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The growing interest in acoustic manipulation of particles in micro to nanofluidics using surface

acoustic waves, together with the many applications of magnetic nanoparticles—whether

individual or in arrays—underpins our discovery of how these forces can be used to rapidly, easily,

and irreversibly form 1D chains and 2D films. These films and chains are difficult to produce by

other methods yet offer many advantages over suspensions of individual nanoparticles by making

use of the scale of the structures formed, 10�9 to 10�5 m, and by taking a balance of the relevant

external and interparticle forces, the underlying mechanisms responsible for the phenomena

become apparent. For loosely connected 1D chains, the magnetic field alone is sufficient, though

applying an acoustic field drives a topology change to interconnected loops of �10–100 particles.

Increasing the acoustic field intensity drives a transition from these looped structures to dense 2D

arrays via interparticle Bjerknes forces. Inter-particle drainage of the surrounding fluid leaves these

structures intact after removal of the externally applied forces. The self-evident morphology transi-

tions depend solely upon the relative amplitudes of the Brownian, Bjerknes, and magnetic forces.

Published by AIP Publishing. https://doi.org/10.1063/1.5037086

Self-assembly is touted as a useful bottom-up alternative

to traditional top-down fabrication techniques, improving

material performance and utility of nanomaterials via supe-

rior collective physical and chemical properties in transition-

ing from zero to one (1D) or two dimensionally (2D) ordered

patterns.1 Such patterns, self-assembled on a liquid interface,

may prove useful in emerging applications.2 For example,

1D chains facilitate single electron transport,3 waveguiding,4

and energy transfer5 along the chain axis. Likewise, 2D

nanoparticle (NP) films have been considered for biosen-

sors,6 targeted drug delivery,7 photonic crystals,8 and high-

density data storage.9

Here, we used magnetite (Fe3O4) as our precursor NP

due to its promising intrinsic properties, natural abundance,

non-toxicity, chemical stability, biocompatibility, and ferri-

magnetism. It is a ferrite with a cubic structure (Fd3m),

exhibiting unique electric and magnetic properties due to

electron transfer between Fe2þ and Fe3þ at the octahedral

sites, and has long been considered a useful NP.10–12

Due to the useful properties of Fe3O4 NP agglomerates,

a variety of techniques have been developed to produce 1D

chains and 2D films, including alumina templating,13 electro-

deposition,14 and the imposition of external magnetic fields

from 0.2 to 0.6 T15 for 1D structures and Langmuir-Blodgett

films,16 spin coating,16 electrophoretic deposition,17 laser

interference lithography, and emulsion18 for 2D structures.

Inevitably, weak and defect-laden structures are formed from

these methods unless external forces or chemical binders are

introduced which unfortunately reduce the utility of the NP

chains and films.19,20 Moreover, the complexity and cost of

these methods relegate them to a relatively small market

niche.13,21

We present a fast, cost-effective, and additive-free

approach to obtain 1D chains and 2D films composed of

Fe3O4 NPs in the presence of 0.2–0.4 T external magnetic

fields and Rayleigh surface acoustic wave (SAW)-driven

acoustic waves, and consider the mechanisms responsible for

the self-assembly via a combination of scaling and experi-

mental results from a simple prototype.

