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Unlike liquid phase colloidal assembly, significantly changing the structure of fractal aggregates in the
aerosol phase, is considered impractical. In this study, we discuss the possibility of applying external
magnetic and electric fields, to tune the structure and fractal dimension (Df ) of aggregates grown in
the aerosol phase. We show that external fields can be used to induce dipole moments in primary
nanoparticles. We found that an ensemble of particles with induced dipole moments will interact
through directional attractive and repulsive forces, leading to the formation of linear, chain-like aggre-
gates with Df ~ 1. The aggregate structure transition is dependent on the primary particle sizes, temper-
ature and applied field strength which was evaluated by performing a hybrid ensemble/cluster-cluster
aggregation Monte Carlo simulation. We demonstrate that the threshold magnetic field strength required
to linearly assemble 10–500 nm particle sizes are practically achievable whereas the electric field
required to assemble sub-100 nm particles are beyond the breakdown strength of most gases. To theo-
retically account for the enhanced coagulation rates due to attractive interactions, we have also derived
a correction factor to both free molecular and transition regime coagulation kernel, based on magnetic
dipolar interactions. A comparison has been made between the coagulation time-scales estimated by the-
ory and simulation, with the estimated magnetization time-scales of the primary particles along with
oscillation time period of the magnetic field, to demonstrate that sub-50 nm superparamagnetic primary
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List of frequently used abbreviations an

kB Boltzmann Constant
T Temperature
hx2ðtÞi Mean-squared displacement
n Drag coefficient
la Persistence length (Aggregate)
l0 Persistence length (monomer)
mp Mass (monomer)
rp Radius (monomer)
H Magnetic field strength
ss Néel relaxation time
r Monomer diameter/unit of leng
Df Fractal dimension
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particles can be magnetized and assembled at any temperature, while below the Curie temperature fer-
romagnetic particles of all sizes can be magnetized and assembled, given the applied field is higher than
the threshold.

� 2021 Elsevier Inc. All rights reserved.
d symbols

th

N Number of monomers in aggregate
mg Mass of medium gas molecule
p Dipole moment
rij Pairwise interparticle radial distance
Uij Pairwise interparticle interaction potential
a Polarizability
lr Relative permeability
l0 Free-space permeability
h Angle between radial vector and field
sB Brownian rotational time
t1=2 Half-life
gðr=rÞ Pair-correlation function
1. Introduction

Aerosol routes comprise one of the primary approaches to sub-
micron particle production at the industrial scale [1]. However,
considerable research has been expended in modification to com-
mon aerosol routes, such as laser ablation [2], sputtering [3], vapor
phase decomposition [1] in an a effort to better control and affect
chemistry, crystallinity and size distribution [4–7]. However, most
of these commonly used aerosol routes result in considerable
aggregation at practical particle densities, leading to close compact
aggregates, resulting from rapid Brownian motion [8].

During the formation of sub-micron particles by nucleation, the
aerosol typically transitions from free-molecule transport to the
continuum. This is in contrast with liquid-phase synthesis tech-
niques which are always in the continuum regime, and Brownian
dynamics are orders of magnitude slower. Furthermore, in the liq-
uid phase surface charges or polymer coatings are often employed
to manipulate colloidal stability to enable manipulation of particle
assembly [9]. In contrast and unfortunately, irreversible sticking of
particles in the aerosol phase, due to short range inter-particle
attractive forces (commonly represented by hard-sphere Hamaker
forces) [10], offer little ability to slow down coagulation. The
resulting coagulation in the gas phase leads to a self-similar aggre-
gate structure, which is commonly quantified by the universal frac-
tal dimension (Df) of ~1.8 [11]. To manipulate or otherwise slow
coagulation, researchers have explored repulsive interactions such
as unipolar charging, however this is quite challenging as uniform
charging is typically inefficient, and very size dependent [12–14].

Relatively little work has been done to manipulate the fractal
character of aggregates. In liquids dipolar interactions between
particles can induce directional control of attractive and repulsive
forces, which has been shown to form linear low-dimensional
aggregates [15]. Through both experiments and simulations, it
has been shown that liquid phase particles can be assembled into
linear chains through induction of electric and magnetic dipolar
interactions [15–18]. Apart from conservation of surface area, the
linear assembly of particles have several applications in materials
processing and design for mechanical and electromagnetic applica-
tions [19–21]. To our knowledge no previous experimental
attempts have been made to assemble nanoparticles in aerosol
phase which are in the free molecular regime. Also, the possibility
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of such an assembly in the aerosol phase have not been justified
through theory or simulation before. Recently, our group has been
able to synthesize nanoparticles (~10–20 nm) of ferromagnetic
materials, Fe and Ni, from an electromagnetically levitated metal
droplet and found that the magnetic field used for levitation, can
be also be used to assemble any ferromagnetic particles into linear
aggregates [22].

