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Combining nuclear magnetic resonance and molecular dynamics simulations, we unravel the long-time

dynamics of a paradigmatic colloid with strong dipole-dipole interactions. In a homogeneous magnetic

field, ionic ferrofluids exhibit a stepwise association process from ensembles of monomers over stringlike

chains to bundles of hexagonal zipped-chain patches. We demonstrate that attractive van der Waals

interactions due to charge-density fluctuations in the magnetic particles play the key role for the

dynamical stabilization of the hexagonal superstructures against thermal dissociation. Our results give

insight into the dynamics of self-organization in systems dominated by dipolar interactions.
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Magnetic colloids are a playground for fundamental
studies of the interplay between competing interactions
of magnetic, electrostatic, and steric nature, which lead
to a rich phenomenology as far as the clustering is con-
cerned. A precise knowledge of the conditions under which
aggregation of biocompatible ferrofluids occurs in the
blood is crucial to avoid complications during medical
treatment due to their widespread application as drug
carriers and in hyperthermia of tumors [1]. The response
to external magnetic fields of systems with strong dipole-
dipole (DD) interactions bears self-assembly phenomena
such as the formation of field-aligned chains and columns,
with a large impact on the magnetorheological properties
of the ferrofluid [2,3]. Structuration in the form of chains
has been experimentally [4–10] as well as theoretically
[11–15] studied. Such self-organization processes are
also ubiquitous in a large variety of systems with general
dipolar interactions like surfacted semiconductor [16] or
core-shell metallodielectric nanoparticles [17] and even
fibrous protein aggregates [18]. Here we deal with the
dynamics of structure formation, which is much less under-
stood. There are few reports of a two-step aggregation
process characterized by a faster formation of field-
oriented chains and the subsequent but sluggish buildup
of pseudocrystalline chain superstructures [9,10,19–21].
These phenomena have been explained, in part, by
ground-state calculations like the Halsey-Toor model
[22], as modified by Martin et al. [11]. A central question
concerns the conditions under which neighboring aligned
dipolar chains can attract each other. Several mechanisms
have been proposed, including DD interaction of rigid
chains, thermally induced fluctuations, and interactions
driven by defects [23]. Depending on the coupling strength

and volume fraction, each of these processes dominate the
long-time coarsening of the colloidal suspension [4].
Isotropic van der Waals (vdW) interactions, although of
particular importance in ionic ferrofluids [24,25] but not
exclusively, have been disregarded so far. We demonstrate
for the first time that these attractive vdW interactions play
a crucial role in the robustness of the superstructures
against thermal fluctuations.
Experimentally, we make use of the ability of nuclear

magnetic resonance (NMR) to distinguish between differ-
ent magnetic environments of water protons [26] to moni-
tor in real time the clustering of an aqueous ionic ferrofluid
(IFF) immersed in a homogeneous field. From the variation
with time of the NMR peak amplitude, we infer that the
magnetic grains aggregate first to field-aligned chains
which subsequently coalesce to form a pseudocrystalline
superstructure on time scales of minutes. Molecular dy-
namics (MD) simulations, including dipolar interactions
between the magnetic moments and a Lennard-Jones (LJ)
potential to account for vdW interactions due to charge
fluctuations in the nanoparticles, yield a very good quali-
tative description of the association processes revealed by
NMR. MD simulations demonstrate that for the coales-
cence of the previously formed chains into hexagonal
bundles, though driven by the lateral magnetic field of
the chains, the dynamical stabilization by attractive vdW
interactions is a key factor.
The sample consists of an electrostatically stabilized

ferrofluid composed of charged magnetite (Fe3O4) grains
dispersed in water with a particle concentration of 1 vol%.
HCl acid is employed to set pH ¼ 3. Particles agglomerate
to stable grains of about 100 nm in size on the average.
Magnetization measurements indicate superparamagnetic
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behavior [27]. About 1 ml of the fluid is loaded into a
sealed plastic vial and placed in the bore of a low-
resolution SpinLock SLK-100 NMR spectrometer
equipped with two permanent supermagnets that generate
a uniform field of 225 mT with a homogeneity of 22 ppm
and a gradient of 5 �T=cm. Spectra were taken subse-
quently every 30 s for more than 3000 s.

