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Abstract

CrossMark

We show that chemical fixation enables top-down micro-machining of large periodic 3D arrays
of protein-encapsulated magnetic nanoparticles (NPs) without loss of order. We machined 3D
micro-cubes containing a superlattice of NPs by means of focused ion beam etching, integrated

an individual micro-cube to a thin-film coplanar waveguide and measured the resonant
microwave response. Our work represents a major step towards well-defined magnonic
metamaterials created from the self-assembly of magnetic nanoparticles.

Supplementary material for this article is available online

Keywords: self-assembly, magnetic nanoparticle, ferritin, chemical fixation, ferromagnetic

resonance, magnonic metamaterial, magnonics

(Some figures may appear in colour only in the online journal)

1. Introduction

Inorganic nanoparticles (NPs) coated with surfactants can
self-assemble via hydrophilic or hydrophobic interactions to
form regular 2D or 3D structures (colloidal crystals) [1-8] and
NPs coated with biological molecules, DNA or proteins can
also form highly ordered structures with tunable lattice

9 Present address: Wolfson Center, Institute of Material and Manufacturing,
Brunel University London, Kingston Lane, Uxbridge UB8 3PH, United
Kingdom.

0957-4484/17/155301+-06$33.00

parameters [9, 10]. Many potential applications for such
materials require their patterning into well-defined shapes and
the exact positioning of the self-assembled superlattices. For
example, thin sections of semiconductor colloidal crystals
would be useful for electronic devices exploiting the charge
storage capacity of the NPs [11] and shaped arrays of metal
NPs for plasmonic devices [12].

To develop integrated devices containing functional NPs
periodically arranged in three-dimensions, it is necessary to
fabricate samples of the self-assembled 3D NPs arrays with
well-defined geometries, often with flat surfaces, to precisely

© 2017 IOP Publishing Ltd  Printed in the UK
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Figure 1. Schematic and images of Fe;O4—ferritin crystals. (a)
Schematic of monomer of Fe;O,—ferritin. (b) Schematic of crystals
of Fe;O4—ferritin and optical images of crystals of Fe;O,—ferritin
before (c) and after chemical fixation (d). Green broken lines show
the scale relationship between the schematics and the image.

generate and analyze electric and magnetic properties. This is
in particular true for superlattices consisting of ordered
magnetic particles. Here, the long-range magnetic stray fields
and demagnetization effect depend critically on the surfaces
and alter the internal magnetic field. The internal magnetic
field rules the microwave response and spin-wave (magnon)
modes [13] which are of relevance in very different fields
ranging from biomedicine [14] to microwave devices [15] and
magnonics [16]. Non-flat or irregular surfaces do not allow
one to precisely determine the demagnetization factors
necessary for a detailed data analysis. At the same time three-
dimensionally arranged nanoparticles are expected to exhibit
lattice-induced anisotropic properties that might be compro-
mised by irregular shapes. Therefore, a method to machine an
exact shape and size with well-defined surfaces is indis-
pensable for device development and applications while still
keeping the periodicity of the NPs. Also precise positioning
of the machined structure is of utmost importance.

Thin sections of magnetic NPs are of special interest for
their magnetotransport properties [17] and for use in magnetic
devices operated at microwave frequencies [14—16]. Often,
randomly oriented magnetic NPs have been addressed
[14, 15, 18]. In the research field of magnonics, however,
strictly periodic magnetic nanostructures that form artificial
crystals are of crucial interest [16]. To fully exploit the rich
advantages offered by magnonics technology, it was very
recently argued that mastering spin waves with sub-100 nm
wavelengths is key [19].

Here, artificial crystals with feature sizes on the 10 nm
length scales are a prerequisite to efficiently control and
manipulate such waves. Top-down state-of-the-art nano-
lithography does not allow for such tiny pitches. Inverse opal
structures fabricated from magnetic materials using a bottom-
up approach exhibited periods that ranged from 366 to
800 nm [20-22] and were thus far too large. Appropriate
micro-machining has not yet been reported either as most
self-organized structures are very fragile with only weak
electrostatic interactions between the NPs. Additional cova-
lent bonds are required to maintain the internal structure
stable against the external stress caused by machining a well-
defined outer shape.

