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zero-fi eld assembly. [ 12 ]  In this paper, we delve deeper into the 
thin-fi lm properties and, in combination with manipulation of 
the magnetic fi eld strength and frequency, demonstrate exqui-
site control over properties of the building blocks and their sub-
sequent self-assembly structures. 

  We set out fi rst to synthesize and understand the magnetic 
property of single Janus spheres. Using electron beam depo-
sition, we sequentially deposited a trilayer sandwich of 2 nm 
Ag/5–30 nm Ni/15 nm SiO 2  onto commercially obtained spher-
ical silica particles in the size range of 2–3 µm, whose advantage 
is that in subsequent studies their superstructures are readily 
viewed in an optical microscope. The selected range of Ni thick-
ness was optimized to give minimal uncontrolled aggregation 
yet robust response to magnetic fi elds. In designing the trilayer, 
the Ag layer was used as a seed layer to improve the quality 
of the nickel fi lm, and the thin silica outer shell was used to 
protect the magnetic material against oxidation, reduce the van 
der Waals attraction between metals, and to render the parti-
cles chemically isotropic on both hemispheres. This laboratory 
showed recently that the design is easily generalized to particles 
of other shapes. [ 12 ]  As other potential choices of magnetic mate-
rial exist, [ 13 ]  there is broad potential to custom-tailor magnetic 
properties of colloids using this approach. 

 A curved fi lm complicates its magnetic properties, however. 
If a fi lm is planar, shape anisotropy pins the magnetic moment 
almost exclusively in the plane; but on a sphere, the surface 
normal changes continuously. [ 14 ]  Therefore, for a curved fi lm, 
both the out-of-plane and in-plane responses are a mixture of 
the parallel- and perpendicular-response that one measures in a 
fl at fi lm of the same metal, shown by the hysteresis curve that 
we measured (Figure  1 b). The larger dimension in the parallel 
direction of the coating (approximately particle diameter) than 
in the perpendicular direction (approximately particle radius) 
promotes predominant magnetic response parallel to the Janus 
interface. Moreover, the pinch-off of the hysteresis curve in the 
direction parallel to the Janus interface indicates a magnetic 
vortex state (Figure  1 b (inset)): rather than coherent rotation of 
magnetic spins, a magnetic vortex nucleates on the hemispher-
ical cap of Janus particles, when the direction of the magnetic 
fi eld is reversed. [ 15 ]  

 The second consequence of directional deposition onto spheres 
is uneven distribution of magnetic material: the fi lm is thickest 
at the apex of the sphere and tapers toward the equator, following 
a cosine relationship with respect to the zenith angle. [ 16 ]  The 
effect of the directional coating can be modeled by a magnetic 
dipole shifted from the object’s geometric center, which depends 
on the coating thickness (Figure  1 a). [ 17 ]  This dipole offset causes 
particles to form zigzag chains in a static fi eld, with a zigzag 
angle  θ . We have measured  θ  for different nominal coating thick-
ness  t  Ni  and observed a monotonic trend: the thicker the coating, 
the larger the angle  θ  (Figure  1 c). As shown in Figure  1 d, a larger 

  Magnetic interaction has long been used to generate respon-
sive colloidal superstructures, the classical example being 
ferrofl uids. [ 1 ]  The more recent availability of monodisperse, 
superparamagnetic colloids with embedded magnetic nanopar-
ticles allows the preparation of regular periodic structures with 
optical properties suitable for photonic applications. [ 2 ]  More-
over, going beyond the simple case of static magnetic fi elds, 
time-dependent magnetic fi elds, especially biaxial (rotating) 
and triaxial (precessing) have been shown to give rise to self-
assembled structures with unusual symmetry and anisotropic 
magnetic, electrical, and thermal responses not achievable 
using a uniaxial fi eld. [ 3,4 ]  Using multiaxial fi elds allows greater 
freedom in selecting magnetic structures by introducing extra 
parameters such as frequency and relative strength between 
the fi eld intensity in various directions. [ 5 ]  Moreover, time-
dependent fi elds have the potential to introduce dynamics 
into the individual building blocks, producing a new variety of 
advanced material. [ 6 ]  Studies to date, however, mainly employed 
homogeneous particles such that their magnetic properties can 
be represented as dipolar spheres and this limits the possible 
crystal lattices into which they can assemble. [ 7 ]  To expand the 
possibilities calls for more sophisticated engineering of the col-
loidal units. The recent surge of interest in anisotropic building 
blocks has inspired us to design new magnetic colloids for this 
purpose. [ 8 ]  

