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Enhancement of mechanical properties in self-assembled superstructures of
magnetic nanoparticles is a new emerging aspect of their remarkable
collective behavior. However, how magnetic interactions modulate

have gained widespread interest owing to
the extraordinary collective properties of
the nanoscale building blocks.>™ In re-
cent years, the focus has shifted from ex-

mechanical properties is, to date, not fully understood. Through a
comprehensive Monte Carlo investigation, this study demonstrates how the
mechanical properties of self-assembled magnetic nanocubes can be
controlled intrinsically by the nanoparticle magnetocrystalline anisotropy
(MA), as well as by the superstructure shape anisotropy, without any need for
changes in structural design (i.e., nanoparticle size, shape, and packing
arrangement). A low MA-to-dipolar energy ratio, as found in iron oxide and
permalloy systems, favors isotropic mechanical superstructure stabilization,
whereas a high ratio yields magnetically blocked nanoparticle macrospins
which can give rise to metastable superferromagnetism, as expected in cobalt
ferrite simple cubic supercrystals. Such full parallel alignment of the particle
moments is shown to induce mechanical anisotropy, where the superior
high-strength axis can be remotely reconfigured by means of an applied
magpnetic field. The new concepts developed here pave the way for the
experimental realization of smart magneto-micromechanical systems (based,
e.g., on the permanent super-magnetostriction effect illustrated here) and

inspire new design rules for applied functional materials.

Self-assembly of magnetic nanoparticles of different sizes and
shapes has been successfully applied to design superstructured
materials of novel morphologies, including helices, rods, stripes,
supercubes, and labyrinths.'*l Such magnetic superstructures

ploring collective magnetic properties to
unveiling the mechanical properties of
self-assembled magnetic superstructures,
where studies on magnetic nanoparticle-
surfactant nanocomposites have demon-
strated exceptionally strong materials.[1%12]
However, the fundamental understanding
as to how nanoscale magnetic interac-
tions influence mechanical properties in
such structures is yet to be established.
Very recently, we showed (for the first
time) how nanoscale magnetic interactions
can mechanically stabilize self-assembled
magnetic nanocomposite superstructures
(based on oleic acid-coated superparam-
agnetic magnetite nanocubes), leading to
a significant enhancement of mechanical
properties (increase in the cohesive energy
per nanopatticle up to 45%).13) To date,
there is no rigorous fundamental under-
standing of how intrinsic magnetic proper-
ties of materials (e.g., magnetic anisotropy
and coercivity) will affect the mechanical
properties of superstructures. To maintain stable collective prop-
erties over time, it is imperative to develop new materials de-
sign rules on how the mechanical properties may be opti-
mized. This knowledge is key to further advance the field of
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self-assembled magnetic materials to realize their full poten-
tial in practical applications such as sensing devices,['] storage
media,®! permanent magnets,['®/ biomedical applications,?#!
and nanoelectronics.['!17]

Here, we use the Monte Carlo (MC) approach to simulate
the interaction of macrospins in experimentally obtainable self-
assembled magnetic superstructures (cubic superlattices) based
on two different material systems: nanocomposites of oleic acid-
coated 12 nm nanocubes (NCs) of iron oxide (Fe;O,) and cobalt
ferrite (CoFe,0,). These two magnetic systems exhibit very sim-
ilar properties in terms of both nonmagnetic interparticle in-
teractions (i.e., van der Waals and steric) and magnetic dipolar
interactions,['®21] ag the NCs have similar magnetic moments
(as they are of same size and have similar bulk saturation mag-
netization values: 4.8 X 10° A m™! for iron oxide!? and 4.2 x 10°
A m™ for cobalt ferritel?!l). However, their magnetic anisotropy
is notably different, both in magnitude and orientation with re-
spect to their cubic unit cell.2223] Through a rigorous theoret-
ical investigation of these two excellent model systems, we es-
tablish the remarkable relationship between nanoparticle mag-
netic anisotropy (a local property) and the overall mechanical
stability of self-assembled superstructures, and show how mag-
netic anisotropy may lead to mechanical anisotropy (i.e., differ-
ent mechanical properties along different (super)crystallographic
directions) through the mediation of magnetostatic interactions.
The strength and symmetry of the magnetocrystalline anisotropy
(MA) will dictate whether the macrospins relax or remain aligned
in an ordered pattern after the in-field self-assembly process,
strongly influencing the mechanical stability of the system. In
particular, a large nanoparticle MA-to-dipolar energy ratio may
lead to metastable states that favor superferromagnetic (SFM)
alignment (not to be confused with the dipolar-driven SFM
ground state predicted for face-centered cubic lattices of isotropic
macrospins by Luttinger and Tisza[?*l), which in turn results in
an anisotropic mechanical stabilization showing an outperform-
ing mechanical stability along the axis of alignment. Such fully
aligned (in zero-field) magnetic materials would behave similarly
to natural anisotropic composites, such as wood, which exhibits
strong uniaxially aligned microfibers.[?*) Moreover, we show that
this remanent SFM configuration can be reversibly reoriented
by a magnetic field applied after self-assembly, which lays down
new rules to design next-generation bioinspired artificial mag-
netic materials with field-controlled reconfigurable mechanical
properties. As a remarkable consequence, such SFM superstruc-
tures exhibit superior permanent “super-magnetostriction,” a lin-
ear magnetostriction one order of magnitude higher than that
displayed by the best conventional materials.

