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spherically symmetric particles, these engineered particles are 
limited to small-scale production. A second branch focuses on 
colloidal alloys (e.g., two or more particle types mixed at dif-
ferent ratios), which have been assembled by controlling the 
kinetics of drying fi lms, [ 16 ]  or by adjusting the charge or dipole 
moments of the particles. [ 19,26 ]  Unlike single component sys-
tems, colloidal alloys have slow equilibration times and high 
defect rates, which limits potential applications. A third branch 
focuses on colloidal assembles in a combination of vertical con-
fi nement and multi-fi eld interactions, including recent work 
on magnetic and optical fi elds, [ 35 ]  and electrohydro dynamics 
(EHD)/dielectrophoresis (DEP). [ 18,36 ]  These multi-fi eld confi ne-
ment approaches can use spherical colloidal particles, which 
can be synthesized with high monodispersity and in large 
quantities, and thus offer more opportunity for large-scale 
production. 

 The assembly of colloidal structures in external driving fi elds 
has been widely explored due to the convenient ability to adjust 
the strength of particle interactions  in situ , and thereby mimic 
an effective system temperature. An effective system pressure 
can also be emulated to control the local particle concentration, 
either with local fi eld gradients or with external fl uid fl ows. 
However, there has been signifi cantly less work on developing 
techniques to simultaneously control the equivalent tempera-
ture and pressure in colloidal systems, which would allow the 
phase space to be more effi ciently explored. Currently existing 
approaches either have small dynamic range, [ 18,35 ]  or employ 
strongly correlated fi elds that are not independently control-
lable, [ 36 ]  which limits utility and reduces the diversity of the 
resulting assemblies. 

 We report a new assembly technique that solves the above 
issues by using multiple fi elds to drive the assembly – an 
acoustic standing wave is used to control the particle concentra-
tion, and a uniform external magnetic fi eld is used to control 
the interparticle interactions. We show the ability to assemble 
a large class of structures, ranging from discrete colloidal 
molecules and polymer networks, to well-ordered crystals, by 
tuning the ratio of the magnetic and acoustic fi eld strengths 
and their magnitudes relative to gravity and surface adhesion 
forces. The magnetic fi eld induces dipole–dipole interactions, 
which is tunable with the magnetic fi eld strength and plays a 
role similar to controlling the effective temperature of the sus-
pension: 144 /*

B 0
3 2 2πμ σ χ=T k T H , where  σ ,  µ  0 ,  k  B ,  T , χ, and  H  

are the particle diameter, vacuum permeability, Boltzmann con-
stant, real temperature, shape-corrected magnetic susceptibility, 
and the fi eld strength, respectively. The acoustic fi eld controls 
the local density of particles by attracting them to the pressure 
nodes of the standing wave, and thereby plays a role similar to 

  Naturally occurring materials are formed from the self-assembly 
of atoms into myriad of constructs, such as molecules, [ 1–3 ]  
cross-linked networks, [ 4–6 ]  amorphous glasses, and crystalline 
solids. [ 7,8 ]  The vast atomic permutations and structural varia-
tions of these materials leads to diverse mechanical, thermal, 
electromagnetic, and chemical properties, which can be tuned 
for human benefi t. Drawing inspiration from nature’s “bottom 
up” self-assembly principles, [ 9,10 ]  materials scientists are devel-
oping large-scale, low-cost synthesis paradigms that employs 
colloidal particles (i.e., as macro-atoms) to synthesize func-
tional materials. [ 11–16 ]  The ability to mimic the different length 
scales and arrangements of natural materials, ranging from 
small molecules [ 17–19 ]  to polymers chains/networks [ 20–22 ]  and 
glasses/crystals [ 23–26 ]  has various engineering applications, [ 11,12 ]  
ranging from photonic [ 27–29 ]  and phononic [ 30,31 ]  waveguides to 
self-assembled battery electrodes. [ 32,33 ]  However, most colloidal 
interactions tend to be isotropic, which limits the diversity of 
achievable structures, whereas atoms display highly directional 
bonding and can form into a broader class of structures. 