In this study we have combined the theories on Langevin
dynamics of aerosol particles with the thermodynamics of ensem-
ble of interacting particles, to perform a hybrid ensemble/cluster-
cluster aggregation Monte Carlo simulation, of the aggregation
and assembly of ferromagnetic particles in an applied magnetic
field. We have considered different primary particle sizes in the
range 5–500 nm, at various temperatures 300–1500 K, which cover
both free molecular and transition regimes. We have shown that if
the magnetic field is higher than a critical threshold, aggregate
structure transitions from Df ~ 1.8 to Df ~ 1. As the assembly is
heavily dependent on the particle size and temperature, the range
of size and temperature for successful assembly have been evalu-
ated along with the threshold magnetic field. Doing similar simu-
lations with electric dipoles in electric field, a comparison has
been drawn between the practical achievability of the threshold
fields required in both cases. Time scales of magnetization of the
primary particles of different sizes have been estimated to deter-
mine the sizes for which the induced magnetic dipolar alignment
will be in equilibrium with the applied field, a condition which will
ensure uniform interactions, and hence tunable assembly.
2. Theory, model and simulation procedure

2.1. Langevin equation in an ensemble of magnetic dipoles

The Langevin equation of motion has been shown to accurately
explain the dynamics of small aerosol particles and aggregates in
both ballistic and diffusive time scales in the free molecular and
transition regime [23,24]. Several studies have also employed this
equation to develop collision kernel by simulation of coagulation
[25–29] and charging processes [12–14,26,30,31] of fractal
aggregates in the aerosol phase which have also been experimen-
tally validated [32,33]. The situation of interest to us, the presence
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of an external magnetic field (H-field), ferromagnetic particles and
aggregates have a net magnetic anisotropy along the direction of
the magnetic field. As a result of the field induced anisotropy, the
particle and particle aggregates behave as magnetic dipoles, and
interact with each other through dipole-dipole interactions. The
Langevin equation of 1-D motion of particles and aggregates mov-
ing in an ensemble with other similar entities can be represented
by:

m
d2x
dt2

¼ �n
dx
dt

þ F tð Þ þ FH ð1Þ

where m is the mass of the entity, n is the drag co-efficient, F tð Þ is
the random Brownian force acting on the entity which satisfies

hF tð Þi ¼ 0 and hF tð Þ F t0ð Þi ¼ 2nkBTdðt � t
0 Þ [34]. FH , which is not pre-

sent in the original Langevin equation for non-interacting particles,
is the force on the entity due to dipolar interactions with other enti-
ties in the ensemble. As the dipolar interactions are short-ranged
compared to the mean-displacement of the particles, FH insignifi-
cantly affects the overall kinetics of the ensemble and can be
ignored. However, it has a significant effect on the stability and
structure of the aggregates. Hence, we have derived the expressions
of the kinetic variables in the simulation solely based on the Brow-

nian dynamics, by dropping the FH term and only consideringF tð Þ.
The thermodynamics of the magnetic interactions have been dealt
with by assuming the particles to be in a canonical (constant tem-
perature) ensemble, which implies the average kinetic energy of
the overall ensemble is conserved. After neglecting FH , and by mul-
tiplying x on both sides of Eq. (1), doing a derivative transformation,
Fig. 1. Graphical representation of the simulation method, the movement traj
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applying the equipartition theorem (mhv2i ¼ kBT) and taking
ensemble averages of the variables, (Section S.1, supplemental)
we arrive at the time dependent solution of the mean square dis-
placement, hx2ðtÞi as given by Eq. (2) [35],

hx2ðtÞi ¼ 2kBT
n

t �m
n
þm

n
e�

nt
m

� �
ð2Þ

For the ballistic limit, t � m
n , we can approximate the exponen-

tial term in Eq. (2) by a third order series expansion, so that hx2ðtÞi
is given by hx2ðtÞi ¼ kBT

m t2, which implies that the 3-D root-mean-
squared displacement over the characteristic time scale m

n , also
known as the persistence length (la) will be given, by:

la ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
3kBTm

p
n

ð3Þ

In the free molecular regime n is given by [23]:

