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Abstract: Manipulation of the self-assembly of magnetic
colloidal particles by an externally applied magnetic field
paves a way toward developing novel stimuli responsive
photonic structures. Using microradian X-ray scattering tech-
nique we have investigated the different crystal structures
exhibited by self-assembly of core-shell magnetite/silica nano-
particles. An external magnetic field was employed to tune the
colloidal crystallization. We find that the equilibrium structure
in absence of the field is random hexagonal close-packed
(RHCP) one. External field drives the self-assembly toward
a body-centered tetragonal (BCT) structure. Our findings are
in good agreement with simulation results on the assembly of
these particles.

M agnetic nanoparticles have recently received a great deal
of attention due to their unique colloidal, magnetic, and
optical properties. They have been widely used in the material
fabrication and design of functional devices in many fields,
including imaging,!! catalysis,” medicine,”*' and DNA sep-
aration.*” The ability to manipulate the self-assembly of
colloids by external tuning parameters such as magnetic or
electric field, temperature, and concentration is essential to
develop new stimuli-responsive materials. For instance,
magnetic and electric field guided nanoparticles are being
used to create superstructures, ranging from string fluids to
crystalline phases.® ' This bottom up approach utilizes the
fast, anisotropic, and reversible nature of the magnetic
dipole—dipole interaction, which can either be attractive or
repulsive in nature depending on the angle between the
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magnetic field and the line connecting the dipoles. The mere
fact that a colloidal self-assembly can be tuned externally by
a magnetic field has provided enormous flexibility as well as
a wider scope for experimental design in diverse fields, for
example, photonics,'*'"! drug delivery,'®!” patterning,>4
and magnetic levitation.[*>*

Silica-covered magnetite core—shell nanoparticles are of
special interest because of their high yield and chemical
properties. In particular, the ability of these magnetic
particles to self-assemble in nonaqueous solutions allows us
to fabricate field-responsive polymer composite films for
potential applications as displays or sensors. The silica surface
can be easily modified with a large variety of functional
groups through silane chemistry to further broaden the choice
of solvents as well as the applications. For example, a 1D
assembly of these particles has been shown to exhibit tunable
photonic properties.?*) A suspension of these nanoparticles
displays colors in the visible range of the electromagnetic
spectrum, which can be tuned by the particle size as well as by
an external magnetic field.F'¥ Further, these core-shell
particles can be used to fabricate humidity sensors and
rewritable photonic paper and ink.*>¢!

To fully exploit the true potential of the super-para-
magnetic magnetite colloidal nanoparticles in various appli-
cations one must fully address the fundamental questions that
refer to their colloidal crystallization with and without
a magnetic field. At this point only a handful of studies are
reported in the literature along this direction. Simulations,
that have tried to address these questions, predict an assort-
ment of equilibrium phases such as the body-centered
tetragonal (BCT) and face-centered cubic (FCC) phases
that can coexist with the 1D particle chains.*”*"! Experimen-
tally it has been shown that in the presence of a magnetic field
these nanoparticles self-assemble to a 1D chain phase. With
an increase of both the strength and the gradient of the
applied magnetic field® ™ these chains evolve into 2D
sheets and 3D structures. However, to the best of our
knowledge, neither an exact crystal structure nor a detailed
in situ study of the variation of the crystalline phases with the
strength of the magnetic field are available.

In the present study, we have used microradian X-ray
scattering technique to investigate the different crystal
structures exhibited by a self-assembly of core—shell magnet-
ite/silica nanoparticles (size ~170 nm) both in the presence
and absence of an external magnetic field (see the Supporting
Information (SI) for a more detailed discussion of the
materials and methods). A detailed analysis of the diffraction
patterns indicates that in the absence of the magnetic field
a random hexagonal closed-packed (RHCP) structure is
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stabilized, whereas BCT is favored in the presence of
a magnetic field. At low magnetic field strength (~12 mT),
one observes the formation of 1D chains.*? Vertical stripes
observed in the diffraction pattern are a characteristic feature
of this 1D assembly (Figure S2).

Figure 1 shows the scattering patterns obtained at a con-
stant magnetic field strength H=26.5 mT, for a fixed vertical
position of the capillary (z =48 mm) but by varying the angle

Figure 1. Angle (¢) dependence of scattering patterns obtained at

a) $=0° b) ¢p=20°, c) $p=40° and d) $=60°; ¢ being the angle
between the incident X-ray beam and the normal to the capillary walls.
Here, magnetic field (H) and z-position were kept constant at
H=26.5 mT and z=48 mm from the bottom of the capillary.