 The novelty of this paper is to show that thin-fi lm engi-
neering of magnetic coatings onto spherical colloid-sized par-
ticles ( Figure    1  a) can produce a rich and diverse variety of new, 
programmable structures in a homogeneous rotating magnetic 
fi eld. The simplicity of the particle design and synthesis intro-
duced here is generalizable. The main idea is to capitalize upon 
the monodisperse spheres that in colloid science have been 
widely accessible, [ 9 ]  and using thin-fi lm engineering to endow 
them with magnetic responsiveness. The proof-of-concept pre-
sented here is shown for the simplest departure from the proto-
typical dipolar spheres: magnetic Janus spheres. [ 10,11 ]  Previously, 
this lab employed precessing magnetic fi elds to produce syn-
chronized rotating microtubules from simple magnetic Janus 
spheres, [ 10 ]  and demonstrated the effect of shape anisotropy in 
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zigzag angle signifi es smaller dipole offset. To understand this, 
note that the magnetization of Ni fi lms is reduced at thickness 
below ≈4 nm because the fi lms cease to be continuous, [ 18 ]  and 
moreover on a porous SiO 2  substrate, this threshold thickness 
is expected to be even larger. Therefore, only the middle region 
of the fi lm with suffi cient thickness contributes to the magnetic 
response, and this effective region leans toward the edge of the 
particle, away from the particle center. Hence, the thinner the 
fi lm, the smaller the effective magnetic region, and the larger the 
dipole offset. To experimentalists, this provides extra control to 
fi ne-tune interparticle interaction, which depends on the dipole 
offset. The measurement of  θ  gives a convenient way to access 
the extent of dipole shift, and this approach has been proved to 
give satisfactory results. [ 10 ]  

 Next, we explore the self-assembly behavior of these Janus 
magnets in a rotating magnetic fi eld of moderate strength 
(2–5 mT). In this strength range, the magnetic cap responds 
by shifting the center of the vortex and has almost linear 
magnetic response. In water suspension, these silica Janus 
spheres sediment to the chamber bottom due to density mis-
match. Meanwhile, the much larger magnetic response in the 
transverse direction ensures that the particle aligns instantly 
with the Janus interface parallel to the external fi eld. For most 
values of coating thickness, extended hexagonal crystals result 
( Figure    2  a and Movie S1, Supporting Information). In this crys-
talline state, all particles appear opaque in optical images; their 
metal caps point perpendicular to the rotating fi eld, uniformly 
in the same direction to minimize the dipole–dipole distance, 
and block light. 

  Close inspection shows that within these hexagonal 
crystals, the Janus sphere elements rotate synchronously 
with the external fi eld. Therefore, the relative orientation 
of the instantaneous dipole moments of two neighboring 
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 Figure 1.    Individual particles. a) Schematic representation of the particle 
design. The hemispherical magnetic thin fi lm cap acquires magnetic 
response in two orthogonal directions (red arrows) with dipole moment 
(red spot) offset from the center of mass (black spot). b) Magnetic hyster-
esis curve of a dense monolayer of Janus particles ( d  = 2 µm,  t  Ni  = 18 nm) 
with direction of measurement indicated in the inset. The pinch-off of the 
hysteresis curve indicates a magnetic vortex state in the hemispherical 
cap, shown in the bottom right inset. c) Zigzag angle  θ  versus  t  Ni . Inset 
shows a typical zigzag chain in static fi eld with defi nition of angle  θ . All  θ s 
are measured for chains assembled in a static 5 mT fi eld with  d  = 3 µm. 
d) Schematic representation of the relationship between  t  Ni , dipole offset, 
and  θ . The red angle defi nes the region that contributes to the magnetic 
moment. Thinner coatings have smaller effective surface area, giving 
larger offset and hence smaller  θ. 

 Figure 2.    2D assembly of Janus particles in rotating magnetic fi eld. a) A 
piece of hexagonally ordered crystal in a rotating  B  fi eld (20 Hz, 2 mT). The 
small yellow arrow indicates particle rotation. The large black arrow indicates 
rotation of the entire crystal piece. b) Pair potential  U ( r ) in unit of 10 −18  J, 
calculated from ( ) / 8 2 ln[1 exp( ( ))]0