n ¼ 4pdP
ffiffiffiffiffiffiffiffiffiffiffi
mg

3kbT

r
r2pN ð4Þ

where mg is the mass of the ambient gas molecule, P is the ambient
pressure (1 atm), d is the accommodation coefficient (1.44 assuming
N2) [36], rp is the radius of the primary particle, and N is the number
of primary particles in the aggregate. In Eq. (3) m scales with the
mobility radius (Rm) of the aggregate. It is known that Rm of aggre-

gates formed by cluster-cluster aggregates scales with N as, Rm N
1
2

[37], and the aggregate mass, m ¼ mpN, mp being the mass of
ectories (A), aggregate growth (B) and the magnetic dipolar interactions.
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primary particle in the aggregate. Substituting for m and n from Eq.
(4) into Eq. (3), the persistence length is given given by:

la ¼ 3kBT
4pdP

ffiffiffiffiffiffiffi
mp

mg

r
r�2
p N�1

2 ð5Þ

The special case of N = 1, is the persistence length of a monomer
(l0) [23]. Physically, the persistence length signifies the length scale
of ballistic linear motion of the primary particles or aggregates, as
depicted in the schematic in Fig. 1. For small nanoparticles ~10 nm,
in the free molecular regime, ballistic motion dominates the trajec-
tory, and the persistence length is several times the diameter
which implies that the particles will move several diameters with-
out changing direction as shown by a representative trajectory in
Fig. 1. In the diffusive limit, t � m

n the 3-D mean squared displace-

ment is equal to 6kBT
n , as given by the Einstein model [35]. For the

diffusive limit, the persistence length is smaller, or on the order
of the particle diameter, and the particle changes direction ran-
domly, also shown in Fig. 1. For simulating aggregation of small
particles in aerosol phase at high temperatures, accurately mimick-
ing the ballistic limit is crucial.

2.2. Pairwise dipolar interaction potential in H-field

The potential energy (Uij) of pairwise interaction between two
spherical particles with magnetic dipoles with dipole moments
p!iand p!jis given by [16]:

Uij ¼ 1

4pl0 r!ij

��� ���3
p!i: p

!
j �

3 p!i: r
!

ij

� �
p!j: r

!
ij

� �

r!ij

��� ���2
2
64

3
75 ð6Þ

When the magnitude of both dipoles are equivalent and aligned
in the same direction as H-field, Uij can be represented in scalar
form as:

Uij ¼ p2ð1� 3 cos2 hÞ
4pl0 r!ij

��� ���3
ð7Þ

where l0 is the permeability of free space, p is the magnitude of the

dipoles,h is the angle between r!ij and the H-field, a graphical rep-
resentation of which has been shown in the schematic in Fig. 1. Both

Eqs. (6) and (7), are for the r!ij

��� ��� � r. The magnitude of the dipole

moment is related to both material properties, and the strength of
H-field, by p ¼ ar3H, where r is the spherical particle diameter, H
is the strength of the applied magnetic field, and a is the polarizabil-
ity. The polarizability is related to the relative permeability (lr) of
the material by:

a ¼ 4pl0
lr � 1
lr þ 2

� �
ð8Þ

For ferromagnetic materials (Fe, Co, Ni etc.) in presence of an
applied magnetic field, lr is large and ranges between ~102–103

[38–40]. Hence for ferromagnetic materials since lr�1, lr�1
lrþ2

� �
1,

makes a 4pl0 a constant for all ferromagnetic materials. For para-
magnetic materials, lr ¼ 1, which makes a ¼ 0, and hence there is
no magnetic dipolar interactions. Since, a is a constant for ferro-
magnetic materials, the dipole moment is only a function of r
and H. To non-dimensionalize the interaction potential for simula-
tion purposes, r is used as the unit of length and kBT0 (T0 = 300 K)
as the unit of energy. In non-dimensionalized form, Eq. (7) will

become Uij ¼ qð1�3 cos2 hÞ
r3
ij

, where rij is the non-dimensionalized radial

distance between two particles and q ¼ p2

4pl0r
3kBT0

having dimension
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of energy. This implies the pairwise interaction energy which
depends on q r3H2, can be tuned by both particle size and strength
of the magnetic field.