The experimental setup is depicted in Fig. 1. A sinusoidal

electric signal generated by a function generator (SG 380,

Stanford Research Systems, Sunnyvale, CA) and a high fre-

quency amplifier (ZHL-1-2W, Mini-Circuits, Brooklyn, NY,

USA) was used to drive a 127.86� Y-rotated X-propagating

cut of lithium niobate [LiNbO3 (LN), 500 lm thick, Roditi,

London, UK] surface acoustic wave device via a simple

unweighted Al/Cr interdigital transducer22 of 28 finger pairs

deposited using lift-off lithography23 with gap and finger

widths of 10 lm (kSAW/4), producing a resonant frequency of

fs ¼ cs/kSAW ¼ 100 MHz. A 3 l‘ deionized (DI) water sessile

drop with a 0.1 l‘ Fe3O4 NP in toluene (5 mg/ml) was placed

on LN (Sigma Aldrich, St. Louis, MO, USA). The particles

were strongly bound to the free interface of the droplet by sur-

face tension.24 The SAW passes acoustic energy into the drop

at the Rayleigh angle, sin�1h ¼ cl=cs ¼ 22�, where cl¼ 1485

m/s is the speed of sound in water, producing acoustic stream-

ing in the sessile drop.25 A reasonable estimate for the maxi-

mum particle velocity in a media continuously supporting an

acoustic wave without failure is �1 m/s and independent of

a)Present address: Department of Radiology, School of Medicine, Stanford

University, 291 Campus Drive, Stanford, California 94305, USA.
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the resonant frequency.26 At 100 MHz, the SAW displacement

amplitude is extremely small at Oð1 nmÞ but produces an

extremely high surface acceleration of Oð108m=s2Þ. Despite

this, in our experiments in this study, the shape of the drop did

not change nor oscillate, due to the low power SAW used

here.

The morphologies and radii of the Fe3O4 NPs were

determined by environmental scanning electron microscopy

[ESEM, Philips XL 30, FEI, Hillsboro, Oregon, at 10 keV;

see Fig. 1(c)]: the average radius of the particles is 10 nm

with a standard error of 0.4% (n¼ 150). External magnetic

fields of 200–400 mT were produced using magnets (Grade

N42, K&J Magnet, Pipersville, PA, USA) of the same

9.525 mm diameter but different thicknesses. The motion of

the Fe3O4 NPs was recorded with a high-speed camera

(FASTCAM Mini UX100, Photron, Tokyo, Japan) and

microscope (K2/CF-4, Infinity, Boulder, CO, USA). The

images were analyzed using MATLAB (Mathworks,

Natick, MA USA) and ImageJ (National Institutes of

Health, Bethesda, MD USA). The phase map, Fig. 2, illus-

trates how the applied SAW power and magnetic field leads

to 1D chain assembly and 2D film formation of the Fe3O4

NP on a 3 l‘ sessile drop. As expected, chains of NP assem-

ble (region I) without SAW and with or without an external

magnetic force.15,27 The Brownian force is known to domi-

nate and produce random floating chains in the absence of

SAW and magnetic fields from dispersed suspensions of

magnetic NPs.27

Upon introducing a magnetic field, the Fe3O4 NPs orient

along the magnetic field lines27 in head-to-tail, dipolar

aligned chains to minimize the overall dipolar potential

energy.28–30 These chains appear around the periphery of the

drop and near the contact line, with a significantly reduced

concentration of particles at the top of the drop. Interestingly,

a dense honeycomb-like structure is formed upon application

of a stronger magnetic field, believed to be due to the increase

in the induced inter-particle magnetic forces.30,31 The as-

prepared NP states under 0.25, 0.35, and 0.4 T external mag-

netic field fluxes are shown in Figs. 1(f), 1(h), and 1(j),

respectively. The average Einstein-Stokes’ hydrodynamic

radius (rh) of the chains is around 3 lm [Fig. 3(b)] using

rh ¼ ð 3gM
10pNÞ

1=3
, where g is the intrinsic viscosity, M is the

molecular weight (233 g/mol for Fe3O4), and N is Avogadro’s

number.32 By computing the Minkowski–Bouligand (MB)

FIG. 1. (a) A 3 l‘ DI water sessile droplet with 0.1 l‘ Fe3O4 NP produced

via solvent exchange from toluene is placed upon a bare LN surface (size

�1 mm) incorporating a 100 MHz SAW device (wavelength 40 lm). The

�10 nm Fe3O4 NP (c) resides upon the fluid-air interface. With only the

application of (d) 0, (f) 0.25, (h) 0.35, and (j) 0.4 T external magnetic field

fluxes, respectively, 1D chains are produced; (e), (g), (i), and (k) SAW are

necessary to produce 2D films. Here, 10 s of SAW was applied to obtain the

images [(d)–(k): scale bar is 500 lm].