To experimentally realize simple cubic superlattices, we syn-
thesize 12 nm monodisperse iron oxide and cobalt ferrite NCs
(Figure S1, Supporting Information) by thermal decomposition
of a metal-oleate precursor. The magnetic easy axes of iron oxide
(soft magnetic system) and cobalt ferrite (hard magnetic system)
lie along the (111) and (100) crystallographic directions of the
cubic unit cell, respectively, as shown along with transmission
electron microscopy (TEM) images of single NCs in Figure 1a.
As the cubic nanoparticles are single crystalline, such anisotropy
translates directly from the unit cell to the NC. Moreover, the cu-
bic shape of the particles enables the study of superstructures
with simple cubic lattices, with NC packing factors reaching up
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to 1, thus providing as strong interactions as possible between the
NCs. Magnetic field-induced self-assembly of NCs at the liquid—
air interface is used. The oleic acid-coated NCs are dispersed in
hexane and added onto the surface of an immiscible viscous lig-
uid (diethylene glycol). The self-assembly is performed in an ap-
plied vertical magnetic field (electromagnetic setup), in a closed
environment where slow evaporation of hexane facilitates the for-
mation of ordered superstructures at the liquid—air interface, as
illustrated in Figure 1b (more experimental details can be found
in the Experimental Section, Supporting Information).
Scanning electron microscopy (SEM) images (Figure 1c,d) re-
veal the formation of coherently stacked superstructures of both
types of NCs in a simple cubic superlattice (see SEM images
in Figures S2 and S3, Supporting Information). These observa-
tions are consistent with supercrystal structures observed in pre-
vious studies of both material systems.[>*] We note that a slight
deviation from the perfect simple cubic superlattice is observed
in the case of iron oxide (Figure 1c and Figure S2, Supporting
Information), presumably arising from the significantly smaller
size of these superstructures, compared with the cobalt ferrite
supercrystals. A smaller size makes the superstructures less me-
chanically stable after self-assembly, as a result of the super-size
effect thoroughly discussed in our previous work,!"3 and there-
fore more prone to distortions during the subsequent lift-off step
(these distortions are less evident for larger structures, but can
nevertheless be clearly seen in some cobalt ferrite superstruc-
tures, e.g., in Figure S3e, Supporting Information). Moreover, a
stronger in-plane dipolar repulsion between vertical macrospins
in the iron oxide simple cubic superstructures (owing to a higher
NC moment than in cobalt ferrite) during in-field self-assembly
may cause additional distortions. Considering the previously con-
firmed simple cubic superlatticel?! and the fact that higher qual-
ity supercrystals definitely are present on our samples (see Figure
S2, Supporting Information), we stress that this particular crystal
structure is a valid approximation for the iron oxide NC assem-
blies. We also observe other distinct 3D iron oxide NC arrange-
ments, such as structures with the NCs aligned with their (111)-
directions along the vertical axis (exhibiting in-plane hexagonal
symmetry, as thoroughly discussed in a recent work!!?)), as well
as quasi-hexagonal superstructures (Figure S4, Supporting Infor-
mation). The absence of any such noncubic superstructures in
the cobalt ferrite NC assemblies corroborates the (100)-direction
of the anisotropy in these particles. To develop a conceptual un-
derstanding of the effect of magnetic anisotropy on mechani-
cal properties, we compare the two material systems on equal
grounds by only considering the more stable simple cubic ar-
rangement for iron oxide as based on previous reports.[132¢]
During self-assembly, the macrospins of the NCs in a given
solution will align in the direction of the (sufficiently strong)
applied magnetic field and remain aligned after the assembly
process until the field is switched off. To gain deeper insight
into how the NC macrospins interact in the model systems af-
ter self-assembly, we use an MC method based on a model re-
ported in a previous study (Metropolis-Hastings algorithm in the
NVT ensemble)."3] This model includes the following interparti-
cle interactions: i) van der Waals interaction between NC cores,
ii) steric repulsion resulting from overlapping adsorbed oleic acid
chains (note that this steric model does not account for any pos-
sible resistance to shear motion), and iii) magnetic dipole—dipole