2.3. Hybrid canonical Ensemble/Cluster-Cluster aggregation Monte
Carlo simulation of magnetic dipoles

The off-lattice MC simulation is performed with an initial con-
figuration of 1000 primary particles of size r placed in a cubic
box of size L ¼ 60r. The simulations initiate with the motion of pri-
mary particles in an ensemble. After the appearance of the clusters
due to collision and aggregation of the primary particles, move-
ment of the clusters are also included for the remainder of the sim-
ulation. At every Monte Carlo step, a particle or an aggregate is
chosen at random from the ensemble, and a decision is made on
whether the chosen entity will be moved based on its mobility,
imposing the diffusion limitation. The acceptance probability (Pm)
of this decision depends inversely with the mobility radius (i.e.
smaller aggregates are more likely to move) which is a function
of number of primary particles in the aggregate (N) as given by:

Pm ¼ 1

1� r
l0

� �
N

1
2 þ r

l0
N

ð9Þ

The first term in the denominator represents the pure ballistic
case when r� l0, whereas the second term represents the pure
diffusive case when r ¼ l0. The ballistic and diffusive regimes in
the trajectory of the moving particle or aggregate is replicated by
the fact that the chosen entity will move linearly over a distance
of la before randomly changing direction under the influence of
background gas. This is ensured by making a decision whether
the particle or aggregate will keep moving in the same direction
or assigned a new direction, determined by the probability Pr:,

Pr ¼ r=la ð10Þ
The center of mass of the selected aggregate is displaced by r in

the chosen direction. The move is then accepted or rejected based
on an energy test, which compares the total energy due to mag-
netic interactions in the microstates before and after the move.
The system follows the thermodynamics of canonical (NVT)
ensemble. Hence, the acceptance probability (PNVT) is:[41,42]

PNVT ¼ exp � DU
kBT

� �
ð11Þ

where DU ¼ P
finalUij �

P
initialUij, is the difference in net pairwise

interaction potentials in the initial and the final states. Once the
decision is made to accept the move, the non-dimensionalized time
is incremented by 1/Nt, where Nt is the total number of entities in
the ensemble including both aggregates and isolated primary parti-
cles (monomers). The unit of time is given by the characteristic
time-scale of m=n normalized by the persistence length. When
two lone primary particles or primary particles belonging to two
different aggregates moves within a center to center distance of
< 1:1r, they are assumed to have collided and stuck irreversibly.
The simulation is run till the number concentration of the mono-
mers decreases to <10% of the initial value. Periodic boundary con-
ditions with minimum image convention has been considered
throughout the simulation.

2.4. Stability analysis of magnetic dipolar aggregates

The aggregation time-scales are estimated by the homogeneous
monomer collision approximation of the Smoluchowski’s equation,
which is given by n1 tð Þ ¼ n0

1þn0Kt
where n1 tð Þ is the number

concentration of monomers at time t, n0 is the initial number
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concentration of monomers and K(1,1) is the monomer collision
kernel [36]. In the continuum regime, K is related to the medium
viscosity (g), ~1.8 � 10�5 Pa-s for N2, and temperature (T) as
K ¼ 8kBT=3g [8]. In free molecular regime, K is related to particle

diameter (rÞ, density ðq) and T by K ¼ 4 6rkBT
q

� �1=2
[43].

However, the attractive particle interaction introduced by the
H-field enhances K, increasing the coagulation rate. Hence, a cor-
rection factor (W) have been derived (Section S.2, supplemental)
for both free molecular (WFMÞ [31] and continuum ðWCÞ [8,44]
regimes to estimate the coagulation kernel in the magnetic field
(Km), Km ¼ KW . The non-dimensionalized expressions of WFM and
WC are given by:

WFM ¼ 2
Z 1

0
e�v

2v3ð1þ q

2T
0v2

Þdv

WC ¼ 1

R1
1

exp � q

2r3
ij
T
0

� �

r2
ij

drij

ð12Þ

where T
0 ¼ kBT=kBT0 is the non-dimensionalized parameter for

thermal energy, v is the non-dimensionalized velocity,

q ¼ p2

4pl0r
3kBT0

, as shown in Section 2.2 is a non-dimensional measure

of the magnetic interaction energy. The non-dimensionalized form
of the transition regime K derived by more recent mean first pas-
sage time regression studies [25,31], is a function of the diffusive
Knudsen number (KnD). Accounting for the magnetic field enhance-

ment correction inKnD, KnD ¼
ffiffiffiffiffiffiffiffiffiffiffiffi
2kBTmp

p
WC

6pgr2WFM
, the enhanced transition

regime kernel can be estimated [31] (Section S.2, supplemental).
The corrected kernel, Km has been used to estimate the half-life of
the monomer concentration, to draw comparison between the the-
oretical and simulated coagulation time-scales, which is compared
with the magnetic domain relaxation and H-field oscillation time-
scales to determine the conditions for which the simulation is appli-
cable. All theoretical estimations have been done using material
properties of Fe for the particle and N2 for the medium.

