localized to the interface between the PS
and PMMA domains in order to reduce the interfacial tension
between the two blocks. Therefore, the further reorganization
of the polymer domains during residual solvent evaporation is
energetically unfavorable.

The rates of self-assembly of the pure DBC film and the
hybrid film are compared by examining the time it takes for
coalescence and microphase separation to occur (stage III for
both films). Compared to the pure DBC film, where self-
assembly occurred rapidly in approximately 18 s, the hybrid
film containing 1 wt % Fe3O4 NPs and 1 wt % Ni NPs
undergoes a slower self-assembly process in approximately 35
s. This behavior is attributed to the large size of the NPs and
the presence of NP agglomerates in the film, which sterically
hinder the organization of the DBC morphology and slow
down the self-assembly process.

The distribution of the NPs throughout the bulk of the DBC
films is confirmed by analyzing the vertical line cuts of the 2D
GISAXS data of the as-prepared thin films. The vertical cuts of
the pure DBC film and two hybrid films containing increasing
NP concentrations can be seen in Figure S8 in the Supporting
Information. The positions of the PS and PMMA Yoneda
peaks appear in the pure DBC at in-plane scattering angles of φ
= 0.501° for PS and φ = 0.510° for PMMA. These values
correspond closely to the sum of the incidence angle (αi =
0.4°) and the respective critical angles of PS (αc = 0.102°) and
PMMA (αc = 0.111°) calculated for the X-ray wavelength used
in this investigation. Upon the addition of 1 wt % Fe3O4 NPs

Figure 4. (a) Representative line cuts taken from the 2D GISAXS data of the PS-b-PMMA film printed during the in situ characterization
containing 1 wt % Fe3O4 NPs and 1 wt % Ni NPs. The curves are shifted along the y-axis for clarity and the time at which each curve is collected
during the printing process is displayed to the right of each curve. Fits for the data are shown in red and overlaid on the respective curve. As the
printing process proceeds, the evolution of the polymer domain peak can be clearly observed (orange arrow). Peaks corresponding to the Ni NPs
and Fe3O4 NPs are highlighted with yellow and green arrows, respectively. (b) Extracted radius and distance information for the cylindrical PMMA
domains (DI and RI), Ni aggregates (DII), and Fe3O4 aggregates (DIII) obtained from the fits. The film formation process can be divided into four
stages (I−IV): wet film, solvent evaporation, coalescence and microphase separation, and dry film.
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and 1 wt % Ni NPs, the value of the Yoneda peaks for both PS
and PMMA shifts to higher angles. This results from the
increase in the electron density of the PS matrix and of the
PMMA cylindrical domains as the NPs localize inside the
respective domains in the films. Upon further increase of the
Ni NP concentration to 5 wt %, the critical angle of PMMA
further increases while the critical angle of PS remains constant
as the concentration of Fe3O4 NPs is kept at 1 wt %. Therefore,
while a relatively low number of NPs is observed on the surface
of the hybrid films in the AFM and SEM analyses, the vertical
line cuts confirm the successful embedding of the NPs within
the films.
3.3. Concentration-Dependent Magnetic Properties.

The concentration-dependent magnetic properties of the
ternary hybrid films are investigated with a SQUID magneto-
meter. The Fe3O4 NPs are ferrimagnetic and Ni NPs are
ferromagnetic.25,31 Typical magnetic hysteresis curves meas-
ured between −1 and 1 kOe at 300 K are observed, as shown

in Figure 5a, and the films can be classified as relatively soft
magnetic materials, i.e., low coercivity. The inset in Figure 5a
shows the magnetization curves over a larger field range. The
magnetization of the hybrid films is expressed in units M,
which is given as the magnetic moment and is measured by the
SQUID magnetometer per unit volume, calculated from the
measured film dimensions. As expected, the saturation
magnetization Ms of the hybrid films, plotted in Figure 5b,
increases with increasing Ni content from 0.52 ± 0.01 emu
cm−3 for the film containing 1 wt % Ni to 1.4 ± 0.1 emu cm−3

and 1.8 ± 0.1 emu cm−3 for the films containing 2 wt % Ni and
5 wt % Ni, respectively. The remanence Mr also increases
linearly with respect to Ni concentration, Figure 5c, from 0.02
± 0.01 emu cm−3 to 0.06 ± 0.01 emu cm−3 and 0.13 ± 0.02
emu cm−3. Due to the low remanence, the squareness ratio
(Mr/Ms), Figure 5d, remains low for the hybrid films, around
approximately 0.05. The higher the squareness value, the better
suited the films are for potential magnetic data recording

Figure 5. (a) Magnetic hysteresis curves for the ternary hybrid films printed during the in situ characterization measured at 300 K. For clarity, the
curves are plotted between −1 kOe and 1 kOe. The inset shows the measured curves between −8 kOe and 8 kOe. (b) Saturation magnetization
(Ms), (c) remanence (Mr), (d) squareness (Mr/Ms), and (e) coercivity (Hc) extracted from the magnetization curves.

