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Self-assembly of magnetite nanocubes
into helical superstructures
Gurvinder Singh,1 Henry Chan,2 Artem Baskin,2 Elijah Gelman,1 Nikita Repnin,2

Petr Král,2,3* Rafal Klajn1*

Organizing inorganic nanocrystals into complex architectures is challenging and typically
relies on preexisting templates, such as properly folded DNA or polypeptide chains.
We found that under carefully controlled conditions, cubic nanocrystals of magnetite
self-assemble into arrays of helical superstructures in a template-free manner with
>99% yield. Computer simulations revealed that the formation of helices is determined
by the interplay of van der Waals and magnetic dipole-dipole interactions, Zeeman
coupling, and entropic forces and can be attributed to spontaneous formation of chiral
nanocube clusters. Neighboring helices within their densely packed ensembles tended
to adopt the same handedness in order to maximize packing, thus revealing a novel
mechanism of symmetry breaking and chirality amplification.

N
anoscale particles often self-assemble into
superstructures with distinctive spatial ar-
rangements that are difficult to predict
based on the nature of their building blocks
(1–9). This is because the stabilization of

such self-assembled materials results from a del-
icate competition among forces of comparable
magnitudes, originating in van der Waals, Cou-
lombic, magnetic, and other types of particle in-
teractions (10). Although the structures of some
systems are dominated by forces of a common
origin [such as electrostatic interactions that gov-
ern the formation of open-lattice assemblies of
peptide filaments (7) or colloidal crystals with a

diamond-like lattice (3)], it is typically the inter-
play between various nanoscale forces that leads
to the formation of highly complex materials, such
as nanocrystal superlattices exhibiting polymor-
phism (11, 12).
Self-assembly of nanoparticles driven by com-

peting forces can result in truly unique struc-
tures, the diversity and complexity of which could
be particularly striking if the building blocks
were simultaneously coupled by short- and long-
range forces of different symmetries. Such frus-
tration could arise in ensembles of magnetic
nanocrystals (NCs) whose axes of preferential
magnetization (so-called “easy” axes) do not cor-
respond to any of the directions favoring close
packing. In the case ofmagnetite—themost abun-
dant magnetic material on Earth, also present
inside multiple living organisms in the form of
NCs (13)—this condition is best fulfilled by cubic-
shaped particles, whose easy axes (the [111] crys-

tallographic direction; see Fig. 1B) connect two
diagonally opposite corners of each cube. How-
ever, complex superstructures resulting from the
competition between the shape anisotropy (favor-
ing face-to-face interactions) and the magneto-
crystalline anisotropy (favoring corner-to-corner
interactions) have not been reported, perhaps
because the former type of anisotropy typically
dominates the latter (14, 15). Here, we investi-
gated the self-assembly of magnetite NCs at the
liquid-air interface in the presence of external
magnetic fields. Depending on the density of the
NCs,we identifieddifferent types of self-assembled
superstructures, including one-dimensional belts
as well as single, double, and triple helices.
In our experimental setup (Fig. 1A), a drop of

hexane solution of relatively monodisperse mag-
netite nanocubes (16–18) [average edge length =
13.4 nm, corner bluntness r = 23%; Fig. 1B and
figs. S1, S2, S3, and S28A (19)] containing excess
oleic acid (OA) was placed at the diethylene gly-
col (DEG)–air interface (20, 21) in the presence of
a magnetizing field (whose strengthH was regu-
lated in the range of 0 to 700 G). The solvent was
allowed to evaporate within ~10 min. Our NCs
are in the superparamagnetic (SPM) size regime;
that is, the collective dipoles of individual NCs
thermally fluctuate, and the directions of the
dipole moments are random.When the NCs were
exposed to an external magnetic field, the collec-
tive dipoles became partially aligned with the field
direction, which allowed for the cooperative mag-
netic dipole-dipole coupling between the NCs.
The resulting chains of single particles (fig. S9)
further aggregated as the solvent evaporated, ul-
timately giving rise to higher-order superstructures
at the solvent-air interface. These superstructures
could be transferred onto a substrate of choice
(e.g., a carbon-coated copper grid or a silicon
wafer for inspection) (Fig. 1A). On the basis of
electron microscopy images, we estimate that
fewer than 1% of the NCs remained unassembled.