3. Results and discussions

3.1. Aggregate shape transition with H field

The aggregation of non-interacting or weakly-interacting
nanoparticles in the aerosol phase formed by diffusion limited
cluster aggregation (DLCA), leads to the formation of aggregates
of universal fractal dimension, Df ~ 1.8. However, the presence of
sufficiently strong inter-particle interactions can change the aggre-
Fig. 2. (a) Visual representation of DLCA aggregates (in absence of H-field), low dimension
650 kA/m respectively, (b) Pair-correlation function of DLCA aggregates with Df ~ 1.7 (in ab
linear aggregates with Df ~ 1 (H-field ~ 650 kA/m) having peak and valley features, for f
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gation rate and assembly process leading to an altered fractal
dimension. In our case we are applying a strong external magnetic
field. Fig. 2(a) shows visual representations of aggregates formed
by primary particles of size r ¼ 10nm at T = 1500 K, in absence
and presence of H-field. In absence of an external H-field typical
DLCA aggregate of Df ~ 1.7 is obtained. In the presence of H-field
of strength 450 kA/m, induced magnetic dipole moments of the
primary particles, influence the aggregation process, and low
dimensional (Df ~ 1.5) aggregates are obtained. When stronger H-
fields (650 kA/m) are applied, the increased induced dipole
strength leads to the formation of linear, chain-like 1-D aggregates.

Fig. 2(b) shows the intra-cluster pair correlation function gðr=rÞ
averaged over all the aggregates formed in the ensemble in pres-
ence and absence of the H-field. The Df is estimated from the scal-

ing law of g r
r

� 	
r
r

� 	3�Df . The typical feature of the pair correlation
function of DLCA aggregates in a log-scale consists of the highest
peak at r ¼ r due to occupied nearest neighbor sites, followed by
a peak at r ¼ 2r, as only those second nearest neighbor sites are
occupied which lie along the same linear direction as that of the
first occupied nearest neighbor. This feature suggests a shape that
has lower dimensionality than 2. A linearly decreasing trend fol-
lows the second peak and is used to estimate the Df. The linear
trend is terminated by a sharply decreasing cut-off region which
follows the trend expð� r

Rg
cÞ, Rgbeing the radius of gyration

andc ~2–2.5 (supplemental Fig. S2), as also observed by several
studies[37,45,46]. In Fig. 2(b), the pair-correlation function of the
aggregates formed in absence of the H-field has all the features
as that of typical DLCA, with the estimated Df 1:7. In the presence
of 450 kA/m H-field the slope of the linear scaling region increases
due to a smaller Df ~ 1.5, whereas in presence of stronger 650 kA/m
H-field, the pair-correlation function has some additional peaks
and valleys features, with an estimated Df 1. The peaks and valleys
are at integral multiples of particle diameter (r), and signifies that
all the occupied neighboring sites lie along the same linear direc-
tion which in-turn signifies the formation of linear chain-like 1D
structures. The peak values of straight linear chains of spheres
exactly follows the power law, and the cut-off region arising due
to dissimilar lengths follows the trend e�rc (supplemental, Fig. S3
and S4).

The fact that the linear structures are also aligned along the
direction of H-field suggests that aggregate growth has been
favored only in a unique direction, as the attractive potential is
strongest at the terminal edges of the aggregates whereas the
repulsive potential is strongest at the lateral edges. Hence, from
both the visual representation, and the pair-correlation function
it can be said that both the dimensionality and the directionality
of growth of ferromagnetic particles can be tuned by applying an
external H-field. However, significant high magnitude of magnetic
al aggregates and linear chain-like aggregates in presence of H-field ~ 450 kA/m and
sence of H-field), low dimensional aggregates with Df ~ 1.5 (H-field ~ 450 kA/m) and
erromagnetic primary particles of size 10 nm at 1500 K.



Fig. 3. Visual representation (a) and pair-correlation function (b) of aggregates formed by ferromagnetic primary particles of size 10 nm in presence of H-field (450 kA/m) at
different temperatures (300–1500 K). The linearity in the visual representation and the peak-valley features in the pair-correlation function are only retained till 500 K.

Fig. 4. Threshold H-field required for linear assembly (Df ~ 1) for different primary
particle sizes (5–500 nm) and at different temperatures (300–500 K). Threshold E-
field for the same assembly for same primary particle sizes at 1000 K has been
shown for comparison. Ballistic trajectory contributes to the temperature
dependence.
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dipole interactions are required to overpower the random Brown-
ian fluctuations. Since, the magnetic interactions depend on r and
H, whereas the Brownian fluctuations are dependent on r and T, it
is essential to study the manner in which the combination of these
variables affect the overall aggregation process, analysis of which is
done in the subsequent sections.

