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ABSTRACT: This article describes the three-dimensional self-
assembly of monodisperse colloidal magnetite nanoparticles (NPs)
from a dilute water-based ferrofluid onto a silicon surface and the
dependence of the resultant magnetic structure on the applied field.
The NPs assemble into close-packed layers on the surface followed by
more loosely packed ones. The magnetic field-dependent magnet-
ization of the individual NP layers depends on both the rotational
freedom of the layer and the magnetization of the adjacent layers. For
layers in which the NPs are more free to rotate, the easy axis of the
NP can readily orient along the field direction. In more dense packing,
free rotation of the NPs is hampered, and the NP ensembles likely
build up quasi-domain states to minimize energy, which leads to lower
magnetization in those layers. Detailed analysis of polarized neutron
reflectometry data together with model calculations of the arrange-
ment of the NPs within the layers and input from small-angle scattering measurements provide full characterization of the core/
shell NP dimensions, degree of chaining, arrangement of the NPs within the different layers, and magnetization depth profile.

KEYWORDS: magnetite nanoparticles, core/shell nanoparticles, ferrofluid, polarized neutron reflectometry, self-assembly,
3D self-ordering, quasidomains

■ INTRODUCTION

Advances in the synthesis of well-defined nanoparticles (NPs)
have opened up opportunities for their application in various
fields.1−5 Using the properties of small structures as individual
objects is one important aspect of nanotechnology. There is,
however, also a high interest in ensembles of NPs to use their
collective behavior in functional devices. Ensembles of NPs can
have properties that differ from those of individual particles as
well as from those of the bulk.6 Potential applications include
the improvement of the mechanical properties of materials7 or
the introduction of new electronic,8 magnetic,9−11 photonic,12

or optical functionalities.8 Of particular interest are magnetite
(Fe3O4) NPs developed and engineered for potential
biomedical applications (e.g., superparamagnetic relaxometry
(SPMR),13−15 magnetic particle imaging,16−18 and magnetic
hyperthermia19,20) because of their low toxicity, strong
response to magnetic fields, and superparamagnetic relaxation.

The key to well-ordered NP ensembles is self-assembly. Self-
assembly is a low-cost method that provides controllable,
simple mechanisms for the arrangement of the NPs into
ordered structures, which can be achieved either through the
direct interaction of the building blocks or by using a template
or external field.21−24 In the present work, we study the self-
assembly of magnetite NPs in a ferrofluid (FF) adjacent to a
silicon surface with an applied magnetic field. FFs are colloidal
suspensions of magnetic NPs with typical sizes ranging from a
few nanometers to several tens of nanometers. To prevent
agglomeration, surfactants providing steric repulsion are
attached to their surface. In solution, the NPs can form various
heterogeneous structures such as linear chains, clusters, closed
rings, and branched structures25−27 depending on their
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concentration. In the absence of a magnetic field, the observed
netlike structures have been attributed to magnetic dipolar
interactions.28 The dipole interactions can be enhanced
substantially if each NP is comprised of a single magnetic
domain,24,25,27,29−31 as in the case of our current study.5 In
addition, the magnetic response of a single-domain particle to a
magnetic field differs substantially from that of a multidomain
particle.32 Instead of inducing domain wall displacement, the
applied field must either rotate the entire magnetic moment
within the NP or physically reorient the NP itself.24 The
balance among these complex magnetic forces and interactions
thus plays an essential role in the bottom-up construction of
nanoarchitectures, which are of high fundamental and practical
importance.
Previously, we performed neutron reflectivity studies in

which we observed a close-packed wetting layer of magnetite
NPs on a silicon dioxide surface of a Si substrate.33 The FF was
highly concentrated (around 5 vol % Fe3O4), and the slightly
nonspherical NPs with an average core diameter of 11 nm had a
broad size distribution of around 30%. The particles were
dissolved in water (i.e., a mixture of D2O and H2O) and
dispersed with oleic acid. The oleic acid attached to the
hydrophilic surface of the carefully cleaned silicon wafer. Under
the influence of an in-plane magnetic field, the particles turned
and oriented with their long axis along the field direction.
Under shear, the particles showed a static wetting at the surface
and a depletion layer between the static layer and the moving
FF. The shape anisotropy and size polydispersity in this NP
system clearly have a significant effect on the self-assembly
process.
The aims of the present study are to determine if the

substrate wetting can be initiated in a dilute, 0.15%, FF system
with monodispersed, spherical particles comprised of a single
magnetic domain and if the self-assembly process can then be
systematically controlled by application of a small magnetic
field. An important question to answer is whether the particles
would fully wet the surface of the specially prepared template in
a well-defined, densely packed configuration despite the
reduced concentration of the particles in solution. In addition,
the aim is to determine if an applied field can significantly alter
the resultant physical structure in the absence of NP structural
inhomogeneities. With these goals, we first performed small
angle neutron scattering (SANS) measurements to characterize
the structural and magnetic order of the individual particles that
make up the FF. Subsequently, polarized neutron reflectivity
(PNR) studies of a FF in contact with a silicon surface were
used to ascertain the depth-dependent profiles of the nuclear
and magnetic structures in the direction perpendicular to the
silicon surface. Determination of the structural configuration
relied upon a detailed comparison of the experimentally
determined scattering length density (SLD) values to those
derived from model calculations assuming a certain fractional
packing in a particular layer. Furthermore, using polarized
neutrons, we were also able to isolate the magnetization depth
profile and probe the unexpected changes in both the structural
and magnetic order that were induced by the applied field.
The FF used for this investigation was prepared by Imagion

Biosystems.5 The well-defined monocrystalline and spherical
particles with a core diameter of 25 nm are designed for use in
SPMR, magnetic hyperthermia, and other biomedical applica-
tions. SPMR requires tight control of the particle size because it
affects the performance of the magnetite NPs very sensitively in
vitro. Figure 1a shows a representative image of the particles.