We report here a bottom-up grown and micromachined
magnetic superstructure that is periodically patterned in all
three spatial directions. The lattice constant is 12 nm. The
protein-coated magnetic NPs that we used have a particular
advantage because of the amino acids on the protein surface
that generate additional covalent bonds stabilizing the spatial
arrangement. At the same time, protein-coated NPs are easily
assembled into very large periodic 3D arrays by crystal-
lization [9]. Importantly, we found that after cross-linking the
protein crystals with glutaraldehyde, the self-assembled NP
arrays retained their periodic structure after micro-machining
into a micro-cube via focused-ion-beam (FIB) milling.
Although there have been previous reports using glutar-
aldehyde to fix nanostructures [23], the application to top-
down patterning of periodic NP arrays is new. This allowed
us to integrate the micro-cube into a coplanar wave guide and
detect the magnetic resonance of the NPs at microwave fre-
quencies. The observation magnetic NPs keep their func-
tionality, so that precisely defined 3D magnonic
metamaterials for on-chip integration now become feasible.

2. Experiments

2.1. Synthesis, purification and crystallization of FezO ~ferritin

The synthesis process followed a modified procedure from the
literature [24] and all the processes were reported previously
[9]. Dried Fe;O4—ferritin crystals were fixed by immersion in
2.5% glutaraldehyde, 40 mM cadmium sulfate and 50 mM
Tris-HC1 (buffer: pH 8.0) for 48h. Hydrated apoferritin
crystals were fixed by immersion in 2.5% glutaraldehyde,
40 mM cadmium sulfate and 50 mM HEPES-NaOH (buffer:
pH 8.0) for 48 h.

2.2. Measurement of microwave absorbance

The insulating cubic crystal was fixed on a coplanar wave-
guide (CPW) prepared on a semi-insulating GaAs substrate.
A magnetic field poH of 0.5 T was applied perpendicular to
the substrate. Microwave probes connected the CPW to a
vector network analyzer that provided a sinusoidal radio-
frequency voltage signal with frequencies ranging from
10 MHz to 26.5 GHz [25]. The accompanying microwave
magnetic field stimulated spin-precessional motion in the NPs
leading to voltage induction in the metallic signal line of the
CPW. The absorption spectra were extracted from scattering
parameters measured on the CPW. To enhance the signal-to-
noise ratio and determine the H-dependent dynamic response
a reference spectrum taken at oH = 1T was subtracted from
the datasets. As both a varying temperature and a large H
modified the baselines of the reference spectra, the off-reso-
nance signal levels as shown in figure 4 are different.
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3. Results and discussion

We use magnetite NPs templated by the iron storage protein
apoferritin (Fe;O4—ferritin) [9]. Apoferritin consists of an
empty protein shell of outer diameter 12 nm and inner dia-
meter 8 nm (figure 1(a)) [26] and has been used as a template
for a wide range of inorganic NPs [27-30]. The uniform
Fe;0,4-NPs are synthesized within the central protein cavity
and assembled into periodic 3D face-centered cubic arrays of
synthetic magnetic NPs through a method previously reported
by our group [9]. Our NP arrays are similar to colloidal
crystals, except that each NP is located in the central cavity of
an apoferritin molecule, and they are formed by specific
protein—protein interactions mediated by cadmium ions
[9, 27] rather than isotropic interactions between surfactant-
coated NPs. Other cage-shaped proteins and viruses can also
form spherical NPs in their central cavities [31-35] while
tube-like viruses can form nanorods [36]. There are therefore
numerous possible alternatives to apoferritin as a basis for
micro-machined periodic NP arrays.

Although periodic NP arrays with dimensions up to
several hundred pm or larger can be fabricated by this method
[9], it remains difficult to control their overall size and shape,
so that an appropriate patterning method is required in order
to form arbitrarily shaped structures. The FIB has proven an
exceptionally versatile tool for shaping inorganic materials
such as semiconductors and metals [37] but an additional
strengthening step is required before it can be applied to
fragile, self-assembled arrays. We therefore apply chemical
fixation to the protein-NP crystals and show that this permits
their machining using dual-beam FIB/scanning electron
microscopy (SEM). Crystals of Fe;O —ferritin were chemi-
cally fixed using glutaraldehyde as a crosslinker, and cut to
shape by FIB.

Glutaraldehyde crosslinks proteins through the alkylation
of lysine residues and other a-amino groups [38, 39], and is
employed for instance when microtoming biological struc-
tures. Figures 1(c) and (d) show crystals of Fe;O,—ferritin
before and after chemical fixation by a glutaraldehyde solu-
tion (2.5% glutaraldehyde, 40 mM cadmium sulfate and
50 mM Tris-HCI buffer, pH 8.0). Cadmium sulfate and Tris-
HCI buffer were used in the fixation solution as well to reduce
the possibility of Fe;O,—ferritin crystal destruction due to
buffer displacement in the crystal.

