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Layering of magnetic nanoparticles at amorphous magnetic
templates with perpendicular anisotropy

Directed self-assembly is an excellent way for designing
future meta-materials. We study the self-assembly of
magnetic nanoparticles from solution at solid substrates with
neutron reflectometry and show that densely packed layers
form. Their structure is defined by the templated substrate
and first wetting layer and mediated by long-range magnetic
dipole forces.
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Layering of magnetic nanoparticles at amorphous
magnetic templates with perpendicular
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We reveal the assembly of magnetite nanoparticles of sizes 5 nm, 15 nm and 25 nm from dilute water-based
ferrofluids onto an amorphous magnetic template with out-of-plane anisotropy. From neutron reflectometry
experiments we extract density profiles and show that the particles self-assemble into layers at the magnetic

surface. The layers are extremely stable against cleaning and rinsing of the substrate. The density of the layers
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Introduction

The self-assembly of colloidal particles is an attractive route for
manufacturing structures with tailored mechanical," electronic® or
magnetic properties.’ The equilibrium properties of soft materials
exhibit a rich diversity, due to the many-body nature of the inter-
actions (electrostatic, magnetic or steric) and deeper knowledge of
colloidal systems is important for realizing smart, functional and
stimuli responsive synthetic materials. Self-assembled nano-
structures show remarkable collective properties* and are use-
ful for engineering nanoarchitectures.” As an example, it has
been demonstrated that the organization of nanocrystals in
multi-dimensional superlattices alters their properties from
their isolated counterparts.® Current methodologies for assembling
colloidal particles into structures include, shear,” optics,® depletion
interactions,”'® sedimentation™"? as well as magnetic*"* and
electrical fields."*"® However, most of these methodologies face
limitations as, for example, colloidal particles ordered by shear
may form nonequilibrium structures or optically guided assembly
requires optical contrast between the medium and the particles.
The depletion interaction may lead to ordered particles that are
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1 Electronic supplementary information (ESI) available: Model calculations of the
SLDs assuming voids being filled with ligands or solvent for all layers. The
resulting values are tabulated and SEM images taken for a sample of the same NP
concentration but in contact with an APTES substrate before and after cleaning
are shown. See DOI: 10.1039/d0sm01088;j
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is determined by and increases with the remanent magnetic moment of the particles.

diffusion limited with no control over orientation of the micro-
structure, and sedimentation typically forms irreversible structures
with defects that are difficult to manipulate. Electric as well as
magnetic-field-mediated colloidal self-assemblies are attractive since
they can be repeatedly and reproducibly applied and removed even
in complex geometries for charged/non-charged'®"” and magnetic/
non-magnetic particles,"®'® respectively. For systems without
remanence and no persistent interaction this allows the assembly
and disassembly of structures.

Directed self-assembly can be achieved by carefully choosing
the building blocks and can be made very versatile by using,
e.g., magnetic fields.?° It has been shown that one-dimensional
chains,* two-dimensional arrays> or three-dimensional assemblies®
can be formed. This provides an unique route for directed self-
assembly due to the instantaneous and anisotropic nature of
magnetic interactions as well as its reversibility.>> Another
advantage of magnetic field directed self-assembly is its non-
contact nature. The resultant magnetic assemblies show huge
potential for applications like medical imaging,* drug delivery,”
photonics,”® biomedicine,”” data storage,”® cellular manipulation,*
cancer therapy,***" and gene transfection.? Self-assembled layers of
NPs are considered for similar applications as NPs in general. There
are several reviews in literature discussing layered structures of
magnetic NPs. Potential applications®** include among others
adsorption, catalysis, biomedicine, energy, optics, functional
composites, microfluidics, drug delivery as well as lab-on-a-chip
diagnostics, positive MRI contrast agents, tracers for MPI, bio-
compatible actuators and neuromorphic computing.’> More
dedicated reviews focusing on applications in optics and biology
or medicine are ref. 36 and 37, respectively. Self-assembled layers
of NPs also have interesting potential applications in spintronics
and data storage, allowing ultra high density storage®® and fast
switching,*® as well as for lithography.*’

This journal is © The Royal Society of Chemistry 2020
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Magnetic nanoparticles (NPs) are nano-scale building blocks
that follow magnetic field gradients.® At present, the majority of
studies of the structure of magnetic fluids are devoted to bulk
solutions, investigated with small angle X-ray (SAXS)*' and
small angle neutron (SANS) scattering.”” The self-assembly at
an interface with a solid has attracted less attention but may be
significantly different from that in bulk. Even more, an interface
can provide a template for the targeted self-assembly and layers
may be deposited in a very controlled way. In this context,
magnetically structured substrates (substrates with magnetic
topographic patterns prepared on the particle scale) have been
used to study the transport as well as the guided crystallization
of colloidal particles. Yellen et al.** used a rectangular array of
cobalt microcylinders on a silicon substrate and applied a
magnetic field rotating in a plane normal to the substrate. They
showed that this allows the transport of non-magnetic particles
dispersed in a ferrofluid. Gunnarson et al.** used a substrate
with permalloy elliptical islands placed in a staircase-like pattern.
Applying an external magnetic field rotating in the plane of the
film modifies the stray field of the magnetic ellipses and creates a
driving force for the motion of paramagnetic colloidal particles
placed on the film. Tierno et al*> used magnetic garnet films,
which are thin uniaxial ferromagnetic films, in which domains
can be organized into symmetric patterns consisting of stripes or
bubbles with perpendicular magnetization. The resulting anti-
ferromagnetic domains can be easily modulated in size by
applying magnetic fields with a perpendicular component. This
in turn modulates the potential generated at the film surface and
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Fig. 1 Panel (a): TEM micrographs of iron-oxide NP samples, FF5, FF15,
and FF25. Scale bars are 50 nm. Panel (b): X-ray diffraction patterns of the
NPs, FF5 (red), FF15 (blue), and FF25 (green) indexed according to a cubic
structure. Panel (c): Hysteresis loops for iron oxide nanocrystals FF5 (red),
FF15 (blue) and FF25 (green) at 300 K.
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induces a controlled motion of paramagnetic colloidal particles
placed above the film. Particles from an aqueous solution are
pinned to the Bloch wall in the film due to the intense stray field
from the surface. Applied magnetic fields can move the Bloch walls
and thereby the particles. The particles assemble into various
phases depending on the complexity of domain patterns.*® The
group further showed that this strategy allows separation and
sorting of bi-disperse particle systems based on the particle
size””*® as well as the controlled transport of micro-sized
chemical or biological cargoes by colloidal particle carriers.*’