The magnetite particle cores are coated with a monolayer of
oleic acid and a monolayer of an amphiphilic polymer with
carboxylic acid. This kind of coating makes them very stable in
water and also provides anchors for attaching the NPs to a
functionalized surface. From our SANS data, we determined the
NPs to have a core diameter of 25.3 nm with a narrow size
distribution of 10%, as described below. The NPs were
dissolved in a water mixture with 85% D2O and 15% H2O,
which was selected to decrease the incoherent background
scattering and to increase the contrast for the neutron
scattering experiments. The concentration of the NPs in the
FF was chosen to be low (around 0.15 vol % Fe3O4),
corresponding to approximately 8 mg/mL of Fe3O4 to
investigate the mechanisms for building densely packed
structures from a very dilute system.
The NP ensemble shows superparamagnetism at room

temperature. The magnetization curve is shown in Figure 1b.
According to superconducting quantum interference device
(SQUID) measurements, the sample is saturated in a field of
approximately 3 T and has a saturation magnetization of 379
emu/cm3, relative to the Fe3O4 bulk magnetization of 524
emu/cm3.34−36,a

To bind the particles to the template for the neutron
reflectivity measurements, a (3-aminopropyl)triethoxysilane
(APTES) layer was deposited onto a silicon wafer that was
used in the wet cell. The interaction of the carboxylic groups of
the NPs with the silane layer is visualized in Figure 2.

■ RESULTS AND DISCUSSION
SANS Results. Information about the internal NP structure

and their collective interactions (e.g., chain or cluster
formation) in a FF was obtained from SANS investigations.

Figure 1. Representative TEM image of 25 nm particles used in the
present study (a) and magnetization curve of the magnetite NPs, as
measured with SQUID magnetometry (b).

Figure 2. Schematic drawing of the amine bond between the silane
group of the APTES layer and the carboxylic group of the NP ligands.
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SANS data for the FF in D2O used in this investigation are
shown in Figure 3. Model fits reveal that the particles have a

core diameter of 25.3 nm and that water penetrates into the
shell, which leads to an SLD value that is higher than expected
for the bulk shell material (see the Supporting Information for
details). This phenomenon can be explained by the hydro-
philicity of the heads of the oleic acid ligands, which are
attached to the NP. The heads attract water that penetrates all
the way through the NP shell, giving a total shell thickness of
6.6 nm.
Polarization analyzed SANS (PASANS) experiments per-

formed on related NPs in a near-zero field37 reveal that the
magnetic core orders as a single domain with a diameter of
(23.6 ± 0.4) nmb, relative to a structural core size of (25.0 ±
0.4) nm, consistent with a 0.7 nm surface layer with a reduced
or disordered magnetization. Furthermore, the NPs form only
short chains in the FF, and the chain lengths differ slightly from
batch to batch. Specifically, the NPs form a combination of
trimers, dimers, and monomers in water. The best fit (red line)
to the SANS data in Figure 3 suggests that the FF used in our
investigation is predominantly composed of dimers (around
81% in volume) with some monomers (around 10% in volume)
and some trimers (around 9%). For comparison, model fits
with just monomers (gray line), dimers (blue line), or trimers
(green line) are shown in Figure 3 as well. The parameters from
the best fit for the “mixed” model are summarized in Table 1.
Subtraction of the core diameter from the center-to-center

distance in the dimers and trimers (34.0 nm from SANS fits)
indicates that each shell is compressed to t = 4.4 nm between
the particles. This value is in excellent agreement with the
results obtained from PNR fits for the core/shell particle

diameter dc+s (described below) and is about 2 nm smaller than
the average thickness of the shell (6.6 nm) determined directly
from the SANS fits (Table 1). We thus conclude that the
ligands between the cores in the dimers and trimers are
somewhat compressed or displaced compared to the
unconfined shell.

Neutron Reflectometry (NR) Results. NR was used to
characterize the NPs’ self-assembly onto a silicon/APTES
template. Specular NR gives the depth profile of the SLD,
averaged in the plane of the sample over the coherence volume
of the neutron beam, which is on the order of a micrometer in
the in-plane x direction38−41 (the scattering geometry is shown
in Figure S1 in the Supporting Information). We used
unpolarized and then polarized neutrons to determine both
the nuclear and magnetic depth profiles. Our measurements
with unpolarized neutrons in zero field and 100 mT (shown in
the Supporting Information) provided definitive proof of NP
self-assembly onto the silicon surface and subsequently guided
the fits to the PNR data. The PNR measurements were
performed with a slightly different instrumental setup in a high
magnetic field of 100 mT and then in a lower magnetic field of
6 mT. We focus here on the results of the PNR measurements
because the fits are highly sensitive to both the nuclear depth
profile Nb(z) and the magnetic depth profile Np(z). The FF
was not expected to have exactly the same structural
configuration in low fields (0 and 6 mT) because changing
the magnetic field could possibly move the particles. From the
fits to PNR data, we found that the agreement between Nb for
the two field configurations was fairly good. We did, however,
obtain slight differences in the nuclear SLDs of the layers for
the measurements with unpolarized and polarized neutrons.
Figure 4a shows the PNR data with R·qz