Crystals of Fe;O4—ferritin with and without chemical
fixation were allowed to dry, and then fixed to the FIB
sample-holder using conductive silver paste. An earlier small
angle x-ray diffraction study showed that the lattice parameter
of the Fe;O,—ferritin crystal reduces from 18.5 to 15.5 nm on
drying [9]. The crystals were coated with several nanometers
thick Pt within the FIB/SEM instrument to allow initial
imaging (SEM) and machining (FIB) (see online supple-
mentary figure S1, available at stacks.iop.org/NANO/28/
155301 /mmedia). Figure 2(a) shows a rectangular hole fab-
ricated by the FIB at the center of a crystal fixed with glu-
taraldehyde. Figure 2(b) is a magnified image of the inner
surface of the hole, and shows that the magnetic NPs remain
discrete. They do not fuse with each other and, crucially, still

Figure 2. SEM images of Fe;O4—ferritin crystals cut by FIB. (a)
SEM image of the surface of a Fe;O,—ferritin crystal fixed by
glutaraldehyde. The rectangular hole at the center is the area
machined by the FIB (white arrow). (b) High magnification SEM
image of the cut area in (a). The NPs appear as a regular array of
white dots. (Inset in (b)) Magnified image of the region outlined by
the white rectangle in (b). The white lines are guides to the eye,
approximately parallel to the lines of white dots visible in the image.
The aligned white dots between lines are NPs, and their alignment
means that NPs on the surface of the crystal are ordered. (c) A
schematic of aligned ferritin observed in (b). Red parts indicate
glutaraldehyde crosslinking ferritins. (d) SEM image of the surface
of a Fe;O4—ferritin crystal without fixation by glutaraldehyde. The
area machined by the FIB is indicated by a white arrow. (e) High
magnification SEM image of the cut area shown in (d). Here, the
NPs (white dots) are no longer ordered. (f) A schematic of randomly
orientated ferritin illustrating (e).

form a periodic array. The periodic structure is seen to be
continuous across almost the whole surface area.

Without fixation, the cut surface of a protein—NP crystal
no longer maintains its periodicity. Figure 2(d) shows a rec-
tangular hole machined by FIB at the edge of a Fe;0,—ferritin
crystal without fixation. Figure 2(e) is a magnified image of
the inner surface of the hole, and shows that the NPs no
longer form a periodic array. Our results indicate that che-
mical fixation with glutaraldehyde is indispensable when
cutting protein crystals using FIB. Glutaraldehyde promotes a
crosslinking with proteins through alkylation of lysine resi-
dues and other a-amino groups. Therefore, the covalent
bonds between proteins can maintain the periodic structure
against the Ga ion beam (figure 2(c)). The structure without
the covalent bonds is fragile against a Ga ion beam and shows
randomly orientated NPs after the machining (figure 2(f)).

With this in mind, thin sections of Fe;O —ferritin crystals
with crosslinking were fabricated (figure 3(a)) using a FIB
cutting procedure to confirm the presence of ordered NPs
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Figure 3. SEM and TEM images of a thin section of Fe;O4—ferritin
crystal fabricated by FIB. (a) SEM image of a thin section of a
Fe;O4—ferritin crystal fabricated by FIB. (b) Low magnification
TEM image of the thin section from (a) on a TEM grid. White
arrows show the holes of the holey carbon TEM grid. (c) High
magnification TEM image of the upper central area of the thin
section in (b) with FFT (inset).

despite the influence of the Ga ion beam (see supporting
information figure S2). As illustrated in figure 3, a thin section
of the crystal could be placed on a holey carbon grid for
transmission electron microscopy (TEM) imaging and the
central area was sufficiently thin to create a good TEM image
contrast. The round shapes (white arrows) in the low-mag-
nification TEM image (figure 3(b)) are holes of the holey
carbon membrane. High magnification TEM images show the
periodic structure (figure 3(c)) of the magnetic NPs. Each
particle is discrete and does not fuse with its neighbors,
indicating that the Ga ion beam does not affect the arrange-
ment of the protein-coated NPs in a thin section. These results
highlight the role of glutaraldehyde as a crosslinker, main-
taining the integrity of the crystal’s periodicity. A fast Fourier
transformation (FFT) shows six clear spots (inset of
figure 3(c)), evidencing that the periodicity of the super-
structure was maintained when cutting with a Ga ion beam.
The periodicity was observed over the whole central area of
the section (approximately 6 pum X 4 um in size), which
places a lower limit on the size of any grains in the crystal.
Outside this area the thickness was too large for TEM con-
trast. Further thinning was not possible due to bending of the
20 nm thick sections cut by FIB, it is because the stiffness of
the 20 nm thin section was not large enough to retain them
without support. It is reasonable to assume that Ga ion
implantation took place into the top surface of the cut area.
For Ga ions at 30 keV, the implantation depth is 50 nm [40].
Still, the periodicity was clearly maintained even in the thin
sections.