SCIENCE sciencemag.org 5 SEPTEMBER 2014 • VOL 345 ISSUE 6201 1149

1Department of Organic Chemistry, Weizmann Institute of
Science, Rehovot 76100, Israel. 2Department of Chemistry,
University of Illinois, Chicago, IL 60607, USA. 3Department
of Physics, University of Illinois, Chicago, IL 60607, USA.
*Corresponding author. E-mail: rafal.klajn@weizmann.ac.il
(R.K.); pkral@uic.edu (P.K.)

RESEARCH | REPORTS



The nature of these superstructures strongly
depended on the surface concentration of the
particles (22). For concentrations corresponding
to less than ~20% of the monolayer coverage
(or c < 0.2, where c = 1 corresponds to a densely
packed monolayer of nanocubes coated with
interpenetrating monolayers of OA), no long-
range or well-defined structures were found
(fig. S10). When c ≈ 0.2, however, NCs assembled
into parallel arrays of one-dimensional (1D) belts
(23, 24) with high aspect ratios (two to three NCs
across and as long as 100 mm; Fig. 1C) and
oriented parallel to the applied field (figs. S12
and S13). Individual cubes within these belts
had their [100] crystallographic axes oriented
parallel to the long axes of the belts (Fig. 1C,
inset); thus, we refer to these assemblies as belts100.
This arrangement of the building blocks maxi-
mized the cube-cube contact within the assem-
blies (i.e., the assemblies were dominated by
the shape anisotropy of the particles). Thewidths
of these belts grew with increasing c and de-
creasing H values.
To better understand these results, we mod-

eled the arrangements of magnetic dipoles of
individual SPM particles within belts by Monte
Carlo simulations (25) [for additional details on
the theoretical model, see (19) and figs. S20 to
S28]. As Fig. 1D shows, dipole orientations in in-
dividual NCs are determined by the competition
between dipole-dipole interactions [attractive
when two parallel dipoles are within a cone with
a polar angle q < cos−1ð1= ffiffiffi

3
p Þ ≈ 54○] and cou-

pling to an external field (Zeeman coupling,
which tends to orient the dipoles along the field
lines). In the presence of a relatively weak (e.g.,
167 G) field, the dipoles assume a “zigzag” con-
figuration “unlocked” from the external field, fa-
voring the magnetocrystalline anisotropy. As the
field strength increases, the dipoles become more
aligned; eventually, all of them are oriented along
the field lines (e.g., at 668 G; Fig. 1D, bottom).
However, this dipole arrangement is not favor-
able because of the magnetic repulsion between
cubes lying side by side. To reduce these repul-
sive interactions, the belts become gradually thin-
nerwith increasing applied field [this also explains
the equal spacings between individual belts—see,
for example, fig. S8C].
In all experiments, the belts’ long axes followed

the lines of the applied magnetic field. Thus,
we could induce the growth of belts tilted with
respect to the liquid-air interface by modifying
the direction of the applied magnetic field. In
the presence of a field directed perpendicular
to the liquid-air interface, the NCs assembled into
arrays of pillars (fig. S11). Similar to the belts pa-
rallel to the interface, individual pillars repelled
one another in the presence of a magnetic field,
which resulted in their hexagonal close packing
(fig. S11D).
Next, we simulated dipole orientations as a

function of belt thickness in the presence of a
constant applied magnetic field (Fig. 1E; here,
H = 167 G). As belts became wider, magnetic
dipoles were increasingly decoupled from the
external field because of large induced fields