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 1. Self-assembly of ordered iron oxide and cobalt ferrite superstructures. a) TEM images of iron oxide and cobalt ferrite NC building blocks with
illustrations of their respective magnetic easy and hard axes along the cube crystallographic directions. b) Liquid—air interface self-assembly of ferrite
NCs in a vertical magnetic field (H) generated by an electromagnet. A dispersion of NCs in hexane is added onto the surface of diethylene glycol, where
a slow (hexane) evaporation in a closed environment facilitates the in-field self-assembly of ordered superstructures. ¢,d) SEM images (two topmost
images in top view and images below in cross-sectional view) of simple cubic iron oxide and cobalt ferrite supercrystals, respectively. The cobalt ferrite
NCs tend to form more well-defined supercubic shapes, although a coherent stacking of vertical layers can be seen in both cases.

interactions. The potentials for the van der Waals and steric in-
teractions are identical for both material systems (however, the
strength of these interactions may vary depending on interpar-
ticle spacing, which again depends on magnetic configuration).
The sum of these three terms is defined as the cohesive energy,
whose sign is positive by convention. In addition, the MA is in-
cluded as an intraparticle potential, favoring macrospin align-
ment along the magnetic easy axes (with MA constants of —1.3 X
10* ] m~ for iron oxide!??) and 2.6 x 10° ] m~ for cobalt ferritel?}]),
which may indirectly affect the dipolar interaction, and thus the
cohesive energy. Furthermore, we consider a translationally dy-
namic system of NCs, in which fluctuations in the NC positions
contribute to a more physically accurate system than the previ-
ously used static system.['3] In this model, we build magnetic su-
perstructures with square cross sections of n X n cubes (n ranging
from 2 to 6), with h layers stacked heightwise (h ranging from 1
to 16); the aspect ratio, A, of a superstructure being A = h/n. In
the initial state, a saturating vertical magnetic field (as that used
during the self-assembly experiments) has just been switched off
and all macrospins are aligned vertically along the z-axis. There-
after, we perform an initial rotational macrospin relaxation of 10*
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MC iterations/steps, followed by 5 x 10° steps (both rotationally
for macrospins and translationally for NC positions) at room tem-
perature (RT, 298 K) to obtain extensive statistical data of the su-
perstructures after reaching thermal equilibrium. More details
regarding the MC simulations are available in the Supporting In-
formation.

The way the macrospins relax and interact after removal of
the external magnetic field is shown in Figure 2a,b for iron ox-
ide and cobalt ferrite systems of different A. A clear distinction
can be made between the two different material systems in ther-
mal equilibrium. In the iron oxide system (Figure 2a) of relatively
weak (111)-symmetry MA, the macrospins (red arrows) quickly
relax from the vertically aligned state, reducing both the MA and
magnetostatic energies (intrawell relaxation). These spins con-
tinue to fluctuate through the interwell Néel relaxation mech-
anism, i.e., superparamagnetic fluctuations.””] This is consis-
tent with previous findings in identical (but translationally static)
systems.[3] In the cobalt ferrite case, however, the macrospins
do not undergo any of the above relaxation processes and remain
vertically aligned owing to the strong MA, and, crucially, to the
fact that their initial magnetization already lies along one of the

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 2. Spin relaxation and interaction energies in in-field self-assembled iron oxide and cobalt ferrite superstructures of different aspect ratios (A
= {2/5, 5/5, 8/5}). a) The macrospins (red arrows) in the iron oxide systems relax and interact as a dynamic system of fluctuating spins, leading to a
significant increase in cohesive energy per NC relative to the nonmagnetic system (i.e., van der Waals + steric energies) for all the considered aspect
ratios. Overall, these superparamagnetic superstructures are mechanically stabilized by attractive magnetic interactions. b) The blocked macrospins
remain vertically aligned in the initial state in the cobalt ferrite systems owing to the strong MA favoring the (100)-directions, giving rise to MA-induced
“SFM.” The cohesive energy per NC increases for A > 1 as a result of dominating attractive magnetic dipolar interactions (shape anisotropy parallel to
magnetization), and decreases for A < 1 owing to dominating repulsive magnetic dipolar interactions (shape anisotropy perpendicular to magnetization).
Dark and yellow cubic boxes in the snapshots are the NC core and oleic acid surfactant layer, respectively.

easy axes of the NCs. Hence, the macrospins are “blocked” in
one of the intraparticle MA potential wells, consistent with exper-
imental magnetic measurements in the literature of cobalt ferrite
NCs of similar size.[?] Therefore, the cobalt ferrite superstruc-
ture systems self-assembled in a vertical magnetic field exhibit
MA-induced “SFM” (full parallel alignment of macrospins) at RT
after the applied field is switched off.