2 3
0

2U r m r R r dμ π πεε ζ κ= − + + − − , in 
which  ε  is the dielectric constant of water (79.8 at 294 K),  ε  0  is the vacuum 
permittivity,  µ  0  is the vacuum permeability,  m  is the magnetic dipole 
strength,  ζ  is the particles’ zeta potential (−34 ± 6 mV), and  κ −   1  is the 
Debye length (≈160 nm). Interparticle distance  r  is normalized by particle 
diameter  d . From top to bottom, the curves correspond to pair potentials 
in external fi elds of 1, 2, 4, 10, and 20 mT. Inset: Relevant forces: electro-
static repulsion  F  e , time-averaged magnetic attraction  F  mag ,   and hydro-
dynamic shear force  F  shear . c) Snapshot of a small region of crystal with 
square symmetry, formed by particles ( d  = 3 µm and  t  Ni  = 7.6 nm) in a 
5 mT, 20 Hz rotating fi eld. The imaging focus plane is on the bottom par-
ticle layer. The bottom layer particles appear as opaque spheres whereas 
the top layer particles appear as brighter spots in-between. d) Schematic 
illustrations of the structure shown in c), as viewed from the top (top) 
and from the side (bottom). Scale bars: 2 µm.
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( ) / 8attr 0
2 3U r m rμ π= − , in which  r  is the dipoles’ center-to-center 

distance and  m  is the dipole strength. [ 4 ]  Balancing this with 
electrostatic repulsion, [ 19 ]  we arrived at the effective pair poten-
tial shown in Figure  2 b. The predicted minimum at around 
1.2 d  agrees well with the interparticle distance that we meas-
ured (2.47 ± 0.02 µm for Figure  2 a). Moreover, the position of 
the minimum is easily shifted by changing the external fi eld 
strength. Such layering of rotating magnetic particles has long 
been predicted by computer simulation and recently confi rmed 
by this lab. [ 20 ]  A feature not predicted by simulation is that 
the crystal piece also rotates as a whole, with a much smaller 
angular velocity (≈1.6 Hz for this cluster). A simple physical 
argument explains this. In a pair of spinning colloids in close 
proximity, each exerts hydrodynamic shear force on the other. [ 21 ]  
The total shear force vanishes for a particle surrounded sym-
metrically by neighbors, but at the boundary it does not vanish. 
This is why the entire cluster experiences an effective shear at 
its boundary, resulting in cluster rotation. Similar cluster rota-
tion is also seen for isotropic, paramagnetic spheres, but at 
much lower speed due to a completely different origin. [ 22 ]  

 Moving out of strictly 2D fi lms where the expected sym-
metry is hexagonal, magnetic interactions become more com-
plex. Janus spheres may distribute into different heights to 
reduce the dipole–dipole separation, as magnetic interactions 

(≈10 3   k  B  T ) dominate gravitational energy (≈10  k  B  T ). This 
requires large dipole offset. Indeed, for the smallest coating 
thickness ( t  Ni  = 7.6 nm), we observed a transition to a new lat-
tice type (Figure  2 c) in which particles split into two parallel 
planes pointing in opposite directions (Figure  2 d). Meanwhile, 
minimization of interplane interactions transforms the lattice 
symmetry in each plane to square. Stacking additional planes 
could potentially lead to 3D body-centered-tetragonal lattices 
with alternating magnetic layers in the vertical ( c ) direction. [ 23 ]  

 Next, we systematically examine the effect of the fi eld 
strength. Surprisingly, upon raising the magnetic fi eld 
(≈30 mT), we observed an unexpected transition: single par-
ticles “grab” each other and face their magnetic hemispheres 
inward to form a dumbbell. Within the hexagonal crystals of 
single particles ( Figure    3   and Movie S2, Supporting Infor-
mation), particles fi rst vibrate vigorously in the lattice upon 
increasing the fi eld strength, and when they come close to con-
tact they link (Figure  3 d). These dicolloids are slightly asym-
metric, one particle pointing slightly off-axis. Conversion is 
instantaneous and almost complete, consuming almost all of 
the monomers. Once formed, each dicolloid starts to rotate 
around its own center of mass, which protects it from further 
aggregation. Note that such dicolloids have a different con-
fi guration from the staggered confi guration of two particles in 
static fi eld. Moreover, they align their long axis parallel to the 
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 Figure 3.    Colloidal crystals of dicolloids in rotating magnetic fi elds. a) Snapshot of a 2D cluster. b,c) Snapshots of a square dicolloid array inside a 
large rotating aggregate. d) Schematics of the dicolloid formation process. e,f) Top view of dicolloid arrangement in b) and c). g) Side view of dicolloid 
arrangement in (c). h) Long exposure optical image. Top right inset: the darker spots correspond to rotating dicolloids in the focal plane (blue in the 
cartoon). The grey spots correspond to dicolloids in a second plane (cyan in the cartoon). Bottom left inset: enlarged view of small area of the lattice. 
Scale bars: 2 µm.
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external fi eld (see below), contrary to what would be expected 
from single particle response. This transition also occurs in 
static fi eld at a similar threshold of magnetic fi eld; the advan-
tage of a rotating fi eld is to spatially concentrate the particles to 
generate many binary collision events in a short time. In other 
words, the initial hexagonal crystal provides an optimal reaction 
vessel for the formation of dicolloids. 