4 plotted as a
function of qz and the error bars corresponding to ±1 standard
deviation. The splitting between the (++) and (−−) reflectivity
cross-sections, which originates from the projection of the
magnetization parallel to the applied field (for details see
Methods), is highlighted in the plots of the spin asymmetry
(SA) [Figure 4b,c]. The best fits to the data with χ2 = 8.0 and
4.9 are shown as solid lines in Figure 4. The resulting Nb(z)
and Np(z) SLD profiles are plotted in Figure 5.
The construction and interpretation of these model profiles

are described below. The SLDs of several key components of
the NP system (see the Supporting Information for details)
were calculated using the SLD of the FF, that is, NbFF = 5.27 ×
10−4 nm−2 (obtained from the unpolarized fits), the known
concentration of magnetite in the solution (0.15 vol %), the
core diameter of 25.3 nm, and the two cases of compressed and
stretched core/shell diameters of 34.0 and 38.5 nm,
respectively. For comparison, the bulk SLD values of these
FF components are given in Table S2 in the Supporting

Figure 3. SANS data taken from the FF used in the present study and
fits of the data to several models.

Table 1. Results of Fits to the SANS Data Using a Model Containing Monomers, Dimers, and Trimersc

dc rsp. t [nm] Nb [10−4 nm−2] Np [10−4 nm−2] poly-disp. (%) volume fraction (%) volume fraction (%) center-to-center distance [nm]

core 25.3 ± 0.3 6.91 (fixed) 1.50 ± 0.20 10 0.06
shell 6.6 ± 0.4 4.28 ± 0.03
solvent 6.35 ± 0.70
monomers 10
dimers 81 34.0 ± 0.3
trimers 9

cGiven are the core diameter dc, shell thickness t, nuclear SLD (Nb) of the core, shell, and solvent (D2O), and magnetic SLD (Np), volume fraction,
and dispersity of the core. The volume fractions of the monomers, dimers, and trimers are provided, as well as the dimer center-to-center distance.
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Information and are included as gray lines in the SLD profile
plots in Figure 5. Furthermore, the calculated SLD values for
different arrangements of the particles in truncated particle
single layers or in a double layer (discussed below) are included
in blue and orange (see SLD values in Table S2).
Because unpolarized data are more straightforward to fit, we

used these results to predefine parameters for our fits to the
polarized data, as described in the Methods section. Specifically,
we determined the number of uniform slabs in the model from
the unpolarized data, and we obtained preliminary information
about the nuclear SLD and thickness of these slabs.
The bottom slab in the stack is native SiO2 (on the Si wafer)

with a thickness of 1.8 nm and an SLD of 3.97 × 10−4 nm−2, as
determined from a fit to the reflectivity data (not shown)
obtained with only D2O/SiO2/Si (and without NPs). The
parameters of this slab were fixed in subsequent fits to the FF
data (Figure 4). For both magnetic fields, we find that a layer of
NPs wets the silicon surface, producing three distinct slabs in
the SLD depth profiles that were fit to the data. The first slab
above the native oxide, #1 in the model, was determined to
consist mainly of shell material (which included the shells
attached to the NPs and in the interstitial regions between the
NPs), excess additive material (which was included in the FF to
produce the shells around the magnetic particles), and possibly
some water. The APTES layer is too thin and has too little
contrast with the shell material to be resolved by neutron
reflectivity and is also included in this slab. The next slab of the
stack (#2) contains the cores of the particle wetting layer, shell
material between the cores, as well as some D2O/H2O. The

ligand shell on the opposite side of these particles forms the
next distinct slab (#3).
Further layering was found on top of the first NP wetting

layer although distinct slabs attributable to just shells are not
expected beyond slab #3 because of layer roughness. Thus, slab
#4 in 6 mT (or slabs #4a and #4b in 100 mT) is an additional
region of particles containing both core and shell material as
well as some water. The presence of additional NP layers in
between the wetting layer (slabs #1−#3) and the bulk FF is a
new observation that contrasts with results from our previous
studies.33 Not only does this region expand in thickness from
44.4 to 65.0 nm with increasing field but it also evolves from a
single layer into two distinct layers with different SLDs (slabs
#4a and #4b) at 100 mT. The specifics of the dependence of
this structure on the field will be discussed in more detail
below. Finally, slab #5 is a magnetized particle layer that forms
a broad interface with the adjacent bulk FF, which does not
carry a magnetic moment itself. In addition, the layer model
includes the SLD of the bulk FF on top of the stack, together
with its roughness.
To interpret the SLD profiles in Figure 5 in terms of the

arrangement of the particles within the individual slabs
according to Figure 6, we modeled an idealized layer of
close-packed particles. In this hexagonal model (see Figure S7
in the Supporting Information), the core/shell particles build a

Figure 4. Top: PNR data taken when applying magnetic fields of 6 and
100 mT (a). Shown are plots of R·qz

4 as a function of qz. The solid
lines represent fits to the data. The data and fits of the measurements
in a field of 100 mT were shifted with respect to the data and fits in 6
mT by a factor of 0.01 for better visibility. Bottom: SAs at 6 (b) and
100 mT (c).

Figure 5. Profiles of nuclear Nb(z) and magnetic Np(z) SLDs plotted
as a function of distance z from the Si(100) surface determined from
the results of the fits to the PNR data taken at 6 (a) and 100 mT (b)
and shown in Figure 4. For comparison, SLD values for the magnetite
core, water, and shell material are also included as gray dashed lines.
Model calculations for the NP SLD find different values for
compressed or stretched ligands in the shell. The SLD range between
the compressed and stretched ligand model for isolated NPs is shown
as a gray area. Furthermore, model SLD values for a close-packed layer
of truncated particles with shell material in the intershell gaps (orange
dashed lines) and with water in the intershell gaps (blue dashed lines)
are given for core/shell NP diameters of 34 and 38 nm, respectively.
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single sheet of particles as exemplified by slab #2, which
includes only the center region truncated at the planes tangent
to the cores.
Field Dependence of the NP Layer Structure.