1150 5 SEPTEMBER 2014 • VOL 345 ISSUE 6201 sciencemag.org SCIENCE

Fig. 1. Self-assembly of one-dimensional nanocube belts. (A) Schematic representation of the ex-
perimental setup. (B) Low- and high-magnification transmission electron microscopy (TEM) images of the
building blocks, ~13-nm Fe3O4 nanocubes.The [111], [110], and [100] crystallographic directions correspond
to the easy, intermediate, and hard axes of magnetization, respectively. (C) Low- and high-magnification
scanning electronmicroscopy (SEM) images of belts100. (D) Averaged orientations of dipoles in a nine-cube-
wide belt100 in the presence of increasing magnetic fields. (E) Orientations of dipoles in belts100 of different
widths and in a belt110 under a relatively weak external field (H = 167 G).The energies of these structures are
discussed in (19). (F and G) Top and side views of belts110 by SEM.
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(Fig. 1E, center). To compensate for the ineffec-
tive Zeeman coupling, we rotated each cube by
45° such that their [110] axes were parallel to the
field direction; we call the resulting assemblies
belts110. Although this new arrangement (Fig. 1E,
right) was less favorable from the van der Waals
interaction point of view (the belts’ sides are
ridged and not smooth),magnetization along the
[110] direction (the “intermediate” axis) occurred
more easily than along the [100] (“hard”) axis
(26, 27) (for quantitative analysis of belts100 ver-
sus belts110, see fig. S22). The formation of belts110
was experimentally observed in the narrow range
of 1 < c < 1.5 (e.g., Fig. 1, F and G, and fig. S8F).
The most striking manifestation of this trend

was observed in experiments performed at c >~1.5,
where the nanocubes tended to orient their [111]
axes—that is, the “easy” axes of magnetization—
along the magnetic field lines. Because of this
arrangement, the belts spontaneously folded
(28–30), giving rise to single-stranded helices (31)
(Fig. 2A and fig. S14). Monte Carlo simulations
confirmed that the formation of helices is accom-
panied by a free energy minimization (Fig. 2C;
see also fig. S23). A detailed analysis revealed that
the helices originate from the packing of (tran-
siently) chiral nanocube nuclei, which resulted
from the competition of magnetic and spatial sym-
metries (fig. S21). Similar to the belts discussed
above, the heliceswere evenly spaced and spanned
long distances of up to several hundred micro-
meters (see, for example, Fig. 2B). The properties
of these helices were mostly governed by the sur-
face concentration of the NCs: High values of c
entailed large effective magnetic fields, thus pro-
moting a rearrangement of the NCs from the
original belt100 ensemble (i.e., gradually decreas-
ing the helical pitch). At the same time, high c
values contributed to the widening of the helices
(i.e., decreasing interfilament distances). We also
observed that individual single-stranded helices
tended towrap around each other to formdouble-
stranded (Fig. 2, D and E, and figs. S15 and S16)
or even triple-stranded (Fig. 2F) helices.
The relatively thin helices prepared at 1.5 < c <

2.0 comprised equal populations of intermixed
left- and right-handed structures, all oriented
parallel to the applied field; Fig. 2A shows a
right-handed helix (top) neighboring a left-handed
one (bottom). At higher (c > 2.0) coverages, how-
ever, long axes of the helices were tilted with
respect to the external field, with the tilt angles q
increasing with increasing c values. At the same
time, we observed that the helices weremostly of
the same handedness (e.g., Fig. 2E). A clue to the
origin of this selectivity is provided by experi-
ments that yielded ill-defined mixtures of right-
and left-handed helices (e.g., Fig. 2, G and H);
these two types of heliceswere tilted at +q and –q
angles with respect to the externalmagnetic field.
To maximize packing within a given area, all of
the NC assemblies should be oriented in the
same direction and have the same handedness.
There was no intrinsic preference for helices of
either handedness; each experiment began with
the nucleation of either right- or left-handed
helices with equal probabilities. As the assembly

SCIENCE sciencemag.org 5 SEPTEMBER 2014 • VOL 345 ISSUE 6201 1151

Fig. 2. Self-assembly of helical nanocrystal superstructures. (A) TEM image of individual single-
stranded helices. (B) SEM image of a large arrayof single-stranded helices. (C) Snapshots fromMonteCarlo
simulations of a one-dimensional belt folding into a helix. (D) SEM image of a well-defined double helix. Inset
shows aTEM image of two beltswrappingaround each another. (E) SEM image of an arrayof double helices.
(F) An arrayof triple helices and (inset) theendof a triple helix. (G) SEM image showingself-healingofdouble
helices (“chirality self-correction”). Yellow and red arrows indicate sites of chirality inversion. (H) Collective
switching of chirality.Gray and green colors indicate patches of right- and left-handed helices, respectively. In
(E), (G), and (H), blue arrows show the direction of the applied magnetic field.
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progressed from one side of the dish to the other,
however, the chirality of preformed helices deter-
mined those of their neighbors, and this process
continued to yield large (up to 1 mm2) domains
of “enantiopure” helices.
However, defects were occasionally observed.