¢, which is defined as the angle between the incident X-ray
beam and the normal to the capillary walls. Sharp reflections
observed at angle ¢=0° indicate the presence of colloidal
crystal. With the rotation of the capillary, reflections indicated
by the arrows gradually start to move in the direction of
increasing | Q.| and decreasing | O, | (Figure 1b). O, and Q,
are the respective components of the scattering vector taken
along the direction of the magnetic field and perpendicular to
it. Further, symmetric reflections at + Q, and —Q, collapse at
Q,=0 and disappear at larger ¢. Similar observations were
made for the other higher order peaks. When the angle of
rotation is increased to 40° only few reflections are observed
because most of them seem to have now fused together at this
value of ¢, which can be seen in Figure 1c. Finally, at ¢ =60°
only those reflections are observed that lie on the vertical axes
with O, =0, that is, reflections above and below the beam stop
are visible (Figure 1d). All these observations point toward
the fact that each of these visible features does not correspond
to a Bragg spot but is rather a part of a Bragg ring in the 3D
reciprocal space. The spread and position of these visible
features depend on the intersection of the Ewald sphere with
a given Bragg ring. This seems to be quite plausible in the
present case, because one of the crystallographic axes has
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been fixed by the applied magnetic field whereas the other
two axes can be equally distributed in a plane perpendicular
to the field. As a result, each Bragg spot becomes a ring in the
Fourier space. This experimental observation leads us to the
conclusion that this sample contains a texture of smaller
crystallites with one of the crystallographic directions aligned
along the magnetic field.

As has been mentioned earlier, the sample is no more
a single crystal, rather it shows a quasi-powder diffraction
pattern; effectively the diffraction pattern at normal inci-
dence (Figure 1a) should contain all the necessary informa-
tion regarding the crystal structure. Figure la gives an
impression of a hexagonally arranged set of reflections.
However, a closer look reveals that there are some additional
features that do not fall onto a single hexagonal lattice. For
instance, the first order peaks in the vertical direction (above
and below the beam stop) is split with the strong satellites
falling off the hexagonal lattice.

To figure out the exact crystal structure we have modeled
the diffraction pattern by considering BCT and FCC crystal
structures as the possible candidates. The cartoons in Fig-
ure 2f and g show the real space unit cells of the BCT and
FCC lattice, respectively. The BCT lattice results from
squeezing a body-centered cubic lattice along one of its prin-
cipal directions, so that the cube becomes a rectangular par-
allelepiped with a square base (of side a) and its height ¢ < a.
For this particular case, due to the strong dipole—dipole
attraction, the nearest neighbor distance should be along the
magnetic field making this direction to be a special one. If it is
a BCT lattice, the axis ({001)), which is different from the
other two axes of the crystal, should align along that
particular direction. In the FCC lattice, the particles are
touching each other along the diagonal of each face of the
cubes making the nearest neighbor distance along the (110)
directions. If the crystal under consideration has an FCC
structure, one of the (110) directions should be aligned along
the magnetic field.

Let us consider the x axis of the laboratory coordinate
system to coincide with the magnetic field. Since the relative
orientation of the other two axes is equally probable, it is
expected for all the reflections to spread over a circle of radius
O, around the field direction. In the laboratory frame,
however, one observes only those reflections that correspond
to the wave vector Q = (Q,,0,,0) with the z component equal
to zero. Because the diffraction intensity is spread over
a circle, the intensity of the visible reflection is proportional to
0,". An additional factor that affects the intensity and has to
be taken into account is the multiplicity M of a reflection,
which shows the number of times one can observe a reflection
at the position Q if one rotates one single crystal by 360°
around the x axis.

The relative intensity of a reflection can then be indicated
by a quantity,

IO(QM,,' 1)

A closer look at Equation (1) immediately tells us that we
hit a singularity for reflections having O, =0, i.e., intensity
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Figure 2. a,b) Diffraction pattern obtained at z=48 mm, ¢=0°, and magnetic field H=26.5 mT, simulated reflections (red circles) from a) body-
centered tetragonal (BCT) and b) face-centered cubic (FCC) crystals are superimposed over the scattering pattern. The external magnetic field is
along Q,. The simulated data is scaled with respect to a scaling parameter Q,, which is related to the nearest-neighbor distance. c—e) Intensity (/)
versus Q, profiles taken at c) Q,=0, d) Q,=—Q,, and e) Q,=—2Q,. Red dashed lines represent the expected peak positions for a BCT crystal,
whereas blue dotted ones show the peak positions for a FCC crystal. f,g) Real space unit cell of BCT and FCC lattices, respectively. In the BCT
lattice, the nearest-neighbor distance is along the (001) direction, whereas that for FCC one is along the (110) direction.

corresponding to these reflections goes to co. In practice the
intensity of reflections with O, = 0 is limited by several factors
such as instrumental parameters, fluctuations in the orienta-
tion of the crystallographic x axis, and the crystal disorder that
can broaden the peaks. Since the effect of these factors has
not been incorporated in the model, we encounter singularity
in the value of I for Q,=0. We have mapped those points with
an arbitrarily high intensity value. It would be worthwhile to
mention here that in our model we have exclusively consid-
ered the structure factor but not the form factor or the
Debye—Waller factor.