Conclusions regarding the self-assembly process for the FF
system onto the silicon template are drawn from the nuclear
depth profile obtained from PNR (Figure 5 and Table 2) as
compared to the SLD model calculations (Tables S2 and S3 in
the Supporting Information). The changes in the composition
and structure of each of the primary layers as a function of the
applied magnetic field are described below.
The wetting layer on the surface of silicon can be described

as a single particle monolayer comprised of distinct slabs #1−3
[Figures 6 and 7a]. Slab #1 mainly contains ligand shell
material. Its thickness of about 4 nm agrees well with the shell
thickness between the Fe3O4 particles in the dimers
corresponding to one of their two shells. This single shell
thickness is smaller than the average shell thickness of 6.6 nm,
which is measured predominantly in directions other than the
dimer axis (Table 1). The ligands adjacent to the silicon surface
thus appear to be compressed to the same length as that of the
ligands separating the dimers. Assuming that slab #1 contains
only shell material and water (consistent with SANS measure-
ments), the water content can be determined from the fitted
SLD value (Nb#1 ≈ 1.4 × 10−4 nm−2) to be about 20% by
volume. This low value suggests that the spaces between the
spherical shell caps are partially filled with excess ligand
material that is either attached to the APTES layer on the
silicon surface or originates from the deformations of the shell
at the surface.

Slab #2 is the most important part of the wetting layer
because it contains the ordered magnetic cores. In both low and
high magnetic fields, its thickness (around 25 nm) is in
excellent agreement with the core diameter dc measured by
various methods. Its roughness was found to be below 1 nm,
indicating that this layer is well-defined and planar. Because the
cores are surrounded by a ligand shell, this layer also contains
shell material and possibly some water in the spaces between
the core/shell particles. Comparing the nuclear SLD value from
the fit of the 6 mT data Nb#2 = 2.51 × 10−4 nm−2 to the SLD
model calculations for a close-packed layer of particles (Table
S3 in the Supporting Information), the slab is best described by
a close-packed layer with the spaces between the particles filled
by ligands [Figure 7a]. The shells surrounding each core are
either compressed or overlapped, with the material from the
deformed shells filling most of the interparticle gaps. The
model calculations (orange dashed line labeled “34 nm” in
Figure 5) suggest an average center-to-center distance of the
particles of 34 nm with no water being present in this layer and
volume fractions of 33% Fe3O4 and 67% ligand material. This
center-to-center distance agrees well with the compressed core/
shell diameter of 34.0 nm (see above). It is more likely,
however, that slab #2 contains water as well because the
adjacent slabs #1 and #3 (see below) include some water. As
water has a high SLD, this can only be compensated by a
greater amount of ligand material within this layer if the average
center-to-center distance is a bit higher than 34 nm. At 100 mT,
the SLD of slab #2 increases slightly, further supporting this
increased water content. Assuming that the stretched core/shell
diameter is 38.5 nm instead, the water content is approximately
9% by volume in slab #2, which corresponds to a volume
fraction of 25% Fe3O4 and 66% ligand material. From these
model calculations, it cannot be determined if the particles in
the wetting layer are single NPs, dimers, or trimers. If dimers
and/or trimers self-assemble in this layer, they obviously orient
with their long axis parallel to the silicon surface.
Similar to slab #1, slab #3 consists of ligand shell material. Its

thickness is slightly larger than that of slab #1, and its fitted
nuclear SLD (Nb#3 ≈ 2.8 × 10−4 nm−2 is higher than the SLDs
for slabs #1 and #2, suggesting that the water content is larger.
Assuming that this layer does not contain any magnetite, the
volume fraction of water is calculated to be approximately 50%.
Though the nuclear SLD effectively does not change with the
field, the layer thickness was found to be slightly smaller in a
field of 100 mT (Table 2). With the exception of this slight
variation in the SLD of slab #2 and in the slab #3 thickness, the
entire particle wetting layer (slabs #1−#3) is stable and not
influenced by the magnetic field. We thus conclude that the

Figure 6. Sketch of the stack assumed for the fits of the neutron
reflectivity data.

Table 2. Slab Thickness, Roughness, and Nuclear SLD Values Obtained from Fits to the PNR Data Taken in Magnetic Fields of
H = 6 mT and H = 100 mT

H = 6 mT, χ2 = 8.0 H = 100 mT, χ2 = 4.9

layer thickness t [nm] roughness Δt [nm] nuclear SLD Nb [10−4 nm−2] layer thickness t [nm] roughness Δt [nm] nuclear SLD Nb [10−4 nm−2]

SiO2 1.8 1.0 3.97 SiO2 1.8 1.0 3.97
#1 4.1 ± 0.1 0.2 ± 0.1 1.42 ± 0.04 #1 4.1 ± 0.1 0.2 ± 0.1 1.31 ± 0.04
#2 24.7 ± 0.4 0.1 ± 0.1 2.51 ± 0.06 #2 25.8 ± 0.5 0.3 ± 0.1 2.80 ± 0.05
#3 6.1 ± 0.5 1.3 ± 0.5 2.77 ± 0.07 #3 4.2 ± 0.5 1.4 ± 0.6 3.09 ± 0.07
#4 44.4 ± 0.8 0.7 ± 0.5 2.40 ± 0.02 #4a 29.8 ± 2.1 1.5 ± 0.3 2.40 ± 0.01