  We favor the following mechanism for dicolloid forma-
tion, although it is speculative. As the magnetic fi eld is high, 
the interparticle distance experiences large changes during 
each cycle of particle rotation, so behavior time-averaged over 
the full cycle is no longer relevant. Instantaneously, it seems 
that particles experience strong attraction that drives them into 
close contact. As a common scenario in colloidal science, van 
der Waals attraction holds the particles together irreversibly 
when they come into physical contact. [ 24 ]  Once this happens, 
the rotating fi eld is not able to shear the two particles apart; 
they move as a whole. However, the orientation of the particles 
in the dimer is not fully understood. At high fi eld strengths, 
the magnetic cap experiences almost full magnetization; the 
vortex core is expelled from the cap. Neighboring particles tend 
to point towards each other to concentrate their magnetic ele-
ments, although discrete particles still prefer to align parallel to 
the external fi eld due to having larger moment in that confi gu-
ration. The observed off-axis confi guration of these dicolloid 
particles may represent a compromise between these two com-
peting trends. Finite element analysis might, in the future, be 
employed to understand this point in further detail. The main 
point of our observation is that once formed, the dumbbell 
structures are stable, and their behavior is the same regardless 
of magnetic fi eld strength. 

 With these new building blocks in hand, we start again to 
explore their assembly behavior in rotating magnetic fi elds. 
Small clusters of dicolloids retain hexagonal symmetry, with lat-
tice constant twice as large as that for single particles (Figure  3 a 
and Movie S3, Supporting Information). While the dumbbell 
shape breaks spherical symmetry instantaneously, rotation 
restores spherical symmetry such that the centers of the dicol-
loids again form a hexagonal lattice. This is also robust to the 
presence of small numbers of residual monomers. 

 Larger, denser aggregates are more complex. Figure  3 b,c 
shows two snapshots of such aggregates (see also Movie S4, 
Supporting Information). In Figure  3 b, the lobes of the dicol-
loids pack closely as squares, as schematically shown in 
Figure  3 e. After π/4 rotation, the lobes appear to overlap but this 
is physically impossible, and in fact they have separated into 
different 2D planes. To show this, we used long camera expo-
sure time to average out the angular information and focused 
on the center of mass arrangement. In Figure  3 h, in addition 
to square symmetry, one sees two species with different inten-
sities. Each forms a square array and they penetrate to form a 
superlattice in this 2D projection. The darker points correspond 
to the dicolloids within the focus plane, the lighter points to the 
plane that is stacked above (below) it, and their relative inten-
sity could be reversed by changing the camera focus. There-
fore, the following arrangement is proposed for the observed 
assembly: within each plane, dicolloids are arranged in a square 
lattice with center-to-center distance about 2 d , but within an 
adjoining plane, other dicolloids with the same arrangement 

are separated by a vertical distance ≈0.91 d  (see Figure S2, Sup-
porting Information for geometric calculation) and shifted by 
half of the lattice constant in both  x-  and  y- axes (Figure  3 e–g). 
Tracking the projected inter-dicolloid distance gives the value 
of 1.46 d , close to the 2d  predicted by the proposed structure. 
This square superlattice is a direct result of dicolloids’ dipole 
being offset from their center, which in turn results from asym-
metry of the dicolloid confi guration. 

 A vivid demonstration of the consequence of dipole offset is 
the assembly of dicolloids in static magnetic fi eld ( Figure    4  a): 
they arrange into a staggered chain that looks like a footstep, not 
into the head-to-tail confi guration expected for point dipoles. 
Closer inspection shows that the tilted monomer points 
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 Figure 4.    Assemblies of isomeric dicolloids. a) Footstep assembly in 
static magnetic fi eld and its schematic representation. b) Snapshots 
of incorporation of a dicolloid into an existing footstep-chain. From 
top to bottom:  t  = 0, 355, 1065, 1420 ms. c) Schematics showing pos-
sible arrangement of dicolloid director n̂ and dipole moment  m , and the 
angle  α  between the two. d) Centipede assembly with  α  = 90° in a static 
magnetic fi eld and its schematic representation. e) Hexagonal magnetic 
bilayer of dicolloids rotating around their long axis and corresponding 
schematic representation. The grey particle is a residual monomer. Scale 
bars: 2 µm. The blue arrows indicate the direction of the magnetic fi elds.
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Relative to the head-to-tail confi guration of single particles, in 
this staggered confi guration the distance between dipoles is 
shorter. The kinetics of chain formation is consistent with this 
interpretation. In Figure  4 b and Movie S5, Supporting Infor-
mation, one sees the following sequence. First, an incoming 
dicolloid I is attracted by the long-range dipolar fi eld to form a 
head-to-tail confi guration with dicolloid II. Once in close con-
tact with II, it further minimizes energy by sliding along II’s 
contour to a new position where it interacts favorably with two 
dicolloids, II and III. Finally, it rotates around its long axis and 
positions its dipole closer to the centerline, which maximizes 
dipolar attraction. 