In complementary investigations using neutron reflectometry,
we observed a close-packed wetting layer of magnetite NPs
(11 nm diameter and dissolved in water) on a silicon dioxide
surface.’® Under an in-plane magnetic field, the particles turned
and oriented with their long axis along the field direction, and
under shear a static wetting layer developed directly at the surface
and a depletion layer formed between the static layer and the
moving ferrofluid (FF). The self-assembly process was found to be
significantly influenced by the shape anisotropy and the size
distribution of the NPs. Recent polarized neutron reflectivity
(PNR) studies showed that wetting and layer formation of NPs
in a FF on a Si surface strongly depend on the coating, both of the
substrate as well as of the particles, and can be manipulated by
magnetic fields.”"** In this article, we investigate the self-
assembly of nearly monodisperse (size distribution: 5% for the
magnetic core and 15% for the shell) magnetic NP, from dilute
(0.15 vol%) aqueous solution in the stray field of a magnetic
templated substrate, a film of Tb;5Cogs with out-of-plane
magnetic anisotropy.

Experimental

Samples FF5, FF15, and FF25 (core shell particles dissolved in
water) with magnetite NPs of nominal sizes 5, 15, and 25 nm,
respectively, were commercially obtained from Sigma Aldrich.%
Their magnetic cores are coated with N-hydroxysuccinimide
making them very stable in water and affine to functionalized
surfaces.>® The size distribution and shape of the NPs were
imaged with transmission electron microscopy (TEM). A carbon-
coated 200 mesh copper specimen grid (Agar Scientific Ltd,#
Essex, UK) was glow-discharged for 1.5 min and one drop of the
diluted sample solution was deposited on the grid and left for
2 min. Excess fluid was removed with a filter paper. The grids were
then air-dried at room temperature and examined. Representative
TEM micrographs are reproduced in Fig. 1 (panels a). The average
particle diameters are 4.1 + 0.5 nm, 14.9 £ 0.6 nm, and 22.2 +
1.1 nm. X-ray powder diffraction (XRD) patterns of the iron oxide
nanocrystals (Fig. 1 (panel b)) were obtained using a Philips PW
1820 diffractometeri equipped with a Cu-K,, X-ray source. The mean
crystal sizes of the NPs are calculated using average values extracted

+ Certain commercial equipment, instruments, or materials (or suppliers, or
software,. ..) are identified in this paper to foster understanding. Such identifi-
cation does not imply recommendation or endorsement by the National Institute
of Standards and Technology, nor does it imply that the materials or equipment
identified are necessarily the best available for the purpose.
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from all indexed Bragg reflections and applying the Scherrer
equation.54 The NP diameters of 3.9 + 0.4 nm, 14.4 + 0.7 nm,
and 21.1 £ 1.3 nm are consistent with the results extracted from
TEM. This shows that the NPs are single crystals.

A superconducting quantum interference device (SQUID)
(Quantum Design#) was used to analyze the magnetic properties
of the iron oxide nanocrystals (Fig. 1, panel c). Magnetization
(expressed in emu) and hysteresis data with powders of separated
nanocrystals were measured in a field of —5 to 5 T at room
temperature, normalized by the mass of the solids and read as
emu g~ . The magnetization curve passes through the origin of
the axes (no hysteresis, negligible coercivity), indicating that the
sample nanocrystals collectively demonstrate superparamagnetic
behavior. The nanocomposite samples are collectively super-
paramagnetic regardless of whether the individual particles are
superparamagnetic (FF5), ferromagnetic (FF15 and FF25), or
(possibly) multidomain at room temperature with negligible
coercivity. The saturation magnetization (M;) is 38.0, 50.8, and
72.3 emu g~ ' for samples FF5, FF15, and FF25, respectively. As
expected M; decreases for smaller nanocrystals, due to surface
spin canting and finite-size effects.>>>® All NPs have a lower
saturation magnetization than bulk magnetite (92 emu g~ *).>’

SANS measurements were done at the NGB30m SANS instru-
ment at the NIST Center for Neutron Research (NCNR). The NPs
were diluted in a mixture of 85% D,0O and 15% H,O for better
neutron contrast to highlight both the NP cores and shells, and
contained in titanium sample cells with quartz windows with a
separation of 2 mm. The sample-detector distances were 1, 4, and
13 m. To increase the Q-range, the detector was offset horizontally
by 25 cm for the 1 m configuration. The wavelength was 4 = 6 A for
all configurations and refractive neutron lenses were used for
the low Q regime in the 13 m configuration. The wavelength

A
spread (7> was 13.8% (FWHM) and defined by the velocity

selector in all configurations. The data were reduced using the
NCNR IGOR Pro macros®® with correction for scattering from
the sample cell, ambient background, and flat field correction
for the detector. The collected data were normalized to the
intensity of the incident beams. A circular averaging over the
detector resulted in one dimensional I(Q) curves shown in Fig. 2.
The reduced SANS data were analyzed using the SasView
program.’® The SANS data from the SANS detector distances
of 1 m and 4 m do overlap for a Q range from approximate
0.04 A" to 0.1 A~". Since the resolution of the two detectors
differ, the data do not completely match. Specifically, the oscillations
from the 1 m setting are damped. The fitting program SasView
accounts for these resolution differences but the fit line drawn is
dominated by the fit to the 4 m data, which has a high point density.
In addition, the SANS fitting program SasView mathematically
includes polydispersity by calculating and fitting the average
intensity for a Gaussian distribution of particles with varying
diameters and shell thicknesses. The fits, which assume a power
exponent together with polydispersed core/shell spherical NPs
for each sample, are tabulated in Table 1 and shown as solid
lines in Fig. 2. The particles have core diameters of 3.2 nm,
15 nm, and 21 nm (in line with the results from XRD and TEM),
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Fig. 2 SANS data for samples FF5 (red symbols), FF15 (blue symbols) and
FF25 (green symbols) and fits to the data (solid lines). Data for FF5 and FF15
are scaled by a factor of four and two for better visibility, respectively.