Based on the above observations, we next establish the effect
of MA on the overall mechanical stability. The plots in Figure 2
show energies per NC (i.e., van der Waals + steric, cohesive, and
total energy) as a function of the number of MC steps (the ini-
tial fast intrawell rotational relaxation is not displayed and can
be found in Figure S5, Supporting information). Here, van der
Waals + steric energy is basically the nonmagnetic cohesive en-
ergy, whereas the (total) cohesive energy also includes the mag-
netic dipolar interactions (displayed with negative values for com-
parison with other energies). The total energy also includes the
intraparticle MA energy, a negative contribution for iron oxide
systems and positive for cobalt ferrite (from the sign of the corre-
sponding anisotropy constants). Regardless of aspect ratio (i.e.,
whether A < 1, A =1, or A > 1), the iron oxide systems (Fig-
ure 2a) show a significant increase in cohesive energy per NC ow-
ing to attractive interactions between relaxed macrospins. For the
high MA cobalt ferrite systems (Figure 2b), we observe a different
scenario. Here, the aspect ratio, and thus the shape anisotropy,
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of the superstructure dictates whether the introduction of verti-
cally aligned macrospins is beneficial for the overall cohesion.
As expected, vertically aligned macrospins enhance the mechan-
ical stability only for high aspect ratio superstructures (A > 1),
i.e., with shape anisotropy along the initial magnetization direc-
tion, because of the majority of favorable head-to-tail spins. Con-
versely, a structure with A < 1 yields a net magnetic dipolar repul-
sion, and thus a destabilization, owing to predominant parallel
side-by-side macrospins. For A = 1, the cohesive energy per NC
remains virtually unchanged after taking the dipolar interaction
into account, as the energy cost of having spins configured in par-
allel side-by-side is perfectly balanced by the benefit of head-to-tail
interactions between vertically stacked layers. The energy fluc-
tuations observed in the RT-blocked cobalt ferrite systems arise
mainly from translational fluctuations in the NC positions.
When the systems reach thermal equilibrium, the cohesive en-
ergy as a function of MC steps flattens out and reaches a plateau
about which it fluctuates owing to thermal excitations and re-
laxations (see plots in Figure 2). To gain deeper insight into the
mechanical stability of the two studied magnetic superstructure
systems, we analyze the mean cohesive energy of the plateau as
a function of superstructure (reciprocal) A, as displayed in Fig-
ure 3a,b. In general, the mean cohesive energy per NC increases
as the size of the superstructure increases (with decreasing stan-
dard deviation owing to a reduction in the degree of thermal

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 3. RT equilibrium cohesive energy per NC and the %increase in cohesive energy owing to magnetic interactions, as a function of superstructure
(reciprocal) aspect ratio. The cohesive energy shows a linear relationship for a) iron oxide and an exponential relationship for b) cobalt ferrite, when
considering superstructures of the same number of NCs in the cross section (n-number). The insets show the a and b parameters for both material
systems, obtained for data points corresponding to the same n-number (see fitting details in Figure S6, Supporting Information) and plotted as a
function of 1/n, which in both cases reveal linear relationships (see obtained fitting parameters in Table 1). c) All the iron oxide superstructures show a
magnetically induced mechanical stabilization which increases with decreasing system size (both n and h). d) The %increase in cohesive energy shows
significant negative values for cobalt ferrite monolayers, indicating an in-plane mechanical destabilization, which increases and becomes positive (for A
> 1) as layers are stacked in the vertical direction, thereby stabilizing the structure overall. An isotropic mechanical stabilization is observed in the iron
oxide systems, whereas anisotropy in the mechanical cohesion is observed for the cobalt ferrite systems. The cohesive energy data are presented as mean
+ standard deviation (sample size 2000). Details on linear regression and exponential curve fitting are given in the Experimental Section (Supporting
Information). The %increase in cohesive energy is calculated relative to mean values of the nonmagnetic systems.