FIG. 2. (a) Phase diagram depicting chain assembly (I), chain movement (II),

and film formation (III) regions as a function of SAW power (0–120 mW) and

magnetic field strength (0.2–0.4 T). Above 120 mW, the 3 l‘ DI water droplet

translates across the LN surface, so 120 mW is the upper limit in applied

power for our experiments. (b) The directions of the forces experienced by the

Fe3O4 NP present around the periphery of the drop, including the external

magnetic (Fm), dipolar (Fd), Brownian (Fb), van der Waals (Fv), lateral capil-

lary (Fl), SAW radiation (FR), drag (FD), and Bjerknes (FB) forces.
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dimension, dMB, via box counting33 from the NP images in

Fig. 1, we find (see Fig. SI1) that the dimension of the NP

morphology remains nearly 1D with even a strong 0.4 T mag-

netic field: dMB� 1.21. Upon applying a combination of a

0.25 T or 0.4 T magnetic field and SAW, the NP morphology

becomes nearly two-dimensional, with dMB� 1.79 or 1.92,

respectively.

Boundary I (B / PSAW) is reached while increasing the

SAW power PSAW from zero [Fig. 2(a)], where B is the mag-

netic field strength. The boundary indicates the minimum

power required to produce chain motion due to SAW-driven

acoustic streaming, increasing linearly, albeit weakly with

magnetic field flux, indicating that the acoustic power

required to overcome the magnetic dipole-driven stability of

the interlinked chains to transport them upon the free fluid

interface grows with an increasing magnetic field. Figure 1(g)

is representative of the NP morphology in this region: the

interstitial spacing between the chains is reduced after 10 s of

SAW streaming at 115 mW power while a 0.25 T magnetic

field is being applied. However, a 2D film does not form.

Boundary II (B�1 / PSAW) indicates the transition to suf-

ficient SAW power and magnetic force to form 2D NP films.

For NP chains formed under larger magnetic forces, less

SAW power is needed to form the 2D Fe3O4 NP film. The

interchain spacing is known to be reduced with stronger

external magnetic forces30,31 and thus it is reasonable to

expect this outcome. However, below 0.25 T, there is no film

formation at any SAW power. The scattering of acoustic

waves from the NPs and structures formed from those NPs

exerts a Bjerknes force between them, the magnitude and

sign of which depends upon the spacing and particle size as

indicated in Fig. 4(b). When the interchain spacing is larger

than 400 lm, the induced Bjerknes forces between the NP

structures are generally constant and repulsive, separating

the Fe3O4 NPs. When the spacing is less than 400 lm, the

Bjerknes forces depend upon the spacing, but grow more

negative as the spacing of the NP structures is reduced. This

predicts the observed experimental results [Fig. 1(e)], where

the average Fe3O4 interchain spacing is consistently

�400 lm when the external magnetic force is below 0.25 T.

Crossing boundary II, region III is reached, where 2D

films are formed with both SAW and magnetic fields [Fig.

2(a)]. Figures 1(i) and 1(k) provide example 2D films formed

in this region from 10 s of 115 mW SAW with 0.25 and

0.4 T magnetic fields, respectively. The effective hydrody-

namic radii of these 2D films, �3 mm, are provided in Fig.

3(c). These 2D films remain intact until the water evaporates,

and often remain even until dried.

Beyond 120 mW SAW power, we see droplet translation

from SAW-driven acoustic streaming within and acoustic

pressure on the free fluid interface that together overwhelm

the drop’s contact line tension.34

To understand the chain assembly and film formation

upon application of magnetic fields and SAW, we further

examine the forces involved as a function of the hydrody-

namic radii of the NP and chains and films formed from

them. According to Newton’s second law, the balances of

forces on an object moving on the free fluid interface while

exposed to a magnetic and acoustic field are shown in Eq.