3.2. Aggregate shape transition with temperature for a constant H-
field

Fig. 3(a) shows the visual representation of aggregates formed
by primary particles of size r ¼ 10nm, in an applied H-field
strength of 450 kA/m, at different temperatures 300–1500 K. From
Fig. 3(a) it is evident that the aligned and linear aggregate growth
is most prevalent at lower temperatures (300–500 K), where Brow-
nian dynamics are slower. Fig. 3(b) shows that the pair-correlation
function loses the peak and valley features above 500 K, consistent
with the structure images. However, the aggregates obtained at
1000 K (Df 1:2) and 1500 K (Df 1:5) are low dimensional compared
to DLCA aggregates (Df 1:7) obtained in the absence of field.

Even though the fractal dimension is changed at higher temper-
ature, according to Fig. 3(a) the alignment with the H-field is still
retained. This is because the growth is initiated with occupancy
of the nearest neighboring sites, which involves strong dipolar
interactions responsible for growth in the direction of H-field.
However, the r�3, decaying interaction strength, might not be
enough to influence the collisions at further neighboring sites.

3.3. Threshold field intensity for directed linear assembly

As the assembly into linear aggregates is dependent on primary
particle size and temperature, we evaluate the threshold H-field
strength required for successful assembly. Fig. 4 shows the thresh-
old H-field strength required for successful assembly for different
primary particle sizes at different temperatures. The field strengths
at which more than 4 peaks at integral multiples of the monomer
diameter, appear in the pair-correlation functions, are considered
to be the threshold. The required threshold decreases with increase
in particle size. However, temperature only affects the lower parti-
cle sizes which follow ballistic trajectory. Hence, temperature only
affects the aggregation in the ballistic regime, while size affects
both ballistic and diffusive regimes. In the ballistic limit of the
free-molecular regime, a strong external force is required to influ-
ence the trajectories of particles having very high persistence
lengths. The directional repulsive interactions at the lateral edges
200
(h > 0or < pÞ of the aggregates are most important for the forma-
tion of linear chains. In a simple 1-D model of one monomer

approaching another monomer, with mean velocity
ffiffiffiffiffiffi
kBT
mp

q
along a

direction perpendicular to the applied magnetic field (h ¼ p
2), the

condition FH
mp

�
ffiffiffiffiffiffi
kBT
mp

q
n
mp

r
l0

should hold, for the repulsive force of

one monomer to negatively accelerate the approaching monomer
to a stationary state, at a minimum separation of r (supplemental,
S.4). The field equivalent to generate the minimum repulsive force
to satisfy the above condition, is the threshold field required for the
linear assembly. Deriving FH from 1-D version of Eq. (7), one can

arrive at the equation Hthr1:5

T0:5
¼ C, where Hth is the threshold H-

field, and C is a constant (supplemental, S.4). This approximately
explains the trend observed in Fig. 4 as well as the negative slope
of ~�1.7–1.9 in the logarithmic version of Fig. 4 (supplemental,
Fig. S1)

For a comparison, a case of the threshold electric field (E-field)
required for assembly of pre-aligned electric dipoles in ferroelec-
tric particles at 1000 K, obtained by doing simulations in the same
manner (details in supplemental, Section S.5), has also been
presented. It is evident that the threshold E-fields required for
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successful assembly of primary particle sizes <100 nm are beyond
practicality, as the required fields exceed the breakdown field
strength of air and most inert gases (~3000 kV/m) [47].

3.4. Coagulation time scales and kernel homogeneity

To understand growth kinetics the simulation was initiated
with a number concentration of ~ 4 � 1021/m3 monomers. The
monomer concentration was tracked and the simulation time-
steps converted to real time by the scaling discussed in Section 2.2.
Fig. 5(a) shows the depression in monomer (r ¼ 10nmÞ concentra-
tion with increasing time for different H-field strengths at 1500 K.
The strong attractive forces due to the H-field, increases the coag-
ulation rate, and this effect is observed even for field strengths
below the threshold field strength required for assembly. The inset
of Fig. 5(a) shows the decreasing half-life (t1=2Þ of the monomer
concentration with increasing H-field strengths, resulting from
the enhanced coagulation rates.

The coagulation of fractal aggregates follows 1
n1 tð Þ � 1

n0
¼ Ktz,

where z ¼ 1
1�k, k being the homogeneity of the coagulation kernel

[23]. Fig. 5(b) shows the log-log plot of this equation at various
applied field strengths, where z and k, have been estimated from
the slope of the linear trend upto 10�7 s. z decreases whereas k
increases, with an increase in H-field strength.