#4b 35.2 ± 0.7 5.1 ± 0.6 3.68 ± 0.04
#5 34.1 ± 0.9 6.5 ± 0.1 5.07 ± 0.02 #5 29.9 ± 1.5 4.0 ± 0.2 5.09 ± 0.04
FF 3.5 ± 1.1 5.27 FF 1.9 ± 0.5 5.27
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amine bond between the silane group of the APTES layer and
the carboxylic groups of the shell tightly hold the densely
packed layer of NPs onto the silicon surface (Figure 2) despite
their low concentration in the FF.
The SLD profiles in Figure 5 show that additional particle

layers assemble on top of the wetting layer (slabs #1−#3), and
they change in response to different magnetic fields.
Specifically, the fitted nuclear SLD for the slab adjacent to
the wetting layer [#4 in Figure 5a and #4a in Figure 5b with
Nb#4 (6 mT) ≈ Nb#4a (100 mT) = 2.4 × 10−4 nm−2] is
independent of the magnetic field but has a slightly lower SLD
than that of slab #2. This slab appears to be nearly completely
close-packed with a water content similar to slab #2. In contrast
to slab #2, the SLD of slab #4 is slightly smaller than that
calculated for a close-packed structure with a compressed shell
and shell material in the interstitial spaces (Table S3 in the
Supporting Information). Instead, the SLD value tends toward
that expected for an unconfined shell (orange dashed line
labeled “38 nm” in Figure 5). Alternately, the lower SLD for
slab #4 relative to that of slab #2 could originate from local
disorder. Slab #4 might include shell material from above and
below the plane of cores that, in the case of slab #2, is relegated
to slabs #1 and #3 (Table S3 in the Supporting Information).
In 6 mT, this disorder is supported by the fact that the

thickness of slab #4 was found to be about 44.4 nm (Table 2),
which is significantly greater than the particle core diameter.
Correspondingly, while the roughness of the interface between
slab #2 and #3 is small, the roughness is much larger between
slab #4 and slab #5, which has a SLD approaching the bulk FF
value. We conclude that slab #4 consists of a mixture of
monomers, dimers, and trimers that self-assemble on top of
slab #3 to complete a monolayer plane. Some of the dimers and
trimers are oriented parallel to the sample surface but others are
oriented at various angles with respect to the silicon surface
[Figure 7b], giving rise to enhanced interfacial roughness and a
layer thickness that is somewhat smaller than that expected for
a close-packed double layer of NPs.
In contrast, the thickness of slab #4a in 100 mT decreased to

29.8 nm (Table 2), which corresponds to about the particle
diameter. From this, it can be inferred that in the higher
magnetic field, the dimers rotate into the field direction and
separate into two distinct slabs, #4a and #4b [Figure 7c]. In this
case, the SLD and thickness of slab #4a are again consistent
with expectations for a close-packed particle layer.
Slab #4b has a thickness of 35.2 nm, which is larger than that

of slab #4a but in good agreement with the core/shell diameter
of dc+s = 34 nm determined from SANS (Table 1). The higher
value of the fitted SLD (Nb#5 = 3.68 × 10−4 nm−2) is roughly
half way between the SLDs of slab #4a and the bulk FF,

indicating that this slab consists of a monolayer of particles with
water in both the interstitial gaps and the particle vacancies.
Finally, in both fields, slab #5 (Figures 5 and 6) has a nuclear

SLD that does not deviate much from that of the adjacent bulk
FF. Slab #5 is therefore not ordered into a dense layer, but
rather has a NP concentration that is slightly higher than that of
the bulk FF. This rough slab is magnetized, however, in
contrast to the bulk FF, which does not carry a detectable net
magnetic moment itself.

Magnetic Characteristics of the NP Layers. The layered
structure clearly is altered by the application of a field, which
presumably reorients the magnetic dipoles of the dimers and
trimers via the Zeeman interaction. Our investigation revealed
that the changes in the structure of the self-assembled layers are
accompanied by variations in the magnetization of the NP
layers, as anticipated. The variations in the magnetization are
evidenced by the field-dependent features in the low qz SA.
Specifically, the peaklike feature below qz = 0.2 nm−1 in the SA
for 100 mT [Figure 4c] has a higher amplitude and is more
narrow than the same feature in the SA for 6 mT [Figure 4b].
From fits to the PNR data (Figure 4), we obtained magnetic
SLD profiles Np(z) in 6 and 100 mT, which are plotted in
Figure 5 (in units 10−4 nm−2 = 10−6 Å−2).
The magnetic component of the SLD Np is directly

proportional to the sample volume magnetization with M/V
= [1.47 × 10−7/(16π) emu/cm3·nm2] × Np and is plotted in
Figure 8. The values of M/V for the different slabs are also
given in Table 3. Additionally the magnetizations ∫ #i M/V dz
integrated along depth z for the particular slabs #i are given. To
calculate the magnetic moment per unit volume of Fe3O4, we
used the nuclear SLD from our fits to the data (see Table 2) to
determine the volume fraction of Fe3O4 for each slab.
In slabs #5 for 6 mT and #4b and #5 for 100 mT, the

intershell gaps are filled with water, and the determination of
the volume fraction of magnetite is not as straightforward.
Therefore, we used the model SLD for a hard sphere NP with a
core diameter of dc = 25.3 nm and a core/shell diameter of dc+s
= 34.0 nm. By fixing the ratio of the core-to-shell material in
this way, the volume fraction of all materials including water
can be determined from the nuclear SLD values in Table 2.
Using the sample volume magnetization M/V of the different
slabs and the volume fractions of Fe3O4, we determined the
volume magnetization M/V with respect to Fe3O4, as shown in
Table 3. We give these values in emu/cm3 and also relate them
to the bulk saturation magnetization of magnetite of 524 emu/
cm3.
For the discussion of the magnetic behavior, we treat the