fluctuations). However, a distinct difference can again be seen
between the two material systems. The iron oxide systems (Fig-
ure 3a) follow a linear trend for structures of the same cross
section (n-number), an observation consistent with our previ-
ous study on translationally static systems.['3] Data points in Fig-
ure 3a corresponding to the same n-number fit well to the linear
function E_;, = a(1/A) + b (details of each individual fit can be
found in Figure S6a, Supporting Information), for which the pa-
rameters a and b also follow a linear relationship with respect to
1/n (a = a,(1/n) + a,, and b = b, (1/n) + b,), as displayed in the
inset of Figure 3a. The equation for the cohesive energy per NC
of a translationally dynamic iron oxide system of any size (pro-
vided a cross section of size n > 2) can therefore be written as
follows

by

E, ho 2 yE
n bulk

coh — W

1)

in which E;, = b,, as established in a previous report (valid
for mechanically isotropic superstructures).!’3] Interestingly, the
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cobalt ferrite systems (Figure 3b) appear to follow an exponential
trend (E_,, = bexp[a(1/A)]) for the data points corresponding to
the same n-number (details of each individual fit can be found in
Figure S6b, Supporting Information). This exponential trend be-
comes more obvious as the cross section becomes larger and can
be understood from the vertically aligned spins initially repelling
each other in low A structures (A < 1) and starting to overall at-
tract each other as A > 1 (Figure 2b). This leads to the observed
exponential decrease in cohesive energy per NC with 1/A (semi-
log plots of the data in Figure 3b support an exponential relation-
ship; see Figure S7, Supporting Information). Also, in this case,
the fitting parameters, a and b, follow a linear relationship when
plotted against 1/n (shown in the inset of Figure 3b). A summary
of the obtained fitting parameters is given in Table 1 for both ma-
terial systems (note that the a-parameters of the two systems have
different units). The observation of a, ~ 0 for both systems sup-
ports that the slope of the curve fitted to the different n-numbers
in Figure 3a,b converges toward 0 as n — oo, which can also be
geometrically inferred from these plots. Given the linearity in the
exponential fitting parameters (with a, = 0), the cohesive energy

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Table 1. Decomposition of the parameters a and b (obtained from the curve fitting in Figure 3a,b) into parameters ay, a,, by, and b,, for the iron oxide

and cobalt ferrite superstructure systems.

)

Material system® a=a,(1/n) +a,

b=b,(1/n) + b,

a, a, R? by [eV] b, [eV] R?
Fe;0, ~0.53(4) 0.02(1) 0.985 ~0.81(5) 1.19(1) 0.991
CoFe,0, ~16(1) -0.02(2) 0.986 -0.60(2) 1.112(4) 0.998

) The parameters a, and a, have units of eV for the iron oxide systems, but are dimensionless for the cobalt ferrite systems. Each value in parentheses is a fitting error and
refers to the least significant digit of the corresponding parameter. The goodness-of-fit is expressed through the R? value. The high relative errors on the a, values are, naturally,
associated with high significance probability values (p = 0.14 and p = 0.57 for the iron oxide and cobalt ferrite systems, respectively). p > 0.05 implies that the null hypothesis
of a zero intercept (i.e., g, is equal to zero) cannot be rejected, i.e., we conclude a, = 0 for each system.

per NC for any cobalt ferrite system size (provided a square cross
section of size n > 2) can be written as follows

b a
Eon= <;1 + Ebulk) exp (f) ()

where E ;. = b, (see the Supporting Information for details re-
garding the derivation). Following a Taylor expansion at large A
(i-e., taken at 1/A = 0), Equation (2) can be approximated as

a1 By | by
Egpm®——+ - T Epuic 3)

and adopts the same form as Equation (1) (details in the Sup-
porting Information). We expect the expression in Equation (2)
to hold also for magnetic materials different from cobalt ferrite,
given that the macrospins are blocked and parallelly aligned.

The comparison of the two material systems in Figure 3a,b
shows that an iron oxide system is generally more stable than
a cobalt ferrite system of the same size, although there are more
fluctuations in the data points for iron oxide arising from fluc-
tuations in both macrospin orientation and NC positions (as op-
posed to cobalt ferrite where the spins are effectively locked in the
positive z-direction). Even for high A, the minimization of the de-
magnetizing field in the case of the relaxed iron oxide macrospins
results in a more energetically favorable state than the net attrac-
tive interactions in cobalt ferrite systems with macrospins locked
along the vertical easy axes. The influence of magnetic anisotropy
is well expressed in the mechanical stability of the cobalt ferrite
systems in Figure 3b, through the rapid increase in cohesive en-
ergy per NC as vertical layers are stacked on top of each other,
especially for the largest considered systems of this study (with
n = 6). Moreover, in both material systems, a super-size effect is
evident, implying on average a mechanical destabilization as the
superstructure systems become smaller in size, consistent with
our previous study.!3!