As a further demonstration of micromachining of self-
organized NP assemblies with crosslinking, we created a 3D
structure, namely a 50 gm x 50 pum x 40 pm microcube out
of a periodic NP array. The outer dimensions of the micro-
cube were optimized to bridge the separation between two
ground lines of a CPW as shown in figure 4(a). The SEM
images indicated a stripe-like surface roughness of the side
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Figure 4. A SEM image and microwave absorption spectra of a cubic
Fe;O4—ferritin crystal fabricated by FIB. (a) SEM image of a cube
cut from an insulating Fe3O—ferritin crystal fixed to the two outer
ground lines of a coplanar waveguide (light-gray leads). (b)
Microwave absorption spectra taken in an external magnetic field of
0.5 T applied in a direction perpendicular to the substrate (red line:
290 K, blue line: 5 K).

walls occurring parallel to the Ga ion beam. Its root-mean-
square value amounted to about 60 nm. We assume that the
stripe-like roughness can be reduced by optimizing the
intensity and spot size of the Ga ion beam. Fixed with Pt at its
corners, the insulating microcube was centered on top of the
signal line of the CPW. The configuration allowed us to
perform broadband spin-wave spectroscopy by applying a
microwave current to the signal line. The current generated a
radio frequency (1f) magnetic field that exerted a torque on the
spins of the magnetic NPs. Figure 4(b) shows the microwave
absorption measured in an applied field of 0.5 T as a function
of frequency for two different temperatures. The magnetic
resonance peak observed around 15 GHz was sharper at
290 K compared to 5 K which is below the blocking temp-
erature of the magnetic NPs [9]. Considering the small
implantation depth of 50 nm compared to the microcube’s
side length of 40-50 ym, only a small amount of Fe;04 NPs
were possibly modified and disordered through Ga ions. This
amount does not explain the relatively large linewidth of the
resonance peak. For the experiments at 5 K, the Fe;O0,—fer-
ritin crystal is below its blocking temperature and the ferro-
magnetic resonance linewidth is expected to be broadened as
the crystal lattices of individual nanoparticles are misaligned
with respect to each other. The inhomogeneous broadening
can be estimated from the anisotropy [41]. Assuming an
anisotropy field derived from the blocking temperature of
18 K, we estimate a linewidth of 6.8 GHz that agrees rea-
sonably well with the experimentally observed full width at
half maximum in figure 4(b) [42]. From these results, we
attribute the low temperature broadening to the influence of
the magnetic anisotropy of the NPs. However, further work
will be required to confirm this phenomenon. A detailed
analysis of lineshapes and resonance frequencies will be
given elsewhere. Theoretical work suggests that ordered NP
assemblies hold considerable promise as magnonic metama-
terials [43]. Our results now pave the way for shape-tailored
NP arrays that are optimized for integration in microwave
antennas. The approach to a magnonic meta-material pre-
sented here is complementary to inverse opal structures
[21, 22]. The insulating protein-matrix is expected to reduce
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eddy current losses compared to a conductive bulk material
utilized in microwave applications.

4. Conclusion

Chemically fixed protein/inorganic-NP composite crystals
were prepared and machined into stable artificial structures at
room temperature by combining crosslinking and FIB tech-
niques. The chemical fixation retained the periodic NPs
structure without loss of order by FIB. The precision of the
FIB beam position is ~5nm and it is hence possible to
machine sections as thin as 20nm by this method. Our
methods open a route to fabricating periodic 3D NP arrays of
tailored shape. In addition, using magnetic Fe;O —ferritin
crystals we showed the ferromagnetic resonance in FIB-pro-
cessed periodic 3D NP arrays, for the first time. With a
modified cross-linking step, the methods presented here could
be applied to colloidal crystals formed from arrays of che-
mically functionalized NPs as well as protein-templated NP
arrays for a wide variety of applications [44, 45].
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