NPs as single domain5 because PASANS measurements37

indicate that their core magnetization is uniform in low fields
with only a thin layer of disordered surface spins. In addition,

Figure 7. Schematic drawing of NP-ordering determined from the results of SANS and PNR. (a) Wetting layer, (b) double layer on top of the
wetting layer in a magnetic field of 6 mT, and (c) double layer on top of the wetting layer in a magnetic field of 100 mT.
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the energy of forming a domain wall is too high in these small
particles within the range of fields applied here. Consequently,
the remagnetization process under the influence of a magnetic
field occurs through rotation of the net moment, rather than
through domain wall motion within the NP. The energy barrier
for magnetization rotation can be very high, as it is the integral
of the magnetic anisotropy energy throughout the whole NP.24

For sufficiently small particles, this energy can be on the order
of the thermal energy, making the magnetization of individual
NPs thermally unstable. The whole magnetization of the

particle thus might flip via a process known as Neél
relaxation.42 In a liquid suspension, however, each NP is able
to physically rotate by Brownian motion, which occurs on a
much faster timescale.43 The difference in the two timescales is
actually key for the application of magnetic relaxometry for
which these NPs are designed.15

Because of the large magnetic dipole interactions for these
single-domain NPs, larger structures, such as dimers and
trimers, self-assemble in the FF without the application of an
external field.24 As a consequence of the NPs’ interaction with
each other and with the APTES surface, the layers in the
present FF system consist of NPs with a varying ease of
rotation. Therefore, the magnetization process may differ from
layer to layer because either Brownian motion or Neél
relaxation may dominate.
Slab #5, which is close to the bulk FF, consists of only a small

volume fraction of NPs, which do not interact with each other
and are the most free to rotate their easy axes into the field
direction. As can be seen from Table 3, our measurements
support this assumption and reveal that this particular layer
carries the highest magnetic moment in the stack: (114 ± 64)%
of the magnetite saturation magnetization (which is 524 emu/
cm3) in low field and (125 ± 81)% in high field. (These
relatively large uncertainties are due to the combination of
uncertainties from two measured quantities, the fitted Nb and
Np SLDs from Table 2. In addition, the propagated error
associated with the NP SLD of (3.15 ± 0.6) 10−4 nm−2 from
Table S2 in the Supporting Information assumes considerable
uncertainty in the ligand shell and gap material SLDs.) Because
the process of free rotation does not require as much energy as
the Neél relaxation process, the magnetization changes within
this loosely packed layer presumably occur rapidly and trigger
the reorientation process of the magnetization of the remaining
layers in the stack.
The magnetization of the layer adjacent to slab #5 then aligns

antiparallel to it due to dipolar interactions. In the high-field
case, the NPs in this adjacent layer (slab #4b) occupy a partial
monolayer with higher water content than the more compact
layers (slabs #4a and #2) closer to the Si surface and are thus
more free to rotate to maintain antiparallel alignment with the
magnetization of slab #5. The next particle layer, slab #4a in the
high field, is located between this layer (slab #4b), which has its
magnetization oriented antiparallel to the field, and the wetting
layer, which has its magnetization aligned parallel to the field.

Figure 8. Profiles of sample volume magnetization M/V plotted as a
function of distance z from the Si(100) surface determined from the
results of the fitting routines applied to the PNR data shown in Figure
4 and recalculated from the magnetic SLDs Np for the measurement at
6 (a) and 100 mT (b). The volume used for the calculation is the unit
volume of the material of the corresponding slab in our model (see
above).

Table 3. Magnetic Parameters as Derived from the Fits to the PNR Data Taken in Fields of H = 6 mT and H = 100 mTd

slab
thickness
t [nm]

magnetic SLD Np
[10−4 nm−2]

sample volume magn.
M/V [emu/cm3]

integrated magn. ∫ #iM/V dz
[10−7 emu/cm2]

volume fraction
Fe3O4 VFe3O4/V#i

volume magn.
Fe3O4 [emu/cm3]

rel. vol. magn.
Fe3O4 [%]

H = 6 mT
#2 24.7 ± 0.4 0.09 ± 0.02 29 ± 8 726 0.31 ± 0.07 93 ± 34 18 ± 6
#4 44.4 ± 0.8 −0.07 ± 0.03 −26 ± 10 −1007 0.30 ± 0.07 −86 ± 40 −16 ± 8
#5 34.1 ± 1.0 0.07 ± 0.01 25 ± 2 718 0.04 ± 0.02 599 ± 336 114 ± 64
sum 437

H = 100 mT
#2 25.8 ± 0.5 0.10 ± 0.011 35 ± 3 893 0.36 ± 0.08 96 ± 9 18 ± 2
#4a 29.8 ± 2.1 0.01 ± 0.01 4 ± 3 87 0.30 ± 0.07 14 ± 11 3 ± 2
#4b 35.2 ± 0.7 −0.08 ± 0.05 −27 ± 15 −768 0.31 ± 0.09 −90 ± 50 −17 ± 10
#5 29.9 ± 1.5 0.07 ± 0.01 24 ± 4 638 0.04 ± 0.02 654 ± 425 125 ± 81
sum 851

dIn addition to the magnetic SLDs (Np), the volume magnetization M/V, the integrated magnetization over the particular slab, the volume fraction
of Fe3O4, the volume magnetization of Fe3O4, and the relative volume magnetization of Fe3O4 with respect to the bulk saturation magnetization of
magnetite of 524 emu/cm3 are given. Notice, only slabs which carry a magnetic moment are considered.
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Therefore, slab #4a (which has a higher ligand content than
slab #4b) experiences high frustration that results in a low net
magnetization. This layer consists of NPs that are mostly
dimers oriented parallel to the silicon surface. Because of
dipolar coupling, the NPs may order in a quasi-domain
structure (shown schematically in Figure 9), as was suggested in
the study by Mishra et al.44 for spin-coated magnetic NP layers.