Table 1 Results of fits to the SANS data assuming a linear combination of a
power law and core/shell spheres. The SLD of the cores was fixed and the
SLD of the solvent was allowed to vary in a tight range near 4.6 x 10~ nm~2

FF5 FF15 FF25
Core diameter [nm] 3.2(2) 15.4(2) 21.3(2)
Shell thickness [nm] 6.4(2) 4.9(1) 6.9(1)

Core SLD [10™* nm?] 6.9 6.9 6.9

Shell SLD [10™* nm 2] 2.79(10) 2.40(15) 2.94(20)
Power exponent 1.8(1) 2.2(1) 2.3(2)
Distribution radius [%] 4.9 6.7 4.9
Distribution shell thickness [%] 15 15 9.1

and organic shell thicknesses of 6.4 nm, 4.9 nm and 6.9 nm,
respectively. Including the power law is needed to describe the
low-Q upturn, which is frequently seen in magnetic nanoparticle
colloids.*"®° 1t likely originates either from core agglomeration
or excess surfactant. We speculate that it is the latter in this case
since the power-law scattering contrast is pronounced in the
D,O0 solvent, which has a large scattering length density (SLD).
In addition, the SANS data fit reasonably well to a core/shell
spherical form factor with minimal evidence of a correlation
peak associated with long-range inter-particle ordering. We note
that low-Q scattering associated with excess surfactant has been
described by others on related systems.®* The SLD for the bulk
shell material is 0.16 x 10~* nm~>. The SLD of the core was
fixed to 6.91 x 10~ * nm™? (value for Fe;0,4). Similar to previous
observations,”" the SLD values for the shell material are larger
than that of bulk shell material due to the presence of water in
the shell. The water content in the shells can be estimated from
the fitted SLDs for the shells (see Table 1) and those of the
solvent (4.6 x 10~* nm™?) and shell material, which results in
approximately 59%, 50% and 63% for samples FF5, FF15 and
FF25, respectively. These values have to be taken with care, since
the absolute scaling of the SANS fit is strongly dependent on the
precise nanoparticle concentration, shell SLD, shell thickness,

This journal is © The Royal Society of Chemistry 2020
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Fig. 3 Domain pattern determined from magnetic force microscopy for
a 40 nm thick TbCo film, dark and bright regions correspond to areas
where the sample magnetization points into or out of the sample plane,
respectively.

and solvent SLD. We do not expect the shell to be swallowed as
the ligands have hydrophilic tails and hydrophopic heads.

Ferrimagnetic amorphous Th;5Cogs (40 nm thick) films were
grown using DC magnetron sputtering onto Si crystals (50 x
50 x 10 mm) in zero magnetic field. A 10 nm layer of amorphous
Al,Zr3, was deposited as a buffer layer as well as a capping layer
(=5 nm thick) to prevent oxidation.> The resulting layer
sequence was Al,(Zr;o/Tb15C0g5/Al;¢Zr3¢/SiO,/Si. At this thickness
the Tb,5;Cogs forms a worm-like domain pattern,®” which was
verified by magnetic force microscopy (Fig. 3). For more details
on the growth as well as film characteristics, we refer to
literature.”®> Thin films of TbCo have a strong perpendicular
magnetic anisotropy.®® In the out-of-plane direction, the hysteresis
loop is square with a large remanence, M;, whereas in the in-plane
direction the loop is smoothly varying with a small remanence.
TbCo films are used for magnetic storage,** spin-valve
technologies®® and optical magnetic switching.®®

For the neutron reflectometry (NR) experiments the NPs,
FF5, FF15 and FF25, were dissolved in a D,O/H,0O mixture of
0.87/0.13, 0.84/0.16, and 0.77/0.23, respectively, with a concentration
of 0.15 vol% Fe;0O, or 8 mg mL . At this concentration densely
packed structures close to a solid interface were reported earlier.>
The D,0/H,0 ratios were selected to optimize the neutron contrast
of both the shell (with a low SLD) and core (with a high SLD)
with respect to the solvent. The bulk SLD values of the sample
components have been calculated according to ref. 67.

Fig. 4 (left hand side) shows the geometry of the neutron
reflectometry measurements which were performed in a wet cell
with polarization analysis. First the substrate was measured as
reference in contact with D,O. Then the FF-liquid with magnetic
particles was measured in contact with the substrate, and finally the
substrate was re-measured in contact with D,O after thorough
cleaning by three steps: first, a vigorous rinsing with pure ethanol
and isopropanol, second, ultra-sonification of the crystal in a water
bath for 30 minutes at 30 °C and third, a second hard rinsing with
ethanol and isopropanol followed by wiping the substrate surface
with 100% pure fibre-made precision wipes. Table 2 summarises the
layer sequence of the magnetic substrate together with characteristic
values extracted from the NR measurements against D,O. These
values have been kept constant for all fits with magnetic particles.

For the neutron reflectivity experiments, approximately
1.5 mL of each FF sample was loaded into a wet cell, which

This journal is © The Royal Society of Chemistry 2020
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Fig. 4 Sketch of the experimental reflectivity setup showing the wet cell.
The neutron beam and its momentum are indicated by the red arrows. The
silicon crystal with the deposited magnetic template layer is shown in green.
The FF sample is held inside the PTFE gasket adjacent to the magnetic
template. The scattering geometry, defining incident and exit angle, is
sketched at the left hand side.