Figure 6. (a) Magnetic hysteresis curves for the ternary hybrid films printed during the in situ characterization measured at 40 K. For clarity, the
curves are plotted between −2 kOe and 2 kOe. The inset shows the measured curves between −8 kOe and 8 kOe. (b) Saturation magnetization
(Ms), (c) remanence (Mr), (d) squareness (Mr/Ms), and (e) coercivity (Hc) extracted from the magnetization curves.
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applications as a value close to unity indicates a stable device.
In addition, a “bulge” can be observed in the hysteresis curves,
which becomes pronounced with increasing Ni content. As the
hysteresis curves of the ternary films are the superposition of
Fe3O4 and Ni, this feature is described by the difference in field
strength at which the magnetization of each NP type
switches.62,63

While the concentration-dependent Ms, Mr, and squareness
follow trends found in our previous work for single NP hybrid
thin films, the coercivity Hc of the ternary films in this work
demonstrates a unique behavior. With increasing Ni
concentration, Hc also increases in a linear fashion. These
values increase from 18 ± 5 Oe for the film containing 1 wt %
Ni to 27 ± 5 Oe and 40 ± 4 Oe for the films containing 2 wt %
Ni and 5 wt % Ni.

To better gain insight into the magnetic behavior of the
ternary hybrid films, the magnetic properties of the films
examined in this paper are compared to binary hybrid films
containing either only 2 wt % Fe3O4 NPs or 2 wt % Ni NPs, as
shown in Figure S9. In particular, when examining the Hc, the
binary film with 2 wt % Fe3O4 NPs shows a Hc value of about
71 Oe and the binary film with 2 wt % Ni NPs shows a value
Hc of 2 Oe. All ternary hybrid films show Hc values above 2 Oe
but below the value of 71 Oe associated with Fe3O4 NPs. This
finding is attributed to the magnetic dipole interactions
between the harder Fe3O4 NPs and the soft Ni NPs.64−66

Adding more Ni NPs into the ternary system may result in
more Ni NP clusters, which might explain the increase in the
coercivity with increasing Ni NP concentration.66

3.4. Temperature-Dependent Magnetic Properties.
To determine the influence of temperature on the magnetic
properties of the hybrid thin films, magnetic hysteresis curves
for the ternary films measured between −2 and 2 kOe at 40 K
are shown in Figure 6a. As expected, Ms remains unchanged.
The inset in Figure 6a shows the magnetization curves over a
larger field range. Mr and Hc, however, show significant
increases. This is due to the reduced thermal fluctuation and
increased alignment of the magnetic domains. Therefore, while
the number of magnetic domains does not change, which is
related to the number of NPs, the magnetic field strength
required to flip the domains increases.67−69 Here, the
remanence has a value of 0.24 ± 0.02 emu cm−3 for the film
containing 1 wt % Ni and increases approximately linearly to
0.43 ± 0.03 emu cm−3 and 0.60 ± 0.07 emu cm−3 for 2 wt %
and 5 wt % Ni. Due to the increase in remanence, the
squareness of the measured samples also increases and reaches
a value of around 0.32 for all samples. The coercivity begins at
a value of 257 ± 5 Oe for the 1 wt % Ni sample and increases
to 259 ± 10 Oe and 290 ± 27 Oe for the 2 wt % Ni and 5 wt %
Ni samples. Interestingly, the bulge in the hysteresis curves
seen at 300 K disappears at 40 K. At this low temperature, the
magnetization of both types of NPs switch at the same field
strength and the film behaves like a single ferrimagnetic layer
due to magnetic coupling.62

4. CONCLUSIONS
Ternary hybrid thin films composed of a DBC and two
different types of magnetic NPs are fabricated in a one-pot
slot-die coating process for magnetic sensing or magnetic data
storage applications. GISAXS is used to track the film
formation in situ and the morphology evolution of a reference
PS-b-PMMA film with no NPs is compared to that of a PS-b-
PMMA film containing both Fe3O4 and Ni NPs. The pure

DBC film shows five stages of film formation and the ternary
hybrid film shows four stages, illustrating the influence of NP
addition on kinetics. First, in both cases, a wet film is observed
after deposition. After a period of solvent evaporation in which
the film begins to dry, a rapid coalescence and microphase
separation occurs, which is accompanied by the appearance of
the polymer domain scattering feature that further transforms
into a well-defined peak in the scattering data. For the ternary
hybrid thin film, the scattering information from the NP
aggregates appears during the solvent evaporation stage and
remains unchanged throughout the film formation process.
The final stage is characterized by the dry film, where no
changes in the film morphology happen due to restricted
mobility. For the pure DBC film, an intermediate stage is
observed before the beginning of the dry film stage, relating to
the residual solvent remaining in the film, which enables a
small polymer chain relaxation. Due to the large NP size and
NP aggregation, the NPs inside the films are preferentially
located in the polymer domains or at the PS/PMMA interface.
In addition to the morphology investigation, the magnetic
properties of the ternary films are examined. All films are
ferrimagnetic, and the magnetic properties are modulated by
tuning the NP concentration. Above all, the fabrication of
functional ternary hybrid thin films in a one-pot slot-die
synthesis method via printing demonstrates a simple method
to modify the magnetic behavior of magnetic hybrid thin films
for magnetic sensing or magnetic data storage applications
while achieving printed magnetic bit-patterned media will
require a better position control of the magnetic NPs.
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