In contrast, there is only one magnetically monolithic layer
between the outermost “dilute” layer and the wetting layer in
the low-field case. As this layer (slab #4) can be antiparallel to
both the adjacent layers, it does not experience the magnetic
frustration apparent in the high-field case, and its magnetization
is somewhat higher than that of slab #4a.
The magnetic NP cores in slab #2 of the wetting layer are

bound via APTES to the Si surface and are assembled into a
close-packed configuration. Therefore, they are probably not
able to rotate easily under the influence of a magnetic field, and
the magnetization itself needs to rotate instead. For both
magnetic field cases, we observe that the magnetization of the
wetting layer is oriented along the magnetic field direction.
However, the relative volume magnetization of Fe3O4 in slab #2
is much less compared to that of slab #5 with unbound NPs
(18% in low field and high field as stated in Table 3).
Therefore, it can be assumed that a quasi-domain structure
similar to that proposed for slab #4a in the high field (see
sketch in Figure 9) may occur in the wetting layer as well.
However, incomplete flux line closure in the wetting layer leads
to a higher net magnetization than that of slab #4a. The
magnetization in slab #4 in the low-field case has a magnitude
that is similar to that of slab #2, but antiparallel. This layer is
also close-packed as was concluded from the low nuclear SLD.
Therefore, a similar quasi-domain state (Figure 9) can be
assumed for slab #4.
It is interesting to note that the different mechanisms by

which each layer magnetization is manipulated by the magnetic
field are clearly revealed by PNR. Specifically, the particles in
the loosely attached layers (such as slab #5) can rotate freely in
order to orient their easy axes along the field direction, whereas
the NPs in the bound layers (such as slab #2) are immobile
with a lower net magnetization resulting from quasi-domain
formation (Figure 9).

■ CONCLUSIONS

In summary, we observed three-dimensional (3D) self-assembly
of spherical and monodisperse magnetite NPs from a dilute FF
(concentration far below 1 vol %) onto a treated silicon surface
via NR. The concentration of the NP cores in these structures
can be up to 200 times higher than that in the dilute FF.
Following the formation of a close-packed wetting layer, the
NPs assemble into additional particle layers, including another
close-packed layer and more loosely packed layers, with
thicknesses and SLDs that depend on the magnetic field.
Because of chain formation in the FF (predominantly dimers),
the region close to the wetting layer consists of a double layer at
low field, which splits into two clearly distinguishable particle
layers under the influence of a high in-plane field. In both field
cases (6 and 100 mT), the particles adjacent to the wetting
layer are close-packed as in the wetting layer but with a slightly
higher interparticle distance. Almost no water is present in the
close-packed regions, and the interparticle gaps are filled with
shell material. With increasing distance from the silicon surface,
water can penetrate into the interparticle gaps.
It is notable that the very dilute, loose particle layer that

forms between the free FF and the 3D self-assembled particle
structure plays a key role in the magnetic behavior of the stack.
Specifically, the magnetization orientation of the entire stack is
triggered by this loose particle layer, which has a low volume
concentration that nearly matches that of the free FF. As the
particles in this layer do not strongly interact with the substrate
or other particles, they are free to rotate into the field direction
and thus have the highest net magnetization in the stack. In the
other layers, the particles are bound more tightly because of
different packing configurations and/or interstitial material
composition. Therefore, the particles in these bound layers are
less mobile and their magnetization cannot be changed as
readily by rotation of the particles. The competing energetics of
the free and bound layers leads to the partial formation of a
quasi-domain structure in the latter with a lower net
magnetization. Whereas both the wetting and free layer
magnetizations point in the field direction, the magnetization
of the intermediate bound layers orients antiparallel as a result
of dipolar interactions. The region between the wetting and free
layers actually breaks into two layers in high field, and the fixed
particles in the slab closest to the wetting layer experience a
frustration as both adjacent-layer magnetizations point in
different orientations. The resulting magnetization in this
layer is subsequently reduced possibly due to the formation of
an in-plane quasi-domain structure triggered by dipolar
coupling.
We have thus demonstrated that the interactions between a

FF and a solid interface lead to the formation of self-assembled,
multilayer structures. The hybrid organic layer that forms on
the substrate surface appears to stabilize the complex wetting
layer. The composition and thickness of the individual layers
that form are sensitive to the competing energetic interactions
among the bound, free, and chained NPs in the system.
Application of a magnetic field leads to subtle variations in the
layer characteristics, whereas free rotation via Brownian motion
in more loosely packed regions and Neél relaxation in close-
packed configurations give rise to a distinct magnetization
behavior and possible quasi-domain formation in the more
densely packed layers. Our study thus reveals that both Neél
relaxation and Brownian motion have to be taken into
consideration to explain the complex structure and magnetic

Figure 9. Sketch of a possible magnetic moment distribution within a
NP layer when the NPs experience a quasi-domain configuration. The
solid orange outlines represent the domain walls.
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behavior of the composite NP stack. These results thus provide
a path forward for controlling and tuning these self-assembled
structures for device applications.