  The orthogonal anisotropy of the dipole and shape in such 
dicolloids leads us to hypothesize that the dipole moment 
could possess any angle  α  with respect to the dicolloid’s long 
axis (Figure  4 c), each  α  giving a different building block. When 
subjected to a fast oscillating fi eld of 20 Hz, the dicolloid with 
 α  = 0° cannot follow the fi eld and ends up with its short axis 
aligned with the AC fi eld such that gradually it becomes mag-
netized along this short axis. This process, in effect, transforms 
the dicolloid from  α  = 0° to  α  = 90°. The new isomeric dicol-
loids then attract side by side and form a centipede-like chain 
(Figure  4 d) in a static fi eld, consistent with dumbbells having a 
moment along the short axis. [ 25 ]  When subjected to a rotating 
fi eld, they stand vertically and rotate around their long axis as if 
in a ballet pirouette (Figure  4 e), rather than spin in the plane, as 
the former presents less viscous drag. Meanwhile, they attract 
one another much as monomers do, forming a hexagonally 
close packed bilayer (Movie S6, Supporting Information). This 
isomerization phenomenon, demonstrated here for the specifi c 
case of two types of dicolloids, can be generalized to any anis-
tropic particle with more than two degrees of anisotropy. 

 In summary, simple magnetic Janus spheres have been 
shown to generate a rich variety of colloidal superstructures 
that present novel crystalline symmetry. The simple approach 
of engineering, the size of the spheres, and the magnetic 
coating thickness afford precise control of magnetic prop-
erties, especially the anisotropic susceptibility and dipole 
offset, which govern global symmetry changes when the 
particles are assembled. By driving the magnetic fi eld into a 
regime of nonlinear response, we observe a drastic transition 
in the building block such that spheres pair into dicolloids 
that subsequently assemble into a plethora of new struc-
tures due to the peculiar properties of the dicolloids. This 
study points to a fruitful direction in designing new kinds of 
reconfi gurable colloidal superstructures based on more com-
plex particle shapes known in the fi eld of colloids but not yet 
united with magnetic thin fi lms, thus allowing huge design 
freedom in engineering magnetic building blocks. [ 26 ]  The 2D 
nature of the metal deposition synthesis limits the scalability 
of this method at this moment; but with advances in the 
mass production of colloidal monolayers, [ 27 ]  one could poten-
tially obtain large amounts of such Janus particles, and other 
methods are also imaginable by rational extrapolation. [ 28 ]  
The tunable nature of their assembly makes them potential 
candidates for responsive materials, especially when the ani-
sotropic structures would be frozen into place with known 
methods. [ 29,30 ]   

  Experimental Section 
 The magnetic Janus particles were synthesized using electron beam 
deposition onto silica particles (Tokuyama) either 2 or 3 µm in diameter, 
following a reported procedure. [ 9 ]  The fi lm thickness was measured by 
ellipsometry (J. A. Woollam VASE ellipsometer), with a control glass 
slide coated at the same time of the particle synthesis. Before being 
sonicated off the glass slides, the particles were magnetized in the fi lm 
direction. The details of the magnetic and imaging setup have been 
reported elsewhere. [ 9 ]  Briefl y, a homogeneous rotating magnetic fi eld (up 
to 50 mT) was generated by applying two sinusoidal signals with a π/2 
shift to two pairs of iron-core solenoids placed at an orthogonal angle, 
using either a function generator or Labview controlled I/O board. The 
AC signals were amplifi ed with a dual channel power amplifi er (Crown, 
XLS 202). A static magnetic fi eld was generated by attaching one pair of 
solenoids to a DC power supply. Hysteresis loop measurements were 
carried out using a Quantum Design SQUID magnetometer MPMS-XL. 
The zeta potential was measured using a Malvern Zetasizer Nano. 
The Debye length was inferred from conductivity measurements made 
immediately before the experiment, following a standard procedure. [ 31 ]   

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