Further analysis of the variation in cohesive energy after tak-
ing magnetism into account in the two different systems reveals
the influence of magnetic anisotropy on the mechanical stability.
The percentage increase (%increase) in cohesive energy is calcu-
lated relative to the equivalent nonmagnetic system of iron oxide
and cobalt ferrite (i.e., where the simulation is rerun after mag-
netism has been removed (details in Figure S8, Supporting In-
formation), enabling a comparison of the two material systems
on equal footings) and plotted in Figure 3c,d, respectively. The
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iron oxide systems are consistently stabilized regardless of size,
reaching at least an enhancement of 29% (bulk system mean
value) and up to 80% for the smallest monolayer (n = 2). Com-
pared with an enhancement in mechanical stability by up to 45%
for the translationally static systems,['3] the value of 80% reflects
the higher level of importance of magnetism in real NC fluctuat-
ing systems. Generally, the iron oxide monolayers and the super-
structures of smallest cross section (n = 2) benefit more from the
magnetic character of the NCs and thus show a higher %increase
in cohesive energy than the systems of larger size (this is a direct
consequence of the shorter ranged magnetic dipole-dipole inter-
actions, 1/7}, compared with the van der Waals interactions, 1/7%).
For the cobalt ferrite systems, however, we observe a very dif-
ferent trend. Here, the monolayers are destabilized by the intro-
duction of magnetism (negative %increase in cohesive energy of
around —60%), as the macrospins are blocked by MA perpendic-
ular to the in-plane shape anisotropy axes. As layers are stacked
on top of each other, this effect weakens and the %increase in co-
hesive energy eventually becomes positive overall (i.e., for A > 1)
owing to the strong attraction between vertical macrospins, as
anticipated by Figure 2. Hence, as a direct consequence of mag-
netic anisotropy, a superstructure of this kind will be mechani-
cally destabilized in-plane and stabilized in the vertical direction
(which is also reflected in the difference in interparticle spacings
along the Cartesian axes, shown in Table S1, Supporting Infor-
mation). Interestingly, beyond the monolayer regime, the %in-
crease as a function of 1/A in Figure 3d seems to fall onto the
same (master) curve regardless of superstructure size, corrobo-
rating the idea that shape anisotropy (determined by aspect ratio)
governs the contribution of magnetism to the cohesive energy in
these ordered systems of blocked macrospins.

It is clear that a low MA-to-dipolar energy ratio, as found in
the iron oxide system, implies an isotropic mechanical stabiliza-
tion of the superstructure. Remarkably, in the interesting case
of near-zero MA, shape anisotropy could enforce a collective
super-antiferromagnetic alignment, yielding an even stronger
isotropic mechanical stabilization (note that this configuration is
driven solely by dipolar interactions, in contrast with the SFM
state described above). This is observed in high A superstruc-
tures of iron oxide in which the MA has been set to zero. A
candidate for a real system with near-zero MA is permalloy
(Nig,Fe,,),[2°l where we can expect such super-antiferromagnetic
alignment at RT. See the Supporting Information (discussion and
Figures S9-S14, Supporting Information) for a thorough treat-
ment of the collective magnetism and mechanical stabilization in

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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Figure 4. Mechanical anisotropy and reconfigurability of mechanical properties via applied magnetic fields. a) A “shape isotropic” cobalt ferrite su-
perstructure (high-resolution SEM image on the left) with vertically aligned macrospins displays mechanical anisotropy, resulting in axis-dependent
enhancement in the mechanical stability. Owing to this SFM alignment, a %increase in cohesive energy of +90% and —40% along the vertical and
horizontal axis, respectively, is obtained. b—d) After 5 x 10> MC steps, the initial vertically aligned macrospin state of three cobalt ferrite superstructures
in thermal equilibrium is switched to a horizontal SFM configuration by means of an applied magnetic field (1 T during 1000 steps). After switching to
the horizontal configuration: b) the monolayer (A < 1) is observed to undergo a significant mechanical stabilization overall, c) the perfect supercube
(A = 1) does not display any notable change (except for the obvious horizontal flipping of the high-strength axis), and d) the pillar (A > 1) becomes
overall significantly destabilized. When switching back to the vertically aligned state after 106 steps (this time with macrospins pointing downward), the

mechanical properties are reversed back to the starting point.

near-zero MA superstructure systems. Given similar dipole—
dipole interactions, our results demonstrate that the relative me-
chanical stability of the three different types of macrospin con-
figurations (resulting from different MA-to-dipolar energy ratios)
considered in this work follows the trend: SFM < disordered <
super-antiferromagnetic. The reader is referred to the Support-
ing Information for a more comprehensive discussion (accom-
panying text and Figures S15 and S16, Supporting Information)
concerning the influence of macrospin configuration on the me-
chanical stabilization of superstructures.