Figure 1(a) shows a representative NMR spectrum of the
IFF sample (solid circles) measured at room temperature at
the beginning of a sequence. Frequencies are measured
relative to the Larmor frequency of protons in pure water in
the NMR field of 225 mT (sharp peak centered at zero
frequency). In contrast, the IFF displays a broad and asym-
metric peaklike feature which actually consists of two
peaks. The main feature with a full width at half maximum
(FWHM) of roughly 4 kHz is centered at about 17 kHz,
whereas the much weaker and broader peak shows a neg-
ligible frequency shift. Both peaks can be attributed to the
different environments experienced by protons in the fer-
rofluid. The frequency shift and line broadening are sig-
natures of strongly inhomogeneous magnetic field and
gradient distributions, respectively, produced by the mag-
netic grains of the ferrofluid and sensed by the protons
during their restricted diffusion in the time scale of the
NMR experiment (1 ms) [26]. The main peak with the

large shift is associated to water protons within layers near
and around the magnetic poles of the nanograins (i.e.,
strong field regions), whereas the secondary feature is
assigned to the signal from the water molecules moving
freely within the interstitial volume between magnetic
particles but far away from them.

The real part of the NMR spectral function is SRð�Þ ¼
A�

��2þ�2 ð� cos�� �� sin�Þ, as obtained by Fourier trans-

forming the detected signal SðtÞ, where A is the signal
amplitude, �� is the frequency shift, � is the linewidth
related to the spin-spin relaxation time and the field-
induced inhomogeneous broadening, and � is the phase
shift. The full NMR line shape is obtained by adding an
expression like SRð�Þ for each resonance line. The solid
curves through the data points in Fig. 1(a) illustrate the
results of nonlinear least-squares fits. The fitted amplitude
and position of the most prominent peak in each spectrum
are plotted in Fig. 1(b) as a function of time.
The abrupt change in the frequency of the main peak

allows for a distinction between two stages in the time
evolution of the aggregation state of the IFF. In contrast,
the linewidth and phase shift values before and after the
transition are similar. The first stage corresponds to the
period of gradual aggregation of monomers prior to form-
ing chains. The shift of about 17 kHz is indicative of a
strong average magnetic field produced by the oriented
magnetic moments of the grains. The peak amplitude ex-
hibits a nonmonotonic behavior with an initial period of
300–400 s, where it shows a slight increase or little change
with time. Since in a homogeneous field there is no mag-
netophoresis, the particles need this time to come closer
together solely driven by the long-range dipole-dipole
attraction induced by the orientation of the magnetic mo-
ments along the field. A steep decrease in amplitude fol-
lows, which is triggered by chain formation driven by
head-to-tail interactions between particles. The reduction
in amplitude is simply explained by the fact that each time
two particles form a dimer or one particle adds to a chain,
there is a loss of two high-field regions corresponding to
the magnetic poles which are now in contact. Hence, chain
formation leads to a continuous decrease in the number of
protons in high-field regions. We point out that the char-
acteristic time of ð130� 20Þ s obtained for the amplitude
decrease is in good agreement with the time associated
with chain formation in Raman scattering for exactly the
same IFF sample [7].
Remarkably, the second stage characterized by a much

smaller frequency shift of about 3 kHz proceeds after a
time period of about 800 s, when the chains seem to have
reached a critical average length. MD simulations show
that at this point the sluggish formation of patches of a
pseudocrystalline superstructure consisting in bundles of
field-oriented, parallel staggered chains sets in. The small
frequency shift is indicative of a much lower average
magnetic field in the interstitial regions between chains
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FIG. 1 (color online). (a) Representative NMR spectra of the
ionic ferrofluid sample with a concentration of 1 vol% measured
at the beginning of a sequence (solid circles). Solid (blue) and
dashed (black) curves represent the total NMR line shape func-
tion and individual peak terms, respectively. The (red) curve is
the NMR spectrum of pure water. (b) Dependence on time of the
amplitude and position obtained by fitting the line shape function
SRð�Þ to the main peak of each NMR spectrum of the IFF
measured every 30 s.
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within bundles. From the amplitude variation we infer that
at room temperature and 225 mT this process takes a
longer time of ð420� 50Þ s. Once the superstructures are
formed, they are stable for hours even in the absence of a
magnetic field. Immersing the sample in ultrasound bath,
though, fully resets structure formation, yielding the origi-
nal colloidal suspension again.