 The quest to increase the diversity of colloidal assemblies 
has spurred several branches of research. One branch focuses 
on the synthesis of anisotropic particles, such as Janus [ 24,34 ]  
and patchy particles, [ 17 ]  which can reproduce the directional 
bonding features of atomic scale interactions. However, unlike 

Adv. Mater. 2015, 27, 4725–4731

www.advmat.de
www.MaterialsViews.com

http://doi.wiley.com/10.1002/adma.201500462


4726 wileyonlinelibrary.com © 2015 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

C
O

M
M

U
N

IC
A
TI

O
N

controlling the local pressure of the suspension. By simultane-
ously controlling these two fi elds, a wide range of phase space 
can be explored in a single experiment. 

  Figure    1   provides an overview of the experimental system. 
The sample consists of a thin fl uid fi lm containing a suspen-
sion of superparamagnetic particles sealed between a glass slide 
and coverslip. The fl uid fi lm thickness is tuned to be slightly 
larger than the particle diameter. Vertical and horizontal coils 
arranged around the sample produce a bi-axial magnetic fi eld, 
in which the tilt angle,  θ , can be controlled relative to the vertical 
direction (Figure  1 a). The PZT transducer element mounted 
on the glass slide (Figure  1 b) induces an acoustic standing 
wave in the fl uid chamber when excited by a signal generator, 
causing the particles to concentrate into an array of pressure 
nodes (see the right inset of Figure  1 b). In this work, the PZT 
transducer is excited at 2.932 MHz, which corresponds to an 
acoustic wavelength of ca. 500 µm. The regions of high particle 
concentration have a characteristic length of ca. 100–200 µm, 
which limits the grain size for these experimental conditions. It 
is possible to increase the grain size by increasing the acoustic 
wavelength. Figure  1 c provides an illustration of particles in the 
pressure node and exposed to a uniform magnetic fi eld inside a 
vertically confi ned fl uid fi lm. If the sample contains either ini-
tially high particle concentration or the PZT is excited at high 

driving amplitudes, the particles assemble into networks 
or crystal structures near the center of the pressure nodes 
(Figure  1 d). Once the desired structures have been assembled, 
they can be stabilized by exciting a dissolved photo acid gen-
erator, which lowers the suspension pH and causes the parti-
cles to bind irreversibly rendering the structures stable upon 
drying. See the scanning electron microscopy (SEM) image of 
Figure  1 d.  

 Vertical confi nement plays a critical role in determining the 
types of structures formed. In perfectly 2D confi ned systems, 
the dipole–dipole interactions between magnetic particles are 
isotropic and purely repulsive in a vertical fi eld, expressed 
as ( )/ 4 3U m m rij f i j ijμ π=  (see the Supporting Information for 
details). As a result, the only stable phase is a hexagonal lat-
tice of particles. On the other hand, when the particles are 
allowed to buckle by a small amount in the vertical direction, 
the magnetic interactions become anisotropic, leading to new 
structures of various types, which are adjustable with the fi lm 
thickness and the local particle concentration ( Figure    2  ).  