Table 2 Magnetic template Al;oZrs0/Tb15C0gs/Al;0Zrso sputter grown on
a Si wafer. Tabulated are fit results of NR data measured against D,O

Layer Thickness [nm] Roughness [nm] SLD [10™* nm?]
Al,0Zr30 4.96(35) 2.00(16) 1.78(23)
Tb,sCog5  40.47(46) 2.83(41) 2.94(13)

AloZr5, 11.51(27) 1.71(64) 2.44(8)

Sio, 1.87 0.62(5) 3.8

Si — — 2.07

uses a silicon(111) crystal (50 x 50 x 10 mm, optically polished,
obtained from CrysTec,i Germany) as the reflecting interface.
The FF sample was contained by a 2 mm thick polytetrafluoro-
ethylene (PTFE) gasket between the silicon crystal and poly-
carbonate plate, Fig. 4 (right hand side). During the measurements,
the wet cell was oriented vertically to avoid NP sedimentation onto
the Si surface due to gravity.

The neutron reflectivity measurements were performed on
the reflectometer MAGIK at the NCNR®® with a wavelength of
5.0 A. The wavelength resolution was 1.6% (FWHM) and the
angular divergence varied from 1.4 to 1.3% in the investigated
Q. range (both FWHM). The collimated neutron beam pene-
trates the silicon crystal from the edge and undergoes reflection
at the internal interfaces. The beam footprint on the sample was
fixed at 25 mm. The raw data have been reduced by the Python
package reductus® and corrected for beam footprint and back-
ground. No features were observed in the spin flip cross-sections
and the non-spin flip channels were found to be identical. Note,
the as-grown magnetic template layer has out-of-plane aniso-
tropy and neutrons are not sensitive to the magnetic induction
along the direction of the momentum transfer. Since, as seen
from the MFM images (Fig. 3), the magnetic domains in the
substrate are randomly oriented, the signal from magnetic stray
fields at the domain walls should show up in all four spin cross
sections. The absence of the signal proves that the magnetic

Soft Matter, 2020, 16, 7676-7684 | 7679
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induction resulting from stray fields averages to zero in the
plane of the interface and over the coherence volume of the
neutron beam independent of whether magnetic particles are
present or not. Since we did not find any difference in the non-
spin flip channels, we averaged over both to improve statistics.
The resulting data were fitted by the Parratt formalism’® implemen-
ted in the NCNR software package RefliD’" utilizing the super-
iterative algorithm.”” For each data set, the optimal number of
fitting parameters (and thus the optimal number of layers) were
determined using the Bayesian information criteria (BIC);
BIC = (n — ¢)x* + ¢ In(n), where n is the total number of data
points for the measurement, ¢ is the total number of fitting
parameters, and y” represents the reduced y statistic of the fit,
as detailed in ref. 50.

Results

The neutron reflectivity experiments are summarised in Fig. 5.
In the panels on top the PNR data are plotted as a function of
the wavevector Q,. The uncertainties on the individual data
points correspond to +1 standard deviation (valid throughout
the remaining text). For all three samples two data sets are
shown. The data were taken, first, with the magnetic substrate
in contact with the FF sample (red symbols) and with D,O after
cleaning (blue symbols, shifted by a factor of 100 for clarity).

View Article Online
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The best fits to the data with the corresponding 3> (marked), are
shown as solid lines. The SLD profiles extracted from the fits are
plotted in the centre and lower rows in Fig. 5 for the measure-
ment before and after cleaning, respectively. The bulk SLD values
of the FF components, water, shell and core material are included
as grey dashed lines. The thickness, roughness and SLD values
extracted from the fits as well as the resulting concentrations of
core and shell material and water for each NP sample are
summarised in Table 3.

The fitting model describes two NP layers adjacent to the
magnetic substrate. These layers consist of core and shell
material as well as water. Our main question is whether a layer
is built of densely packed NPs. The dense packing is defined by
the SLD calculated from the fractional packing of the NPs. In
the model arrangement, the particles are closely packed in a
hexagonal close packed (CP) arrangement to form a 2D sheet
(see ESIT), with the core/shell diameter (as determined from the
SANS measurements see Table 1) being the lattice parameter
for the unit cell. For the calculation we assume hard spheres
with a particle-to-particle separation distance equal to the sum
of the core diameter and twice the shell thickness and bulk SLD
values. From these assumptions the volume fraction filled by
core and shell material can be calculated (see ESIT). Since the
spheres do not fill the space completely, voids remain. These
may be filled either by ligands (shell material) or deuterated
water. The presence of excess shell material has been reported
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Fig. 5 PNR taken for samples FF5 (left column), FF15 (center column) and FF25 (right column) and plotted versus Q.. Blue dots represent data taken with D,O
after cleaning. The solid lines represent fits to the data. The panels in the center and lower row show the resulting SLD profiles plotted as a function of distance
from the Si(100) surface. The grey areas represent the SLD ranges for close packed layers of particles with shell material (lower limits) or water (upper limits) in the

inter-shell gaps. Numbers preceded by #, label the layers as described in the
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text. Dashed lines indicate the layers SLD and thickness for zero roughness.
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Table 3 Parameters of the first (1a, 1b) and second (2a, 2b) particle layers,
before (la, 2a) and after cleaning (1b, 2b), at the magnetic template
extracted from fits to the NR data for FF5, FF15 and FF25, respectively.
Calculations of compositions assume CP with remainder filled with water/
shell materials as detailed in supplemental and assuming bulk SLD values

Composition [%
Thickness Roughness SLD Composition [%]

Sample  Layer [nm] [nm] [107* nm~?] Core Shell Water
FF5 la  16.03)  0.48(27) 2.87(5) 0.50 50.1 49.4

2a  21.2(3) 4.5(3) 3.21(7) 0.38 43.8 55.8
FF5 after 1b  17.2(3)  0.96(23)  3.29(4) 0.46 49.3 50.2
cleaning 2b  21.9(4)  4.0(4) 3.81(3) 0.37 40.9 58.8
FF15 1c  31.9(3) 7.5(3) 2.4 2(5) 10.8 59.3 29.9