The red arrows in the ensemble of right-handed
helices in Fig. 2G point to sites where chirality
inversion took place, giving rise to segments of
left-handed structures. Segments of the “wrong”
chirality were relatively short; the tendency to
maximize packing provided the helices with the
ability to “correct” their chirality, as denoted by
the yellow arrows in Fig. 2G. We also observed
“collective switching of chirality”:When a critical
number of helices changed their handedness, a
domain of inverted helices was stably propagated
(Fig. 2H).
To verify the key importance of magnetocrys-

talline anisotropy for forming helical assemblies,
we performed additional assembly experiments
using differently shaped magnetite NCs, includ-
ing spheres, truncated octahedra, and rounded
cubes, as well as Fe3O4-Ag heterodimeric parti-
cles (Fig. 3 and figs. S4 to S7), all of which were
in the same size regime (10 to 15 nm). With
spherical and octahedral building blocks, we
did not observe assemblies other than the 1D
belts—even at c values as high as 5 (Fig. 3A, lower
panel, inset). These observations can be ration-
alized by the lack of competition between the
magnetic interactions and close packing: In the
case of octahedral NCs, the magnetocrystalline
and shape anisotropy act cooperatively to align
the particles with their [111] axes oriented pa-

rallel to the applied field, whereas the spheres
possess no shape anisotropy.
To further clarify these observations, we in-

vestigated how cube corner bluntness affected
the structure of the assemblies by preparing
rounded cubes (Fig. 3B; r = 30%). We grew the
NCs in the presence of a mixture of surfactants
that stabilized the spherical and the cubic mor-
phologies (OA and sodium oleate, respectively).
The superstructures obtained at high c values
exhibited helicity, although the helicity was not
as prominent as in superstructures obtained from
the original cubes; such a result is consistent with
the building blocks having shapes intermediate
between those of the spheres and the cubes. Fi-
nally, we synthesized heterodimers, each com-
prising a cubic Fe3O4 domain and a spherical Ag
domain (Fig. 3C, top). The presence of the Ag
particles hindered efficient dipole-dipole inter-
actions between themagnetite domain; nonetheless,
well-defined helices were observed (Fig. 3C, bot-
tom, and fig. S18B), although the belt-to-helix
transition occurred at much higher (c > ~5.0)
particle densities—a threshold that is most likely
governed by the size of the Ag domain.
We observed the emergence of helical nano-

particle superstructures during the self-assembly
of superparamagnetic nanocrystals. We envision
that the diversity of self-assembled superstruc-
tures could be further expanded by (i) decorating
the surfaces of magnetite NCs with functional
ligands (32), (ii) choosing SPM NCs of different
shapes and compositions (e.g., Ni, Fe, andCoFe2O4)
as startingmaterials, (iii) usingmixtures of differ-
ent NCs as building blocks (see fig. S19), and (iv)

using complex or dynamic magnetic (33) fields
during the self-assembly process.
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METAL ALLOYS

A fracture-resistant high-entropy
alloy for cryogenic applications
Bernd Gludovatz,1 Anton Hohenwarter,2 Dhiraj Catoor,3 Edwin H. Chang,1

Easo P. George,3,4* Robert O. Ritchie1,5*

High-entropy alloys are equiatomic, multi-element systems that can crystallize as a single
phase, despite containing multiple elements with different crystal structures. A rationale for
this is that the configurational entropy contribution to the total free energy in alloys with
five or more major elements may stabilize the solid-solution state relative to multiphase
microstructures.We examined a five-element high-entropy alloy, CrMnFeCoNi, which forms
a single-phase face-centered cubic solid solution, and found it to have exceptional damage
tolerance with tensile strengths above 1 GPa and fracture toughness values exceeding
200 MPa·m1/2. Furthermore, its mechanical properties actually improve at cryogenic
temperatures; we attribute this to a transition from planar-slip dislocation activity at room
temperature to deformation by mechanical nanotwinning with decreasing temperature,
which results in continuous steady strain hardening.