 In order to better understand the experimental system, we 
calculated the potential energy of clusters of interacting mag-
netic point dipoles, which are plotted as a function of the 
volume fraction ( η ), shown in Figure  2 h. Due to the low mag-
netic fi elds employed, we found that gravitational and surface 
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 Figure 1.    Experimental system overview. The experimental system shown in (a) includes a pair of horizontal coils and a vertical coil mounted under-
neath the sample to generate a bi-axial magnetic fi eld. A piezoelectric transducer (PZT) mounted on the sample exterior (b) is driven by a signal 
generator to create the acoustic standing wave pattern, attracting particles into an array of nodes shown in the right inset of (b). The side and back 
images (left inset) show how the transducer was mounted, and the yellow rectangle indicates the region of interest in a typical experiment. c) A side-
view illustration of the experimental apparatus, showing that the particles are attracted to the pressure node of the acoustic standing wave (not drawn 
to scale). d) An assembled bilayer of non-close-packed tetragonal lattice. e) A SEM image of a bilayer body-centered-tetragonal (BCT) structure after 
photoacid-induced stabilization and drying. The scale bars are 2.5 mm for the right inset in (b), (d) 10 µm and (e) 5 µm, respectively.
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adhesion interactions were non-negligible, and their inclusion 
markedly improved the agreement with experiment (see the 
Supporting Information for details). At low particle concentra-
tions, a hexagonal array of isolated particles (monomers) mini-
mizes the system potential energy. Discrete particle clusters, 
here referred to as bent trimers and tetramers (Figure  2 b,c), 
that are reminiscent in structure to H 2 O and NH 3  molecules, 
were observed once the local concentration exceeds critical 
thresholds of  η  = 0.09 and  η  = 0.15, respectively. In weak ver-
tical magnetic fi eld  H  = 6 Oe ( T * = 0.0682) our potential energy 
calculations indicate that bent trimers were the minimum 
energy state for concentrations in the range of  η  = 0.12–0.14. 
In strong vertical fi eld of  H  > 12 Oe ( T * < 0.0170), on the other 
hand, the dimer structure was the minimum energy confi gura-
tion, due to the increased relative importance of the magnetic 
interaction (see the Supporting Information for more details). 

 At higher concentrations, we observe zigzag structures with 
bond angles of nearly 120° that are reminiscent of carbon 
chains in alkyl compounds. As the concentration increases 
further, these chains polymerize into percolated networks 
(Figure  2 d). Chain structures become minimum energy con-
fi gurations at volume fractions of  η  > 0.14. We note that for 
0.14 <  η  < 0.16, the potential energy difference between the 
tetramers and chains is small, which explains why these struc-
tures frequently coexisted. When  η  > 0.16, the chain structures 
and networks became the sole minimal energy state. [ 36 ]  As the 
particle concentration increases further to  η  > 0.35, the lamellar 
phase of loosely connected chains is compacted into several 
types of bilayer crystal structures, including both close-packed 
and non-close-packed hexagonal (n-HCP) structures, as well 
as body-centered-tetragonal (BCT) structures. The n-HCP and 
BCT lattices are shown in Figure  2 e,f, respectively. An example 
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 Figure 2.    Colloidal structures in a vertical magnetic fi eld. In a vertical external magnetic fi eld of  H  = 6 Oe ( T * = 0.0682), we tuned the colloidal struc-
tures by modulating the acoustic driving input, which controls the local particle concentration. At different concentrations,  η , we were able to form a) 
monomers for  η  = 0.03, b) trimers for  η  = 0.10, c) tetramers for  η  = 0.16, d) chains for  η  = 0.20, e) n-HCP lattice for  η  = 0.34, and f) bilayer BCT lattice 
for  η  = 0.49. Illustrations of each of the structures are provided in the top-right insets, and high magnifi cation images are provided in the bottom-
left inset for (e) the n-HCP lattice and (f) the BCT lattice. In (g), we report the relative number fraction of particles forming discrete structures (e.g., 
monomers, dimers, trimers, tetramers, and short chains). Experiments agree reasonably well with analytical predictions (h), which shows the potential 
energy of each structure as a function of concentration. At higher local concentrations, we quantifi ed the fraction of cross-linked particles in (i) within 
colloidal polymer networks. The red particles in the illustration represent a “crosslinked particle,” and yellow particles represent “non-crosslinked” 
particles. The scale bars are 5 µm in (a)–(f).
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acoustic fi eld is increased is provided in Movie S1, Supporting 
Information. 