2¢  45.5(4)  4.1(2) 5.06(2) 74 6.7 85.9
FF15 after 1d ~ 24.0(4)  7.7(3) 2.61(3) 14.4 61.6 24.0
cleaning 2d  44.0(6) 5.1 (3) 5.1 5(2) 7.8 19.9 72.3
FF25 le  382(2) 1.0 (2) 1.1 0(3) 12.5 86.0 1.5

2e  42.8(3)  3.3(2) 3.24(3) 111 38.5 50.4
FF25 after 1f  34.7(4)  1.2(2) 1.45(4) 13.7 80.4 5.9
cleaning 2f  43.6(5) 4.5 (2) 4.07(2) 10.9 37.7 51.4

earlier.”® Note, the SANS measurements, done with dilute
solutions, suggest hydrated shells but at the magnetic substrate
the particles are agglomerated and excess ligand can be
expected due to entropic effects. Since the SLD of the shell
material (hydrogenated) and the deuterated water differ signifi-
cantly, a wide range in SLDs can describe CP layers but with
different relative concentrations of water and ligands. The
range of SLDs defined in this way is indicated by the grey areas
marked in the SLD profiles for the first and second interfacial
layer of particles, respectively. Layers may be CP if the SLD falls
within the grey areas and loose packed (LP) if it is larger than
the maximum SLD value of the range. Note, firstly, that with
increasing core diameter the relative volume of the cores with
respect to the rest of the layers increases and the range of SLDs
defining CP layering shrinks. At the same time the CP region
shifts towards slightly larger SLDs, since the SLD of the cores is
much larger than that of the ligands. Secondly, the CP range
defined as described above depends on the thickness of the
layers, which may slightly vary as a result of the deformation of
the NPs shells in the layers. This is in particular true for the
second layer of particles, where the thickness exceeds one
particle diameter. This layer should rather be seen as particle
layer with a high degree of disorder than a mono-layer. Due to
the roughness between the layers and the limited Q-range of the
NR data, we were not able to resolve sublayers, dividing each of
the NP layers into two layers of mainly shell material and a center
layer, that is more rich in cores, as proposed previously.>>*" For
the details of the calculations we refer to the ESLY

Discussion

The magnetic properties of NPs can be categorised with respect
to their size,”” see schematic in Fig. 6. Below d,, (around 30 nm
for single crystalline Fe;0,), the formation of domains is not
energetically favourable and the particles are single domain.” If
suspended in a liquid, they show a collectively superparamagnetic
behaviour since the magnetization can reorient by rotation either

This journal is © The Royal Society of Chemistry 2020
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Fig. 6 Schematics of particle magnetisation for different particle sizes.

of the particle itself (Brownian relaxation) or the magnetisation
inside the particle (Néel relaxation) into the field direction. The
NPs in sample FF5 are magnetically unstable and likely super-
paramagnetic, while the ones in FF15 and FF25 are single domain
and ferromagnetic. Fig. 6 summarises the magnetic state of
particles of increasing size. The sizes of the NPs investigated in
this work are marked. The relevant parameter for our study is the
magnetisation per particle, which increases with size.

To discuss the results extracted from the fits, we first focus on
the layer thicknesses extracted for each sample and summarised
in Table 3. From Table 1, we can calculate the diameter of the
NPs including the shell and get approx. 16 nm, 25 nm and 35 nm
for FF5, FF15 and FF25, respectively. A comparison of these
numbers to the thicknesses of the first particle layer of approxi-
mately 16 nm, 32 nm and 38 nm extracted from the NR experi-
ments shows that we can identify a particle wetting layer at the
interface with the topmost Al,yZr;, layer for all the samples.
Interestingly, this situation does not change after cleaning and
rinsing of the surfaces and re-measuring them in contact with
D,O. The wetting layer is still present, however, with a slightly
reduced thickness and increased SLD, which is explained by
the collapse of the shells during the cleaning procedure and
rehydration in D,O during the measurement, respectively. The
exception found for sample FF5 is explained by the fact that for
this sample the first and second interfacial layer have very similar
SLDs and can hardly be separated. For the second layer we find
thicknesses of 21 nm, 46 nm and 43 nm, which exceed the
diameter of the particles. Moreover, from the SLD profiles shown
in Fig. 5, it is seen that between the second layer and the bulk FF,
a smooth transition region exists. Both these observations are in
line with a second layer, that is still well assembled but subject to
large fluctuations with respect to roughness, resulting from the
increased distance from the magnetic template. Similar to the
first layer, we find this layer to be stable against the cleaning
and rinsing procedure but this time with almost no changes in
SLD, thickness and roughness.

The self-assembly of particles in FF5, FF15 and FF25 is
defined by dipole interactions, resulting in a force on the magnetic
particle in a magnetic field gradient. Such a field gradient arises
from the stray fields at the domain walls of the magnetic template
layer, and the particles will move towards higher magnetic flux
densities, which are largest right at the surface of the magnetic
template layer. As a consequence it is expected that larger NPs self-
assemble better than smaller ones. Indeed, the SLD value extracted

Soft Matter, 2020, 16, 7676-7684 | 7681
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for sample FF5 is larger than the SLD range calculated for the full
coverage with CP particles (Fig. 5) and is explained by the presence
of water close to the interface. For FF15 and FF25, the SLD values
are consistent with a full coverage with CP particles, however, with
water present in the layer for sample FF15 and only core and shell
material for FF25 (Table 3). For the second layer only the SLD
values extracted for the largest particles, FF25, from the fits
(Table 3) can be explained by a CP but hydrated layer. The
particles in sample FF25 are the largest particles investigated
but still single domain and have the highest magnetisation and
strongest interaction.”®