(1) and illustrated in Fig. 2(b)

mp
dvp

dt
¼ Fmem þ Fded þ Fbeb þ Fvev

þFlel þ FReR þ FDeD þ FBeB; (1)

where mp is the object mass and dvp=dt its acceleration; the

external magnetic Fm,35 dipolar Fd,36 Brownian Fb,37 van

der Waals Fv,
38 lateral capillary Fl,

39 primary SAW radiation

FR,40 drag FD,41 and the Bjerknes FB
42 forces may be pre-

sent. The unit vectors em; ed; eb; ev; el; eR; eD, and eB indi-

cate the forces’ direction as grouped into two categories in

Fig. 2(b): forces present between the objects (FB, Fd, Fl, and

Fv) and external forces present on all the objects (FD, Fm, Fb,

and FR). The forces in the latter category may be ignored:

they affect all nearby objects in a similar fashion and there-

fore are unlikely to lead to a morphology change, except for

the Brownian force Fb: this force is random and therefore

unique to each object.

By contrast, the interparticle forces are crucially impor-

tant to the NP agglomerate’s morphology, and, for any two

Fe3O4 NPs include the dipolar force, Brownian force, van

der Waals force, and the lateral capillary force.43 The dipolar

force is expressed as Fd ¼
6l0Vpm2

p

4pr4 , where l0 ¼ 7� 10�20 J is

the magnetization of the Fe3O4 NP and r¼ 10 nm is the

radius of each Fe3O4 NP.36 The Brownian force is

FIG. 3. Histogram (blue bar) with Gaussian distribution (red line) plots of

the (a) 0D particles, (b) 1D chains and, (c) 2D film size distributions.

FIG. 4. (a) Dominant forces on the Fe3O4 NP particles floating on the liquid

surface in magnetic and acoustic fields as a function of particle radii. (b)

Relationship between interchain spacing and the Bjerknes force. The critical

point is 400 lm, where the Bjerknes force transits from negative to positive

values (though nearly zero).
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Fb ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
6pkB

Dt Tð2rÞ
q

, where KB¼ 1.38� 10�23 J/K is the

Boltzmann constant and T is temperature.37 The Van der

Waals force is Fv ¼ Ar
12L2, where A� 35� 10�12 erg is

Hamaker’s constant for Fe3O4 in water44 and L¼ 10 nm is

the distance between two Fe3O4 NPs.38,45 Finally, an attrac-

tive capillary force exists between any two Fe3O4 NPs on the

H2O surface, expressed as Fl ¼ 2pc Q1Q2

L , where c is the sur-

face tension of water and Qn ’ rn sin un is the “capillary

charge,” characterizing the local deviation of the meniscus

shape at the three-phase contact line due to the NP’s pres-

ence, where rn and un are the radius of the contact line and

the slope at the contact line with respect to the particle’s sur-

face, respectively.46,47

When the Fe3O4 NPs are placed in an external magnetic

field, the NPs and their magnetic moments rotate into the

direction of the field and increase the magnetic flux density.