We have shown in this study that a magnetic superstructure in
thermal equilibrium with SFM ordering (e.g., cobalt ferrite NCs
self-assembled in-field) is overall less mechanically stable than an
equivalent disordered system (e.g., superparamagnetic iron ox-
ide). However, if we calculate the cohesive energy solely along
the magnetization direction (z-axis), we obtain an outperform-
ing magnetic enhancement of mechanical stability for cobalt fer-
rite. We illustrate this in Figure 4a, where a cobalt ferrite super-
structure without shape anisotropy (i.e., in this context meaning
a perfect cubic shape, with n = h = 6, A = 1), which on aver-
age should show no significant enhancement in mechanical sta-
bility, displays a magnetic increase in cohesive energy of ~90%
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along the z-axis. Conversely, along the x-axis, a destabilization
of —40% is observed (with an expectedly similar value of —42%
along the y-axis). In fact, this (shape) isotropic superstructure is
4 times stronger in the z-direction than in the x-direction, an ef-
fect which will be enhanced as the aspect ratio increases (i.e., A
> 1). In comparison, the equivalent superparamagnetic iron ox-
ide superstructure shows an increase in cohesive energy of #55%
along all three Cartesian axes (Figure S17, Supporting Informa-
tion), as indeed would be expected for a mechanically isotropic
system. In a superstructure of vertically aligned macrospins, it
is the absence of short-ranged exchange interactions, respon-
sible for energetically favorable parallel spin alignment in tra-
ditional ferromagnetic systems, which yields a significant in-
plane destabilization effect for the macrospins. Therefore, such
MA-induced SFM macrospin alignment will lead to mechanical
anisotropy, which is well expressed through the axis-dependent
enhancement/suppression of mechanical stability in Figure 4a.
As a prerequisite for the emergence of mechanical anisotropy
in such magnetically saturated configurations, the MA energy
barrier between easy directions ((100) in our case) should be
strong enough to block the macrospins against thermally in-
duced flipping, as well as to prevent a reorientation driven by