As explained above for the three samples, only minute changes
in reflectivities are found after thorough cleaning. The dipolar
forces are strong enough to stabilize the self assembled structures.
To further confirm this, Si substrates coated with TbCo and buffer
layers were immersed into the FF samples for 5 hours. Then SEM
micrographs were taken after following the cleaning procedure
identical to the one used during the neutron studies. The left and
right panels of Fig. 7 show SEM images for samples FF5 (top
panels), FF15 (middle panels) and FF25 (lower panels) before and
after cleaning. For FF5, the NPs are clearly visible in both images.
It turns out that after the cleaning procedure the density of
particles remains almost unchanged and patches of CP particles
are visible together with areas of bare substrate. A similar effect is
found for the NPs of sample FF15 but with a perceivably larger
surface coverage. For sample FF25 (Fig. 7), before and after the
cleaning, both layers of NPs can be distinguished in the SEM
images and can be perceived as CP. In contrast, applying the same
cleaning procedure to FF25 particles chemically bound to
(3-aminopropyl) triethoxysilane (APTES) coated Si wafer (see
Fig. S2, ESIf) through amide linkages, results in removal of
more than 95%°"> of the particles (for details see Fig. S2, ESIY).

Cleaned and rinsed

Spin coated

FF5

FF15

FF25 |

Fig. 7 The upper, middle and lower panels show SEM images of sample
FF5, FF15 and FF25 deposited onto TbCo, respectively. The panel to the left
and right were taken before and after cleaning, respectively.
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Table 4 Surface coverage of the substrate with CP patches of NPs

assuming only ligands in the voids. Indices 1 and 2 indicate the first and
second wetting layer, respectively

Sample FF5 FF15 FF25
SLDgo1, [10™* nm 2] 5.4 5.2 4.8
SLDmeas.1 [1074 nmiz] 2.9 2.4 1.1
SLDpeas.2 [107* nm™?] 3.3 2.6 1.5
SLDvjg.dens.1 [10~* nm 2] 0.19 0.89 1.0
SLDyig dens.2 [10”* nm 7] 0.19 0.66 0.91
Scminl [%] 48 65 97
SCminz [%] 41 57 86

The SEM images described above are in qualitative agree-
ment with the SLD profiles extracted from the NR experiments.
However, NR averages over the coherence volume of the beam
and the SLDs tabulated in Table 3 correspond to average values
over several tens of pm (larger than the size of the SEM images),
while SEM is very sensitive to local defects, providing comple-
mentary information. The SEM images for sample FF5 show
patches of adsorbed NPs rather than a continuous wetting
layer. This indicates that the NR measurements might have to
be interpreted in this way. Instead of assuming a CP or LP layer,
we may assume CP patches with gaps, filled by water in between.
Indeed the stray field from the magnetic template is strongest at
the domain walls and it is expected that the particles settle
preferentially there.*®

The NPs in FF25 form a CP wetting layer with low SLD,
which is explained by assuming only ligands filling the voids
between particles. Since the same chemical interactions are
likely to hold in the cases with islands of CP particles, we can
assume that the CP patches are also composed of core and shell
material for the other layers and samples, and then calculate
the minimum surface coverage (SCmin) of CP patches.

SLDSol. - SLDmeas.

SComin = 1
mn SLDSOL - SLDLig.den& ( )

Here, SLDgo1, SLDpeqs. and SLDpig gens. are the SLDs of the
solution, the measured SLD and the SLD calculated assuming
only ligands in the voids of the layer, respectively. Table 4
summarises the results of these calculations. The calculated
coverage is in qualitative agreement with the SEM images.
Note, any solvent present, which may be expected considering
the results of the SANS measurements, in the patches will
increase the surface coverage so a slightly higher surface cover-
age seen in the SEM images is expected.

Conclusion

In conclusion, we report magnetic self-assembly of superpara-
magnetic (5 nm) and single domain, ferromagnetic spherical
iron-oxide NPs (15 nm and 25 nm) from a dilute (0.15 vol%)
aqueous solution and onto a ferrimagnetic substrate (Tb;5Cogs)
with perpendicular (out-of-plane) anisotropy. We find the particle
size and resulting magnetic moment as key factor for the for-
mation of dense layers. Larger NPs (approx. 25 nm size particles),
which are single domain and have a comparatively large moment,

This journal is © The Royal Society of Chemistry 2020
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show the most pronounced layering at the solid surfaces. For the
smallest (5 nm) particles, the dominance of Brownian motion over
Néel relaxation results in less pronounced layering. The self-
assembled layers for all samples are firmly attached and stable
even after a thorough cleaning of the substrate. A comparison of
NR and SEM results shows that patchy areas of dense layers are
formed, which are probably pinned at the domain walls.

Conflicts of interest

There are no conflicts to declare.

Acknowledgements

Access to the NGB SANS was provided by the Center for High
Resolution Neutron Scattering, a partnership between the National
Institute of Standards and Technology and the National Science
Foundation under Agreement No. DMR-1508249. The authors
thank Cedric Gagnon for assistance with the instrumentation
and Gabriella Andersson for fruitful discussions. Financial support
for the project neutron scattering from magnetic nanoparticles
(Dnr: IG2011-2067) from the Swedish Foundation for International
Cooperation in Research and Higher Education is acknowledged.

References

1 S. Sacanna, K. Rodriguez, L. Colon-Melendez, S. H. Kim,
D. J. Pine and G. R. Yi, Nat. Commun., 2013, 4, 1688.
2 T. Radeva, V. Milkova and I. Petkanchin, J. Colloid Interface
Sci., 2001, 244, 24-30.
3 K. S.Khalil, A. Sagastegui, M. Yu Li, A. Tahir, J. E. S. Socolar,
B. J. Wiley and B. B. Yellen, Nat. Commun., 2012, 3, 794.
4 B. DAguanno, U. Genzt and R. Klein, J. Phys.: Condens.
Matter, 1990, 2, SA379-SA384.
5 J. H. Kaas, M. M. Merzenich and H. P. Killackey, Annu. Rev.
Neurosci., 1983, 6, 325-356.
6 D. Mishra, D. Greving, G. A. B. Confalonieri, J. Perlich, B. P.
Toperverg, H. Zabel and O. Petracic, Nanotechnology, 2014,
25, 205602.
7 T. Solomon and M. J. Solomon, J. Chem. Phys., 2006, 124,
134905.
P. T. Korda and D. G. Griet, J. Chem. Phys., 2001, 114, 7570-7573.
T. D. Edwards and M. A. Bevan, Langmuir, 2012, 28,
13816-13823.
10 G. E. Fernandes, D. J. Beltran-Villegas and M. A. Bevan,
J. Chem. Phys., 2009, 131, 134705.
11 W. Lee, A. Chan, M. A. Bevan, J. A. Lewis and P. V. Braun,
Langmuir, 2004, 20, 5262-5270.