 In our experiments, the fl uid cell thickness was estimated 
to be h = 1.4σ, where σ is the particle diameter. This estimate 
comes from particle size and interparticle separation distance 
measurements obtained with ImagePro. To characterize the 
formation of discrete particle clusters, we measured the rela-
tive number of each cluster type in the particle concentration 
regime of  η  ≤ 0.18, shown in Figure  2 h. Colloidal monomers 
were predominantly observed for  η  ≤ 0.05. The relative fraction 
of trimers to monomers gradually increases as  η  approaches 
0.12. As  η  was further increased to 0.16, the relative fraction 
of monomers/trimers decreased, and the chains/tetramers 
increased. For  η  ≥ 0.16, chain structures were the dominant 
phase. These results correspond qualitatively well with the min-
imum energy plots of Figure  2 h, which show that monomers 
have the lowest energy when  η  < 0.12, trimers have the lowest 
energy when 0.12 ≤  η  < 0.14, tetramers and chains have similar 
energy when 0.14 ≤  η  < 0.16, and fi nally chain phases have the 
lowest energy state when  η  ≥ 0.16. There are two other impor-
tant control parameters, namely, the strength of the magnetic 
fi eld, and the degree of vertical confi nement. In these exper-
iments, the magnetic fi eld was kept fi xed at  H  = 6 Oe ( T * = 
0.0682), which provided suffi cient particle–particle interactions 
to maintain the assemblies against thermal fl uctuation, while 
still allowing the system to effi ciently reach equilibrium. The 
effect of tuning the magnetic fi eld strength was found to be 
consistent in experiments and in molecular dynamics simula-
tions (Figure S4, Supporting Information). The vertical con-
fi nement was also found to play a role in the assembled mor-
phology in simulation; however the variation in the assembled 
structures were relatively minor when the thickness of the fl uid 
layer was maintained in the range of 1.3–1.7 particle diameters. 

 To characterize the polymerization of chains into percolated 
networks, we measured the crosslink density of the chain struc-
tures in the regime  η  ≥ 0.18, shown in Figure  2 i. The cross-
link density is defi ned as the percentage of particles that are 
in direct contact with at least 3 other particles, e.g., the red 
particles in the illustration of Figure  2 i. This defi nition sim-
plifi es the description of the transformation from polymer to 
crystal phases: When a particle is in direct connection with at 
least three other particles, it will act as a crosslink node, and 
in a crystalline phase, every particle is crosslinked regardless of 
the specifi c number of bonds in that crystal arrangement. For 
0.16 <  η  < 0.18, the crosslinking density is small and the system 
consists primarily of a mixture of short polymer chains. For 
 η  ≥ 0.34, the crosslink density approaches unity, and the par-
ticle pack into a non-close-packed hexagonal crystal (n-HCP), 
shown in Figure  2 e. As  η  is further increased, the particles will 
be further packed together into crystal phase, and form a BCT 
lattice, shown in Figure  2 f. 

 Next, we analyzed structures formed in a tilted magnetic 
fi eld, which has analogies at the molecular scale with electric 
fi eld induced orientation of discrete molecules and polymer 
chains. Previous experiments [ 37,38 ]  and simulations [ 39 ]  have 
demonstrated interesting anisotropic phases in bi-axial electric 
fi elds, and similar studies have been performed in magnetic 
systems. [ 40,41 ]  However, bi-axial fi eld techniques cannot inde-

pendently control the local particle concentration, and thus they 
produce a different set of structures compared to those reported 
here. Moreover, prior investigations did not explore the effects 
of confi nement. Characteristic examples of the assemblies are 
shown in  Figure    3  , in which the rows depict the assemblies at 
tilt angles of  θ  = 0°, 25°, 45°, 65°, and 90°, and the columns 
represent the assemblies in volume fractions of  η  ≈ 0.10, 
 η  ≈ 0.24, and  η  ≈ 0.46. At low particle concentration (Figure  3 , 
1st column), the particles form a distribution of monomers, 
dimers, and bent trimers. In the vertical fi eld, the bent trimers 
have random orientations (Figure  3 a); however when the tilt 
angle is increased from 25° <  θ  < 45°, the bent trimers become 
aligned with the in-plane fi eld component. We also begin to 
observe linear trimers, which stretch along the in-plane fi eld 
direction. The linear structures dominate when  θ  > 60°, and 
culminate in the formation of extended linear chains.  