The magnetic force on each NP is expressed as

Fm ¼ VpDv
lo

Bð�BÞ, where Vp is the volume of the particles,

Dv¼ 10�5 is the susceptibility of Fe3O4 relative to the

medium (water), lo¼ 10�6 N/A2 is the permeability of vac-

uum, and B is the magnetic flux density.35,48

Finally, the forces from the fluid upon the NP with

SAW include direct acoustic radiation, Stokes drag, and

Bjerknes’ forces. The direct acoustic radiation force imposed

by a traveling wave on an compressible particle—which the

NPs are expected to be—was derived by Nadal40 and is

expressed as: FR ¼ 2
3
pqwðn0CwÞ2ðk0rÞ3 b�1

b

� �
�ffiffi
2
p , where qw is

the density of water, n0 is the displacement of the incident

wave, Cw is the speed of the sound in the water, ko is the

wavenumber, b ¼ qw/qc, where qc is the Fe3O4 density, and

� ¼ r2w
v

� �1=2

describes the dimensionless relationship among

the particle radius (r), frequency (w), and kinematic viscosity

(v). Moreover, the Stokes drag upon the particle is FD

¼ 6plrv, where l is the viscosity of H2O and v is the velocity

difference between the surrounding fluid and the NP.

Finally, Bjerknes’ force, an interparticle force arising

from the scattering of the incident acoustic wave, is defined

as FB ¼ 4pr6½ðqc�qwÞ2ð3 cos2h�1Þ
6qwr4 V2ðXÞ � x2qwðbc�bwÞ2

9L2 P2ðXÞ�,42

where V(X) is the particle velocity amplitude, bc is the com-

pressibility of Fe3O4 NP, bw is the compressibility of water,

and P(X) is the acoustic pressure amplitude, respectively.

Bjerknes’ force changes in amplitude and from attraction to

repulsion as the interparticle chain spacing increases, as

shown in Fig. 4(b).

The primary acoustic radiation force and viscous drag

force dominate for objects of radii 1 nm to 0.1 mm as shown

in Fig. 4(b). However, both of these forces are equally pre-

sent upon all the objects in the system, and consequently are

irrelevant for the NP morphology. Among the remaining

forces, the Brownian force dominates objects less than

100 nm in size, the magnetic field flux-derived force domi-

nates those sized between 100 nm and 10�4 m, and Bjerknes’

force dominates those particles larger than 100 lm in size.

Consequently, a single Fe3O4 NP (as the average radii of

Fe3O4 is around 10 nm) forms loosely bound 1D chains, as

shown in Fig. 1(d) and seen in past work.49 Brownian forces

dominate the particles at these small scales irrespective of

the presence of magnetic or acoustic fields.

When particles randomly agglomerate from Brownian

motion to form 1D chains surpassing a hydrodynamic radius

of 100 nm, application of a magnetic field causes the attrac-

tive magnetic interparticle forces to dominate the chains’

behavior. Nanoparticle 1D chains of 100 nm to 10 lm size

[Fig. 3(b)] form honeycomb-like structures that only appear

upon the application of an external magnetic field. The NPs’

dipoles reorient along the field, induce local magnetic fields

between neighboring Fe3O4 NP, and drive head-to-tail, inter-

particle attraction that links the chains together for as long as

the magnetic field is present.15,31,50 The transition from

Brownian motion to magnetic field-dominated behavior is

denoted as the first transition point (T1) between these influ-

ences in Fig. 4(a).

As these chains of NPs grow in size from 100 nm to

100 lm in size and 1D to 2D in dimensionality, the second-

ary acoustic force present between the objects, or NP

agglomerates, due to interparticle acoustic scattering—the

Bjerknes force—grows to dominate. The force can either be

repulsive (positive) or attractive (negative) depending on the

object size and interobject separation distance.42 Because in

our system we are growing the size of the interacting objects

from the starting individual NPs, we consider the 10 lm

sized objects already present as the Bjerknes force begins to

dominate. These objects are widely spaced as 1D chains

across the fluid interface. When the spacing between these

objects is reduced below about 10 lm from the action of the

magnetic field and aided by jostling of the objects by the

overall acoustic field, acoustic streaming, and fluid drag, the

Bjerknes force becomes attractive and acts to drive the

agglomerated objects even closer together, triggering the for-

mation of 2D films of the NPs. These films remain intact

long after removal of both the magnetic and acoustic fields,

until evaporation grows to dominate.

See supplementary material for details of the

Minkowski–Bouligand (MB) dimension calculations of the

magnetic nanoparticle structures.
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