12 K. E. Davis, W. B. Russel and W. ]J. Glantschnig, Science,
1989, 245, 507-510.

13 R. M. Erb, H. S. Son, B. Samanta, V. M. Rotello and
B. B. Yellen, Nature, 2009, 457, 999-1002.

14 M. Dueweke, U. Dierker and A. Hiibler, Phys. Rev. E: Stat.
Phys., Plasmas, Fluids, Relat. Interdiscip. Top., 1996, 54,
496-506.

O

This journal is © The Royal Society of Chemistry 2020

View Article Online

Soft Matter

15 R. ]. Castellano, C. Akin, G. Giraldo, S. Kim, F. Fornasiero
and J. W. Shan, J. Appl. Phys., 2015, 117, 214306.

16 T. D. Edwards and M. A. Bevan, Langmuir, 2014, 30,
10793-10803.

17 J. J. Crassous, A. M. Mihut, E. Wernersson, P. Pfleiderer,
J. Vermant, P. Linse and P. Schurtenberger, Nat. Commun.,
2014, 5, 5516.

18 A. Saini, V. Kapaklis and M. Wolff, IEEE Sens. J., 2019,
19, 6948.

19 G. Pandey, J. Saikia, S. Sasidharan, D. C. Joshi, S. Thota,
H. B. Nemade, N. Chaudhary and V. Ramakrishnan, Sci.
Rep., 2017, 7, 2726.

20 Q. Chen, S. Bae and S. Granick, Nature, 2011, 469, 381-384.

21 S. Tasoglu, C. Yu, H. Gungordu, S. Guven, T. Vural and
U. Demirci, Nat. Commun., 2014, 5, 4702.

22 H. Carstensen, V. Kapaklis and M. Wolff, Phys. Rev. E: Stat.,
Nonlinear, Soft Matter Phys., 2015, 92, 012303.

23 L.Ye, T. Pearson, Y. Cordeau, O. T. Mefford and T. M. Crawford,
Sci. Rep., 2012, 6, 23145.

24 B. Gleich and J. Weizenecker, Nature, 2005, 435, 1214-1217.

25 K. ]J. Widder, A. E. Senyei and D. G. Scarpelli, Proc. Soc. Exp.
Biol. Med., 1978, 158, 141-146.

26 J.Ge, L. He, J. Goebl and Y. Yin, J. Am. Chem. Soc., 2009, 131,
3484-3486.

27 B. Kozissnik and J. Dobson, MRS Bull., 2013, 38, 927-932.

28 S. Sun, C. B. Murray, D. Weller, L. Folks and A. Moser,
Science, 2000, 287, 1989-1992.

29 J. Dobson, Nat. Nanotechnol., 2008, 3, 139-143.

30 R. K. Gilchrist, R. Medal, W. D. Shorey, R. C. Hanselman,
J. C. Parrott and C. B. Taylor, Ann. Surg., 1957, 146, 596.

31 C. L. Dennis, A. J. Jackson, ]J. A. Borchers, P. J. Hoopes,
R. Strawbridge, Z. Pierce, A. R. Foreman, J. van Lierop,
C. Griittner and R. Ivkov, Nanotechnology, 2009, 20, 395103.

32 F.Scherer, M. Anton, U. Schillinger, J. Henke, C. Bergemann,
A. Kruger, B. Gansbacher and C. Plank, Gene Ther., 2002, 9,
102-109.

33 G. A. Ozin, K. Hou, B. V. Lotsch, L. Cademartiri, D. P. Puzzo,
F. Scotognella, A. Ghadimi and J. Thomson, Mater. Today,
2009, 12, 12-23.

34 J. B. Tracy and T. M. Crawford, MRS Bull., 2013, 38, 915.

35 T. Blachowicz and A. Ehrmann, Molecules, 2020, 25, 2550.

36 Z. Nie, A. Petukhova and E. Kumacheva, Nat. Nanotechnol.,
2009, 5, 15.

37 D. Rawtani and Y. K. Agrawal, Nanobiomedicine, 2014, 1, 60009.

38 A. Weddemann, I. Ennen, A. Regtmeier, C. Albon, A. Wolff,
K. Eckstddt, M. K. H. Mill, N. Peter, ]J. Mattay, C. Plattner,
N. Sewald and A. Hiitten, Beilstein J. Nanotechnol., 2010, 1, 75.

39 T. Ishii, H. Yamakawa, T. Kanaki, T. Miyamoto, N. Kida,
H. Okamoto, M. Tanaka and S. Ohya, Appl. Phys. Lett., 2019,
114, 062402.

40 Y. Bao, T. Wen, A. C. S. Samia, A. Khandhar and K. M.
Krishnan, J. Mater. Sci., 2016, 51, 513.

41 F. L. de Oliveira Paula, Condens. Matter, 2019, 4, 55.

42 C. Vasilescu, M. Latikka, K. D. Knudsen, V. M. Garamus,
V. Socoliuc, R. Turcu, E. Tombacz, D. Susan-Resiga, R. H. A.
Ras and L. Vackas, Soft Matter, 2018, 14, 6648-6666.

Soft Matter, 2020, 16, 7676-7684 | 7683


http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sm01088j

Open Access Article. Published on 03 August 2020. Downloaded on 6/30/2026 7:17:27 AM.

Thisarticleislicensed under a Creative Commons Attribution-NonCommercial 3.0 Unported Licence.