 For intermediate particle concentrations (Figure  3 , 2nd 
column), there is a striking interplay between the chain direc-
tion and the bond angles within the chain. As the tilt angle is 
increased from  θ  = 0° to 90°, the chain direction fi rst becomes 
oriented perpendicular to the in-plane fi eld component 
(Figure  3 g,  θ  = 25°). At higher tilt angles, the chain direction 
becomes increasingly aligned with the external fi eld direction, 
whereas the bond angles in the chain decrease (Figure  3 h,i). 
The behavior of assembled structures is very different at 
high concentration of  η  ≈ 0.46, in which the particles form 
multi-domain BCT and HCP crystals irrespective of the fi eld 
direction. 

 To better characterize this structural dependence, we ana-
lyze the chain direction and the bond angle for bent trimers 
( Figure    4  e) and zigzag chains (Figure  4 f) as a function of the 
tilt angle,  θ . For both the bent trimers and the zigzag chains, 
the bond angle (red data points) decreases from  ψ  = 120° to 
 ψ  ≈ 60–70° as the tilt angle is increased. In a vertical fi eld, 
the bent trimers and chain directions initially have a random 
distribution(Figure  3 a,f for  θ  = 0°). As the tilt angle is increased, 
the chain direction of the bent trimers becomes increasingly 
aligned perpendicular to the in-plane fi eld (Figure  3 b and  4 b). 
The orientation of chains is more complicated and involves 
multiple competing energies. As  θ  is increased, the chains fi rst 
display perpendicular orientation near  θ  = 20° (Figure  3 g and 
 4 c), but this trend reverses and results in alignment with the 
in-plane fi eld component for larger tilt angles near  θ  = 60°. The 
different behaviors between trimers and chains arise from the 
stronger couplings between particles within the chain phases 
compared to the bent trimers.  

 The beauty of this experimental system is its ability to coax 
particles to form a desired structure prior to locking it in by 
chemical techniques. Here, we demonstrate proof-of-principle 
by immersing the magnetic particles in a solution of photoacid 
generator (0.1  M  pyranine). In the presence of UV light, the 
photoacid generator lowers the solution pH, which tunes the 
surface charge density on the colloidal particles past the isoe-
lectric point. The absence of a stabilizing electrostatic double 
layer thus causes the particles to condense into a primary van 
der Waals energy minimum, [ 42,43 ]  which is stable even when the 
system returns to its original conditions or is dried. After one 
hour of UV exposure, the assembled structures were stable even 
after the fi elds are turned off. Some of the structures, including 
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 Figure 3.    Colloidal structures in a tilted magnetic fi eld. Each row depicts a constant magnetic fi eld tilt angle, while each column depicts a constant 
local particle concentration, which was selected to form either: a–e) trimer structures for  η  ≈ 0.10, f–j) chains structures for  η  ≈ 0.24, or k–o) BCT 
lattice structures for  η  ≈ 0.46. At small tilt angles of  θ  < 10°, the trimer and chain alignments (a,f) are dramatically different from the alignments at 
intermediate tilt angle of  θ  ≈ 25° (b,g) and at large tilt angles of  θ  > 45° (c,h). (c,d) The trimers transform into dimers and in-plane chains when  θ  is 
increased above 45°, and the chains transform into BCT or HCP crystallites when  θ  is increased above 60°. For high particle concentrations (k–o), the 
structures were unchanged regardless of the fi eld direction. The scale bars are 10 µm.
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dimers, trimers, chains, as well as BCT crystals were preserved 
after drying of the sample (Figure S6, Supporting Information, 
and Figure  1 d), which indicates that this fi xation method is suf-
fi cient to withstand the strong meniscus forces of drying pro-
cesses. In principle, it should be possible to fi x only the desired 
assemblies by applying selective photo-illumination, such as 
fl ood exposure through a photomask, or local sintering with a 
laser beam. We also note that once the conditions for assem-
bling a desired structure is known, it is possible to directly con-
trol the suspension concentration without requiring an acoustic 
fi eld. This approach would have the benefi t of increasing the 
uniformity of the desired structures and thereby render this 
system more amenable to large-scale fabrication. 