3.5. Magnetization vs coagulation rates of linear assembly of
ferromagnetic and superparamagnetic particles

The simulation starts with the assumption that all the primary
particles are pre-magnetized with a net magnetic anisotropy in the
form of dipoles, either in parallel (h ¼ 0) or anti-parallel (h ¼ p) to
the applied H-field, typically known as the discrete-orientation
approximation [48]. For static, ferromagnetic particles, at temper-
atures below the Curie point, this approximation holds true when a
sufficiently high H-field is applied such that the thermal fluctua-
tion energy (kBT) is negligible compared to the demagnetization
potential energy (2pHcosh) [49]. The demagnetization potential
associated with the required threshold fields (Fig. 4) at different
temperatures, are orders of magnitude higher than the respective
thermal energy (Table S1). In the case of an oscillating H-field, this
approximation implies that the oscillation frequency of the dipoles
will be equal to that of the field. However, for ferromagnetic parti-
cles undergoing Brownian dynamics at temperatures below the
Fig. 5. (a) Monomer (10 nm) concentration with time from the simulation at 1500 K. Rate
the half-lives (t1/2) of the monomers decreases with increase in H-field strength. (b) E
increase in for the applied H-field strength.
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Curie point, the discrete-orientation approximation will hold true
only if the period of oscillation of the dipoles (i.e. H-field), is faster
than coagulation.

At temperatures above the Curie point or at weaker H-fields, the
demagnetization potential will be comparable or less than the
thermal energy. In this case, the approximation will still apply
for sub-50 nm ferromagnetic particles which are nominally single
domain and hence exhibit superparamagnetism [50], only if the
demagnetization time-scales are small compared to both H-field
period [48] and coagulation time-scales. The net magnetic aniso-
tropy or dipole needs to relax to a de-aligned state (zero-energy)
from an aligned state (lowest energy), faster than the rate of
change of the H-field, in order to keep the dipole always in an equi-
librium alignment with the field. For superparamagnetic particles
undergoing Brownian dynamics, the fast relaxation can be caused
by either intra-particle domain relaxation by electronic spin
exchange which can be estimated from the the Néel relaxation
time (ssÞ [51,52] or domain relaxation by external Brownian rota-
tion. The Brownian rotational time-scales (sB) have been estimated
by considering ballistic and diffusive rotations in free-molecular
and transition regimes (supplemental, S6). The net domain relax-
ation time scale is the harmonic mean of the Néel relaxation and
the Brownian rotational relaxation time-scales, as given by
snet ¼ sssB

ssþsB [53]. The values estimated for each of these time-

scales have been presented in Tables S3–S6.
To estimate the theoretical coagulation time-scales, the Smolu-

chowski’s coagulation kernel has been corrected for both free
molecular and transition regimes as described in Section 2.3, and
the theoretical t1=2has been estimated using the corrected kernel.
Fig. 6(a) shows the enhancement factors, and t1=2values estimated
from the corrected theoretical kernel, at different applied field
strengths, for 10 nm particles at 300 K (transition) and 1500 K (free
molecular). The t1=2values estimated from theory at 1500 K,
approximately has the same order of magnitude, compared to
the t1=2values estimated from the simulation at 1500 K (Inset, 5
(a)). The approximate match between the theoretical and compu-
tational t1=2, and the estimation of interaction dependent coagula-
tion rates in both regimes, enables us to use the theoretical
equation to estimate the coagulation time-scales of an ensemble
of monomers, with practical aerosol phase number concentrations
of 1014–1018/m3 [8].

Fig. 6(b) shows the comparison between time-scales of super-
paramagnetic domain relaxation, ferromagnetic magnetization
of decrease in monomer concentration increases with H-field strength. Inset shows
stimation of the homogeneity of the coagulation kernel (k), which increases with



Fig. 6. (a) Enhancement factor and comparison between theoretically estimated monomer half-lives (t1/2) of free-molecular (1500 K) and transition regime (300 K). (b)
Comparison between time-scales of superparamagnetic domain relaxation, ferromagnetic magnetization (H-field oscillation) and coagulation, for primary particle number
concentration (1018/m3), for different primary particle sizes (5–500 nm) and different temperatures (300–1500 K).

Table 1
Design parameters required for the linear assembly of Fe, Co and Ni.