P
ure metals rarely display the mechanical
properties required for structural applica-
tions. Consequently, alloying elements are
added to achieve a desired microstructure
or combination of mechanical properties,

such as strength and toughness, although the re-
sulting alloys invariably still involve a single dom-
inant constituent, such as iron in steels or nickel
in superalloys. Additionally, many such alloys,
such as precipitation-hardened aluminum alloys,
rely on the presence of a second phase for me-
chanical performance. High-entropy alloys (1–3)
represent a radical departure from these notions.

As equiatomic, multi-element metallic systems,
they contain high concentrations (20 to 25 atomic
percent) of multiple elements with different
crystal structures but can crystallize as a single
phase (4–7). In many respects, these alloys rep-
resent a new field of metallurgy that focuses
attention away from the corners of alloy phase
diagrams toward their centers; we believe that
as this evolving field matures, a number of fas-
cinating new materials may emerge.
The CrMnFeCoNi alloy under study here is a

case in point. Although first identified a decade
ago (1), the alloy had never been investigated
mechanically until recently (5, 6, 8), yet is clearly
scientifically interesting from several perspec-
tives. It is not obvious why an equiatomic five-
element alloy—where two of the elements (Cr
and Fe) crystallize with the body-centered cubic
(bcc) structure, one (Ni) as face-centered cubic
(fcc), one (Co) as hexagonal close-packed (hcp),
and one (Mn) with the complex A12 structure—
should form a single-phase fcc structure. Fur-
thermore, several of its properties are quite unlike
those of pure fcc metals. Recent studies indicate

that the alloy exhibits a strong temperature de-
pendence of the yield strength between ambient
and cryogenic temperatures, reminiscent of bcc
metals and certain fcc solid-solution alloys (6).
Strangely, any temperature-dependent effect of
strain rate on strength appears to bemarginal (6).
Moreover, the marked temperature-dependent
increase in strength is accompanied by a substan-
tial increase in tensile ductility with decreasing
temperature between 293 K and 77 K (6), which
runs counter to most other materials where an
inverse dependence of ductility and strength is
invariably seen (9). Preliminary indications sug-
gest that this may be principally a result of the
alloy’s high work-hardening capability, possi-
bly associated with deformation-induced nano-
twinning, which acts to delay the onset of any
necking instability (i.e., localized plastic deforma-
tion that can lead to premature failure) to higher
strains (5).
We prepared the CrMnFeCoNi alloywith high-

purity elemental startingmaterials by arc melting
and drop casting into rectangular-cross-section
copper molds, followed by cold forging and cross
rolling at room temperature into sheets roughly
10mm thick. After recrystallization, the alloy had
an equiaxed grain structure. Uniaxial tensile spec-
imens and compact-tension fracture toughness
specimens in general accordance with ASTM
standard E1820 (10) were machined from these
sheets by electrical discharge machining. [See
(11) for details of the processing procedures, sam-
ple sizes, and testing methods.]
Figure 1A shows a backscattered electron (BSE)

micrograph of the fully recrystallized micro-
structure with ~6-mm grains containing numer-
ous recrystallization twins. Energy-dispersive
x-ray (EDX) spectroscopy and x-ray diffraction
(XRD) indicate the equiatomic elemental dis-
tribution and single-phase character of the al-
loy, respectively. Measured uniaxial stress-strain
curves at room temperature (293 K), in a dry
ice–alcoholmixture (200K), and in liquidnitrogen
(77 K) are plotted in Fig. 1B. With a decrease
in temperature from 293 K to 77 K, the yield
strength sy and ultimate tensile strength suts
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