 In conclusion, we present a novel magneto-acoustic assembly 
platform, which can adjust the type of assembled structure 
 in situ , and therefore enable the formation of a large class of 
structures ranging from discrete clusters to well-ordered crys-
tals. Here, we focus on micron-sized colloidal particles due to 
its convenience in tracking the structures in an optical micro-
scope. However, in principle it is possible to scale this assembly 
technique well into the sub-micrometer regime, and it has 
already been demonstrated that magnetic [ 27 ]  and acoustic inter-
actions [ 44,45 ]  can dominate over thermal energy even when the 

particle sizes are comparable to (or smaller than) optical wave-
lengths. The ability to stabilize the structures and transfer them 
to other substrates shows promise for future applications in 
biosensors and photonic devices.  

  Experimental Section 
  Materials : Experiments used 2.7 µm carboxylated magnetic particles 

(M-270 Dynabeads, Life Technologies). To prevent adhesion between 
the particles and the substrates, the glass slides and coverslips were 
functionalized with 10 kD silane–polyoxyethylene–carboxylic acid (PG2-
CASL-10k, NANOCS, New York, NY, USA). For stabilization of colloidal 
structures, a type of photoacid, namely pyranine (Tokyo Chemical 
Industry, Japan) was used to replace water in the colloidal suspension 
before the assembly experiment. 

  Sample Preparation : The magnetic particles were concentrated to 
a volume fraction of 0.05 in the fi nal suspension by centrifugation. An 
aliquot of colloidal suspension (1.9 µL) was inserted between a pair 
of glass slide and coverslip, and sealed with marine Epoxy (Loctite) to 
prevent convection and evaporation. 

  Magneto-Acoustic Assembly : The bi-axial magnetic fi elds were created 
by passing DC current to air core magnetic solenoids (Fisher Scientifi c, 
Pittsburgh, PA, USA). The currents were supplied by a bipolar operational 
power amplifi er (KEPCO, Flushing, NY, USA) and controlled by LABVIEW 
(National Instruments, Austin, TX, USA). In the experiments of Figure  3 , 

 Figure 4.    Bond angles and chain directions in a tilted magnetic fi eld. The defi nition of the bond angles ( ψ ) and chain directions relative to the in-plane 
fi eld component ( ϕ ) are illustrated in (a,b) for trimers, and (c,d) for chains. Measurements of the bond angles and chain directions with respect to tilt 
angle  θ  are presented in (e) for trimers, and (f) for chains. The measurements are performed on at least 20 different structures for each tilt angle. The 
large standard deviation in chain direction is indicative of the random orientation that occurs in a purely vertical magnetic fi eld, whereas an applied 
horizontal fi eld component leads to smaller standard deviations and corresponds to more uniformly aligned structures. The fi eld strength is  H  = 
6 Oe ( T * = 0.0682), in all the experiments. The particle concentration is  η  ≈ 0.1 for bent trimers (a,b,e) and  η  ≈ 0.24 for chains. The scale bars in all 
images are 5 µm.
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the direction of the external fi eld is tilted at a rate of 1° min −1 . The 
acoustic fi eld was supplied by inputting a 2.93 MHz sinusoidal wave to a 
piezoelectric transducer (APC International, Mackeyville, PA, USA) using 
a function signal generator (Rigol, Beaverton, OR, USA). 

  Structure Stabilization : To stabilize the colloidal structures, the fl uid 
was replaced with 0.1  M  pyranine (Tokyo Chemical Industry, Japan). 
After the colloidal structures were tuned to the desired confi guration, 
the sample was exposed to 365 nm UV light with a power density of 
ca. 36 mW cm −2  for 1.5 h in the presence of magnetic and acoustic fi eld. 
Next, the sample was then taken out of the external fi eld and heated 
to 120 °C for 2 h. The coverslip was then carefully removed from the 
sample, and the residual structures on the glass slide were dried in air 
for SEM imaging (Figure S6, Supporting Information). 

  Simulations and Analytical Calculations : Details of the theory 
and analytical calculation methods are included in the Supporting 
Information.  

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