■ METHODS
Preparation of NP Ensembles and Si Wafer. The approach

used for the synthesis of NPs is the extended LaMers mechanism in
which steady-state growth conditions lead to a uniform rate of particle
growth and allow for the reproducibility in the particle size, thus
resulting in a very low size distribution.5 The particles used are nicely
spherical and have a small diameter size distribution of only 6%, as
derived from a histogram of 1000 NPs of a representative transmission
electron microscopy (TEM) image. Furthermore, small-angle X-ray
scattering measurements were performed, and the data were modeled
using a spherical form factor and assuming a Gaussian size distribution.
The results were in agreement with those derived from TEM (details
are provided elsewhere5). For the neutron reflectivity experiments,
approximately 1.5 mL of the FF was loaded into a wet cell, which uses
a circular Si(100) crystal (diameter of 76 mm and thickness of 5 mm),
with one side polished as a solid interface.45 During the measurements,
the wet cell was oriented vertically to avoid NP sedimentation onto the
Si surface due to gravity. The silicon wafer was piranha-etched, and an
APTES layer was deposited on the surface prior to the experiment. An
APTES layer helps the particles to wet the silicon surface as it provides
a strong amine bond between its silane groups and the carboxylic acid
in the NP shell. The mechanism for and stability of protein adsorption
by a silane layer on silicon surfaces is described in the literature.46

Characterization of NPs. SANS. The SANS experiments were
performed at the NG7 SANS instrument at the NIST Center for
Neutron Research (NCNR). The samples were loaded into titanium
sample cells with quartz windows with a separation of 2 mm. Three
detector settings with sample-detector distances of 1, 4, and 15.3 m
were used. In the 1 m configuration, the detector was offset
horizontally by 25 cm perpendicular to the beam direction to increase
the horizontal q-range, where q = (4π sin θ)/λ and θ is the scattering
angle relative to the sample surface. A wavelength of λ = 6 Å was used
for the 1 and 4 m configurations, whereas λ = 8.0 Å neutrons and
refractive neutron lenses were used in the 15.3 m configuration to
achieve the lowest possible q. The wavelength spread was Δλ/λ =
11.5% in all configurations. The data were reduced using the NCNR
IGOR Pro macros47 with correction for scattering of the sample cell,
ambient background, and variations in the efficiency of detector pixels.
The data were scaled by normalizing to the intensity of the incident
beam. The two-dimensional SANS data were converted to one-
dimensional I(q) versus q curves by circularly averaging over the whole
detector. The reduced SANS data were analyzed using the SasView
program.48 The SLD of the Fe3O4 core was held fixed for fits to the
data shown in Figure 3 because this parameter is correlated with the
volume fraction, which was not precisely known for our NP colloid.
Neutron Reflectivity. The neutron reflectivity measurements were

carried out on the reflectometer MAGIK at the NCNR49 using
neutrons with a wavelength of 5.0 Å. The wavelength resolution is
1.5% and the angular resolution varied from 1.4 to 1.3% in the
investigated qz-range (both full width at half-maximum). The
collimated neutron beam penetrates the edge of the Si crystal and
undergoes reflection at the internal interfaces (see Figure S1). The
beam footprint on the sample was 25 mm (fixed). Unpolarized and
polarized neutron reflectivity measurements were performed under
static conditions with small and large magnetic fields applied with an
electromagnet parallel to the sample surface (Figure S2). For the PNR
measurements, an Fe/Si supermirror and an Al-coil spin flipper were
used to select the spin state of the incident neutron beam either
parallel (+) to or antiparallel (−) to the applied field. A second
supermirror and flipper assembly was used to analyze the spin state of
the scattered beam (+ or −). The beam polarization was measured to
be 97%. Beam footprint and polarization efficiency corrections were
applied to the raw data. For PNR, the nonspin flip cross-sections, (++)
and (−−), are sensitive to the nuclear SLD profile Nb(z), and their
difference is related to the magnetic depth profile Np(z) for the

projection of the magnetization parallel to the applied field. No
features were observed in the spin flip cross-sections, confirming that
(within the coherent averaging volume of the neutron beam) all in-
plane magnetization components perpendicular to the applied field
average to zero. Previous studies have shown the coherence volume on
this instrument to be approximately 1 μm transverse to the beam and
hundreds of micrometers along the beam direction.40

The reflectivity data were background corrected and fit to a
theoretical model profile by using a fitting routine with a Parratt
formalism.50 The software package Refl1D41,51 provided by NCNR,
the use of which is described in the literature,52 uses the super-iterative
algorithm. The results from fitting the unpolarized reflectivity (Figure
S2 in Supporting Information) were used as input for fitting the PNR,
from which we determined both Nb(z) and Np(z). Measurements of
the unpolarized reflectivity in 100 mT immediately preceded the PNR
measurements in the same field, and it was empirically determined that
the sample structure did not change substantially during that time. For
PNR fits, we thus allowed only small variations with respect to the
results we obtained from the fits to the unpolarized data. When fitting
each data set, we determined the optimal number of fitting parameters
(and thus the optimal number of layers) using the Bayesian
information criteria (BIC); BIC = (n = k) χ2 + kln(n), where n is
the total number of data points for the measurement, k is the total
number of fitting parameters, and χ2 represents the reduced χ2 statistic
of the fit, as detailed in ref 33.

As the magnetic SLDs (Np) of the layers containing the NPs are
small and their influence to the reflectivity curve is rather weak, it is
not sufficient to just fit the reflectivity curves. In addition, the
calculated SA = (R++ − R−−)/(R++ + R−−) was compared to the
measured SA, and this comparison allowed refining of the models by
rejecting fits for which the SA did not match between the calculation
and the measurement. This approach helps in selecting between fits
with similar χ2-values because the SA is extremely sensitive to the Np
values. Note that it is not practical to directly fit the SA itself, however,
because it is influenced by both the Np values and the structural
properties of the layers.
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