Material Curie point [54](K) H-field Frequency (Hz) /strength (kA/m) Ferromagneticassembly Superparamagnetic
assembly

Size (nm) T (K) Size (nm) T (K)

Fe 1043 106–105/10–103 10–500 300–1043 10–50 >1043
Co 1400 106–105/10–103 10–500 300–1400 10–50 >1400
Ni 627 106–105/10–103 10–500 300–627 10–50 >627
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(H-field oscillation) and coagulation for different primary particle
sizes, at different temperatures. For this comparison, the coagula-
tion time-scales have been estimated theoretically for a practical
aerosol number concentration of 1018/m3. As commonly applied
H-fields have oscillation time-period (105–106 Hz) smaller than
the coagulation time-scales, the discrete-orientation approxima-
tion will be consistent for all particle sizes below Curie tempera-
ture, at these frequencies. For sub-50 nm primary particle sizes,
time-scales of superparamagnetic relaxation are shorter by orders
of magnitude compared to the standard time period of oscillation
of the H-field. This implies that sub-50 nm particles will always
be in an equilibrium alignment with the field, and will follow the
oscillation of the field, at any field strength and temperature. Also,
since both the relaxation time and the time period of oscillation is
shorter by orders of magnitude compared to the coagulation time-
scales, the discrete-orientation approximation will be consistent
for the super-paramagnetic particles at all sizes and temperatures.

As discussed in Section 3.3, the threshold H-fields required for
linear assembly of primary particle sizes � 10nm, are practically
achievable at temperatures between 300 and 1500 K. Hence, if
the applied field is higher than the threshold field, all ferromag-
netic particles can be linearly assembled at temperatures below
their respective Curie points. Above, the Curie point, only super-
paramagnetic particles in the size range 10–50 nm can be assem-
bled. Table 1 shows the summary of the design parameters appli-
cable to linearly assemble Fe, Ni and Co, which show both
ferromagnetism and superparamagnetism.

Alloys of Fe, Co and Ni with para-magnetic metals such as Al, Cu,
Pd etc. also shows ferromagnetic and super-paramagnetic beha-
viour [55–58]. Hence, para-magnetic metal particles like Al, Cu,
Pd etc. when alloyed with Fe, Co and Ni can also be linearly assem-
bled with an external H-field. Pulsed laser ablation, flame synthe-
sis, chemical vapor deposition [1], inert gas condensation [59] are
202
some of the most common aerosol routes to synthesize both
monometallic and alloyed metal particles. Using the parameters
represented in Table 1, one can design a magnetic coil in the vicin-
ity of the substrates or chambers used in these synthesis proce-
dures, to apply an oscillating magnetic field of desired strength,
to direct the assembly of magnetic, metal and alloyed-metal
nanoparticles.
4. Conclusion

Cluster-cluster aggregation simulations, typically used to
understand aggregation and assembly processes in colloidal sys-
tems [15,17,34,46,60–63], have been employed through a hybrid
Monte Carlo method, to demonstrate that externally applied mag-
netic fields can be used to direct the assembly of aerosol nanopar-
ticles of ferromagnetic materials (Fe, Co, Ni, etc.), in both free-
molecular and transition regimes. Application of an external field
(electric or magnetic) induces a net magnetic dipole moment,
within ferromagnetic (or ferroelectric) particles, which interact
with each other through directional attraction and repulsion, ulti-
mately leading to the growth of linear chain-like aggregates, as
shown by several studies in the continuum regime [18]. However,
in aerosol systems where the free-molecular and transition
regimes are also simulated, a significant structure transition from
Df ~ 1.8 have not been found earlier [23,25,37,45]. The simulations
performed in this study indicate that magnetic dipolar interactions
induced by external H-field can be used to cause such structure
transition from the universal Df ~ 1.8 to Df ~ 1, which have been
also found in our experimental study [22]. By performing
simulations for different particle sizes 5–500 nm and different
temperature 300–1500 K, we find that the threshold H-field
strength required for the linear assembly is both particle size and
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temperature dependent in the size range 5–50 nm. The threshold
H-fields required for 10–100 nm particles are practically
achievable, whereas the corresponding E-field threshold will be
beyond breakdown strength of air. Given that the applied H-field
is higher than the threshold, through analysis of the coagulation
and magnetization time-scales, we show that primary particle
sizes < 50 nm will be magnetized and hence linearly assembled,
at all temperatures. The results published in this work will be use-
ful to material designers working on scalable fabrication of metal
and alloyed metal nanocomposites in gas phase, with tunable
micro-structural features, enabling possibilities for density,
mechanical, and optical property modulation in the final materials
of interest.
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