(cc)

Soft Matter

43

44

45

46

47

48

49

50

51

52

53

54

55

56

57
58

B. B. Yellen, O. Hovorka and G. Friedman, Proc. Natl. Acad.
Sci. U. S. A., 2005, 102, 8860-8864.

K. Gunnarsson, P. E. Roy, S. Felton, J. Pihl, P. Svedlindh,
S. Berner, H. Lidbaum and S. Oscarsson, Adv. Mater., 2005,
15, 1730.

P. Tierno, T. M. Fischer, T. H. Johansen and F. Sagués, Phys.
Rev. Lett., 2008, 100, 148304.

L. E. Helseth, T. Backus, T. H. Johansen and T. M. Fischer,
Langmuir, 2005, 21, 7518-7523.

F. Martinez-Pedrero, A. V. Straube, T. H. Johansen and
P. Tierno, Lab Chip, 2015, 15, 1765-1771.

F. Martinez-Pedrero, H. Massana-Cid, T. Ziegler,
T. H. Johansen, A. V. Straube and P. Tierno, Phys. Chem.
Chem. Phys., 2016, 18, 26353-26357.

P. Tierno, F. Sagues, T. H. Johansen and T. M. Fischer, Phys.
Chem. Chem. Phys., 2009, 11, 9615-9625.

K. Theis-Brohl, P. Gutfreund, A. Vorobiev, M. Wolff, B. P.
Toperverg, J. A. Dura and J. A. Borchers, Soft Matter, 2015,
11, 4695-4704.

K. Theis-Brohl, E. C. Vreeland, A. Gomez, D. L. Huber,
A. Saini, M. Wolff, B. B. Maranville, E. Brok, K. L. Krycka,
J. A. Dura and ]J. A. Borchers, ACS Appl. Mater. Interfaces,
2018, 10, 5050-5060.

K. Theis-Brohl, A. Saini, M. Wolff, J. A. Dura, B. B.
Maranville and J. A. Borchers, Nanomaterials, 2020, 10, 1231.
J. Estelrich, E. Escribano, J. Queralt and M. A. Busquets, Int.
J. Mol. Sci., 2015, 16, 8070-8101.

B. D. Hall, D. Zanchet and D. Ugarte, J. Appl. Crystallogr.,
2000, 33, 1335-1341.

L. Li, Y. Yang, J. Ding and J. Xue, Chem. Mater., 2010, 22,
3183-3191.

H. Yang, D. Hasegawa, M. Takahashi and T. Ogawa, IEEE
Trans. Magn., 2008, 44, 3895.

D. Wang, P. Yang and Y. Zhu, Mater. Res. Bull., 2014, 49, 515.
S. R. Kline, J. Appl. Crystallogr., 2006, 39, 895-900.

7684 | Soft Matter, 2020, 16, 7676-7684

59
60

61

62

63

64

65

66

67
68

69

70

71

72

73

74

75

View Article Online

Paper

http://www.sasview.org/.

P. Bender, E. Wetterskog, D. Honecker, J. Fock, C. Frandsen,
C. Moerland, L. K. Bogart, O. Posth, W. Szczerba, H. Gavilan,
R. Costo, M. T. Fernandez-Diaz, D. Gonzalez-Alonso, L. Fernandez
Barquin and C. Johansson, Phys. Rev. B, 2018, 98, 224420.

V. L. Petrenko, M. V. Avdeev, L. A. Bulavin, L. Almasy, N. A.
Grigoryeva and V. L. Aksenov, Crystallogr. Rep., 2016, 61, 121.
P. Korelis, A. Liebig, M. Bjorck, B. Hjorvarsson, H. Lidbaum,
K. Leifer and A. Wildes, Thin Solid Films, 2010, 519,
404-4009.

A. Frisk, F. Magnus, S. George, U. B. Arnalds and G. Andersson,
J. Phys. D: Appl. Phys., 2015, 49, 035005.

M. Gottwald, M. Hehn, F. Montaigne, D. Lacour, G. Lengaigne,
S. Suire and S. Mangin, J. Appl. Phys., 2012, 111, 083904.

N. Nishimura, T. Hirai, A. Koganei, T. Ikeda, K. Okano,
Y. Sekiguchi and Y. Osada, J. Appl. Phys., 2002, 91, 5246-5249.
C. D. Stanciu, F. Hansteen, A. V. Kimel, A. Kirilyuk, A. Tsukamoto,
A. Ttoh and T. Rasing, Phys. Rev. Lett., 2007, 99, 047601.
http://www.ncnr.nist.gov/resources/sldcalc.html.

J. A. Dura, D. J. Pierce, C. F. Majkrzak, N. C. Maliszewskyj,
D. J. McGillivray, M. Lasche, K. V. Donovan, M. Mihailescu,
U. Perez-Salas, D. L. Worcester and S. H. White, Rev. Sci.
Instrum., 2006, 77, 074301.

B. Maranville, W. Ratcliff and P. Kienzle, J. Appl. Crystallogr.,
2018, 51, 1500.

L. G. Parratt, Phys. Rev., 1954, 95, 359-369.
https://www.nist.gov/ncnr/reflectometry-software.

J. E. Owejan, J. P. Owejan, S. C. DeCaluwe and ]. A. Dura,
Chem. Mater., 2012, 24, 2133-2140.

K. D. Bakoglidis, K. Simeonidis, D. Sakellari, G. Stefanou
and M. Angelakeris, IEEE Trans. Magn., 2012, 48, 1320-1323.
I. Torres-Diaz and C. Rinaldi, Soft Matter, 2014, 10,
8584-8602.

E. Bellido, N. Domingo, I. Ojea-Jiménez and D. Ruiz-Molina,
Small, 2012, 8, 1465-1491.

This journal is © The Royal Society of Chemistry 2020


http://www.sasview.org/
http://www.ncnr.nist.gov/resources/sldcalc.html
https://www.nist.gov/ncnr/reflectometry-software
http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0sm01088j