The overlay of our models for BCT and FCC with the
experimental scattering pattern is shown in Figure 2a and b,
respectively (for detailed analysis see SI). The simulated data
is scaled with respect to a scaling parameter Q, which is
related to the nearest-neighbor distance. The red circles
represent the simulated reflections from the model. The
relative sizes of the circles indicate the relative intensities I as
calculated by using Equation (1). One can see that the BCT
model is in remarkable agreement with the experimental
diffraction pattern in Figure 2a, whereas the correspondence
in panel (b) with expected FCC peaks is poor.

Furthermore, we have plotted the experimental intensity
profiles as a function of Q, at three different values of Q,
namely, O, =0, Q.= —0,, O,=—20Q, as shown in (Figure 2 c-
e), respectively. The red dashed lines represent the peak
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positions expected for a BCT crystal, whereas the blue dotted
ones represent that for a FCC crystal. A close inspection of
the plots shows that the red lines indeed pass through the
experimental peak positions indicating the experimental
peaks are appearing at the expected position for the BCT
lattice, whereas the blue ones are not. This observation clearly
points to the fact that the experimental crystal structure is
BCT rather than FCC.

Surprisingly, the c/a ratio appeared to be 15% smaller
than that of the typical value c/a= \/5/_?; as expected from
touching spheres, ¢ and a being 231 nm and 331.6 nm,
respectively. This difference as well as the stability of the
BCT lattice can be accounted for by the following argument.
Self-assembly of silica/magnetite nanoparticles arises from
a sensitive interplay between three types of interactions,
namely 1) the hard-sphere repulsion between particles in
contact, 2) a combination of electrostatic repulsion due to the
presence of surface charges on the nanoparticles and van der
Waals attraction, and 3) the magnetic dipolar interaction due
to the magnetite core of the particles. In the presence of the
magnetic field the induced magnetic dipoles become attrac-
tive along the magnetic field. This in turn induces a shorter
length scale along the field direction in comparison to the
other two directions resulting in BCT symmetry. Particle
polydispersity both in shape and size may also play some role
in determining the c/a ratio.
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Figure 3. a) Diffraction pattern obtained after withdrawal of the magnetic field. Real space (b) and Fourier space (c) structures of a random

hexagonal closed-packed (RHCP) lattice.

Interestingly, a re-examination of the capillary at the same
height after the removal and overnight equilibration in the
absence of magnetic field disclosed the formation of an
entirely different crystal structure. Figure 3a shows the
diffraction pattern of the new crystal at normal incidence in
the absence of the magnetic field. This pattern consists of
concentric rings around the beam stop and is characteristic for
a powder of long-range-ordered self-organized crystals. The
rings are not continuous but rather consist of reflections
originating from different crystallites within the X-ray beam.

A careful inspection of the diffraction pattern shows
a significant difference between the two lowest-order rings. In
the outer ring the diffraction features appear at the same
distance from the center of the diffraction pattern. In contrast,
the diffraction intensity in the inner ring is spread over
a range of g-values. Moreover, one can even see extended
diffraction features such as the one marked by a circle in
Figure 3a. These features are characteristic for colloidal
crystals with a RHCP structure, which is illustrated in
Figure 3b. The reciprocal lattice of this structure shown in
Figure 3 c consists of a number of sharp stacking-independent
Bragg reflections and a set of the Bragg scattering rods that
are induced by stacking disorder.’"*? Depending on the
crystal orientation, the Ewald sphere can cross the Bragg rods
at different Q-values. Moreover, when an X-ray beam
appears nearly parallel to the crystal planes, a piece of
Bragg rod can become visible in the diffraction pattern as
marked by the circle in Figure 3a.[4:452

Colloidal spheres are known to self-organize into close-
packed structures consisting of stacks of hexagonal close-
packed planes. Periodic stacking of the planes in ABCABC or
ABABAB sequences leads to the formation of FCC or
hexagonal close-packed (HCP) structures, respectively. How-
ever, due to the fact that the free energy difference between
these two structures™® is quite small, spheres are often
found to be stacked in a random mixture of these two
particular stacking types.***>1 Qur results therefore show
that the BCT crystals grown in the magnetic field transform to
close-packed crystals with RHCP structure, which are often
formed by hard colloidal spheres.

In conclusion, we have shown that external magnetic field
stimulates core-shell magnetite/silica nanoparticles to self-
assemble to a BCT crystalline structure. In the presence of the
magnetic field each nanoparticle acquires an induced mag-
netic moment, which helps them to self-organize into a BCT
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lattice. However, in the absence of a magnetic field their self-
organization is governed by the hard-sphere repulsion
between the particles and a combination of electrostatic
repulsion due to their charged surfaces and van der Waals
attraction between them leading to the formation of a RHCP
structure. Our findings are in good agreement with simulation
results®*? on the assembly of these particles. However, our
experimental study is remarkably different from that of
simulation in one respect. The c/a ratio obtained from the
experimental data is 15% different from that of touching
spheres, which has not been predicted in simulations. Further
theoretical and experimental studies are necessary to clarify
the origin of this 15% change in the c/a ratio. This study
allows us to determine a colloidal phase diagram, in which
one can manipulate the crystalline phase and the lattice
parameters of the colloidal crystal by external magnetic field.
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