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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strong dipolar interactions between neighboring nanoparticles.
This will stabilize the vertically aligned macrospin configuration
in a metastable state (i.e., as the super-antiferromagnetic align-
ment (Figure S15, Supporting Information) yields the ground
state, where the MA energy is minimized equivalently to the
metastable SFM alignment). We have already realized the self-
assembly of superstructures (Figure 1) which are expected to
show this type of anisotropic mechanical behaviour predicted
by our MC simulations. Proving this emergence of mechanical
anisotropy experimentally will provide new opportunities to de-
sign multifunctional materials for new potential applications.
Our results suggest new design rules for applied materi-
als with predefined properties. For example, self-assembled su-
perstructures comprising nanoparticles with low MA-to-dipolar
energy ratio (isotropically maximizing cohesive energy) could
be exploited in applications requiring long-term mechanical
stability (such as micro-electromechanical systems (MEMS),3"]
sensors,3!) magnonic crystals,[*?! or certain scaffolds for tissue
engineering(®*!). Superstructures with higher MA-to-dipolar ra-
tios (such as the cobalt ferrite systems considered here), which
can sustain permanent SFM at RT, are recognized as promising
candidates for use in a variety of applications. First and foremost,
the full permanent alignment of the macrospins makes these
systems very appealing as permanent (micro)magnets, given
that the associated perfectly square hysteresis loop optimizes
the (BH),,,, energy product (i.e., the product of magnetic flux
density and magnetic field).['] Yet, the most exciting aspect of
such magnetically blocked assemblies is the possibility of mag-
netic field control of the mechanical anisotropy and overall cohe-
sion through changes in the permanent magnetization direction.
This is illustrated in Figure 4b—d, in which the magnetic field
reversibly toggles the total moment of the system between the
easy axes of the superstructure. These mechanically anisotropic
nanostructures would behave as smart wood (Figure S18, Support-
ing Information), where the high-strength axis (analogous to the
microfibers in wood!?®l) could be externally reconfigured as de-
sired, also identifying them as promising candidates in structural
engineering.** Furthermore, we demonstrate another emerg-
ing novel property of such SFM superstructures, namely, en-
hanced magnetostriction. Such linear “super-magnetostriction”
outperforms that of conventional materials (Terfenol-D) by at
least one order of magnitude,*3¢! as illustrated in Figure 5.
Moreover, in stark contrast with continuous media, this super-
magnetostriction is permanent, i.e., the enhanced strain remains
until a differently oriented field is applied. One may thus envi-
sion super-magnetostrictive microsensors/actuators, tailored
by the strength of the magnetic interactions as well as by the na-
ture of the surfactants (which may be readily explored to opti-
mize the super-magnetostrictive effect far beyond the value cal-
culated here: ~2%), enabling magnetic field-controlled variation
of strain and elastic modulus through the mechanisms simulated
here. Note that the super-magnetostriction effect schematized in
Figure 5 is permanent (yet easily reconfigurable) and discrete. A
continuous and reversible super-magnetostriction, analogous to
conventional linear magnetostriction, will be obtained in the su-
perparamagnetic iron oxide superstructures studied here. These
isotropic systems are expected to show a negative strain in the ex-
ternal magnetic field direction, thus the magnetization direction,
and a positive strain perpendicular to the field (note, however,
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Figure 5. Permanent super-magnetostriction in cobalt ferrite superstruc-
tures. SFM cobalt ferrite superstructures exhibit superior linear magne-
tostriction (strain induced by the applied magnetic field, 1) by one order
of magnitude compared with the best conventional magnetostrictive ma-
terials. This “super-magnetostriction” is mediated by dipolar interactions
upon macrospin flipping (from vertical to horizontal alignment and vice
versa) and is always negative parallel to the applied magnetic field and pos-
itive perpendicular to the field. Moreover, there will be a near-zero strain
along the other axis perpendicular to the field, because the configuration of
the magnetic moments remains unchanged after spin flipping. The mag-
netostriction takes on values of +2% and —4% in the vertical and horizon-
tal direction, respectively, of the selected superstructure (n = 4, h = 12),
compared with +0.2% in the saturated field direction for the alloy Terfenol-
D, which exhibits the highest A-value among conventional materials.[*°]
Moreover, the saturation magnetostriction in such metastable SFM super-
structures is permanent (i.e., it remains after field removal), as opposed
to continuous materials. The magnetostrictive elongations/compressions
in the figure are consistently exaggerated for illustrative purposes.

that this strain will be less profound than that of the anisotropic
discrete case). The field dependence of both strains will be ulti-
mately governed by the Langevin magnetic response of the fluctu-
ating macrospins, whose linear range and sensitivity—with sen-
sor applications in mind—can be tailored simply through the NC
magnetic moment.

In summary, our simulations predict that nanoparticle
magnetocrystalline anisotropy (both in magnitude and symme-
try), together with shape anisotropy, has a profound effect on
the mechanical stability of self-assembled superstructures of
nanoparticles. By simply choosing magnetic materials of appro-
priate MA, the mechanical properties of the superstructures can
be magnetically tailored without any change in the structural
design (i.e., nanoparticle packing arrangement and density). Low
MA-to-dipolar energy ratios give rise to isotropic mechanical

© 2021 The Authors. Advanced Science published by Wiley-VCH GmbH
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stabilizations of superstructures either through disordered
(superparamagnetic) systems of macrospins (as displayed
in an iron oxide system), or through even stronger ordered
ground state configurations such as shape anisotropy-enforced
super-antiferromagnetic alighment (prompting its experimental
realization in superstructures of permalloy nanocubes). A high
MA-to-dipolar ratio leads to fully ordered macrospin states,
such as SFM configurations, ultimately resulting in mechan-
ical anisotropy (e.g., in-plane mechanical destabilization and
out-of-plane stabilization). The realization of MA-induced SFM
states, as observed in cobalt ferrite superstructures, creates
a roadmap to new design principles exploiting anisotropic
high-strength-axis materials with field-controlled reconfigurable
mechanical properties. The conceptual understanding built in
this work paves the way toward the experimental realization,
e.g., through a combination of magnetic measurements and me-
chanical nanoindentation testing, of reconfigurable mechanical
anisotropy in ordered superstructures of magnetic nanocubes.
In such RT-blocked systems, notably different mechanical prop-
erties (such as elastic modulus, strength and hardness), and thus
super-magnetostrictive responses, are expected for in-plane and
out-of-plane measurements.

Experimental Section

Experimental details are available in the Supporting Information.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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