For a deeper understanding of the association processes
we ran MD simulations, employing a simplified model of
N ¼ 1024 spherical particles with diameter � and mag-
netic dipole moment�i, completely aligned along the field
direction. (Following earlier work on ferrofluids, e.g.,
Refs. [14,15,28], we neglect any higher multipole correc-
tions [29].) The isotropic part of the two-particle interac-
tion at distance rij is described by a (truncated and shifted)

LJ potential uLJðrijÞ ¼ 4�½ð�=rijÞ12 � ð�=rijÞ6�, where

the van der Waals term ( / �r�6
ij ) models attractive inter-

actions due to charge-density fluctuations in the nanopar-
ticles [24]. The dimensionless LJ parameter is
�� ¼ �=kBT ¼ 1:0, kB and T being the Boltzmann con-
stant and the temperature, respectively. For the anisotropic
contribution mimicking the magnetic DD interaction,
we employ the screened potential ð�iriÞð�jrjÞ�
½expð��rijÞ=rij� (with �� ¼ 1). Using this effectively

short-ranged potential saves much computational time
without altering the physics qualitatively. We also restrict
ourselves to two-dimensional (2D) systems with a packing
fraction of � ¼ ð�=4Þ	�2 ¼ 0:015, very close to the ex-
periment. The strength of the dipolar magnetic coupling is
determined by the parameter 
 ¼ �2=kBT�

3, where � ¼
j�ij is a function of the saturation magnetization and size
of the particles. We just set 
 ¼ 7, where pronounced
association is known to occur from previous simulation
studies of 2D dipolar systems [12]. Calculations are per-
formed at constant T, by using a time step of �t ¼ 0:0025.
Typical MD runs consisted of about 108 time steps in total.

Figure 2 shows snapshots illustrating the particle con-
figuration on the way towards equilibrium. Simulations
started from translationally ordered, quadratic states, but
the diluted system loses the initial information quickly
after a few thousand MD steps. The typical configuration
then involves only monomers. During subsequent times,
the association into long dipolar strings oriented along the
field occurs [see Fig. 2(a)]. The development of large
peaks, separated by well-defined minima, in the quasi-
instantaneous correlation function gkðrijÞ in the field di-

rection [30] is the signature of chain formation. Figure 2(a)
also includes data for the perpendicular correlation func-
tion g?ðrijÞ [30], which is essentially zero at the time

considered. This changes at later times, where snapshots
reveal lateral association of the strings into bundles with
hexagonal ordering of the chains [see Fig. 2(b)]. Note that
the main peak of g?ðrijÞ is shifted towards somewhat

larger distances relative to that of gkðrijÞ, consistent with
the fact that the chains are staggered; hence, the particles in

two neighboring chains are shifted by half a diameter
relative to one another. This hexagonal-like arrangement
is known to minimize the energy in systems of aligned
dipolar chains [4,28] (the hexagonal bond-order parameter
[30] at long times is �6 � 0:8).
We now consider the heights of the main peak in the

correlation functions of gkð?Þ as order parameters for the
association process. In Fig. 3, we plot these quantities as
functions of time. For times t & 50 000�t we observe a
strong increase of gmax

k , while gmax
? � 0. This is the regime

of string formation corresponding to the first stage of the
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FIG. 2 (color online). MD simulation snapshots (insets) at
various times on the way towards equilibration. Full (red) and
open (blue) symbols represent the quasi-instantaneous
correlation functions parallel and perpendicular to the field,
respectively.
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NMR experiments (high-frequency shift). The coalescence
of the chains into bundles starts when gmax

? � 0. This

occurs when the average chain length is � 4. Thus, our
data reveal a clear two-step process for the field-induced
structure formation in excellent semiquantitative agree-
ment with the experimental findings.

Lateral aggregation starts only when the strings are al-
ready present in full agreement with ground-state calcula-
tions [28]. Even at T ¼ 0 attractive interactions in lateral
directions occur only for chains of sufficient lengths and at
high enough densities. At finite temperatures, thermal
fluctuations tend to hinder this effect. The striking result
is that, by cutting off the vdW interaction (/ �r�6

ij ), we do

not find evidence for the hexagonal ordering, as seen in
Fig. 3. This remains true also for smaller values of the
shielding parameter �. In the supplemental material (vid-
eos) [31], the mechanism by which the additional attractive
vdW interaction leads to the dynamical stabilization of the
superstructures can be visualized. Its main effect is to slow
down chain motion such that the interaction time between
colliding chains increases as much as necessary for the
short-range lateral magnetic coupling to be effective, pro-
moting superstructure formation even at room temperature.

In summary, we found out that the aggregation dynamics
of ionic magnetic colloids in a homogeneous field exhibits
subsequent stages of evolution characterized by an increas-
ingly hierarchical ordering. Strikingly, the existence of
strong dipole-dipole interactions alone is not sufficient to
warrant the long-time crystallization of zipped-chain
superstructures at the densities of interest. As demonstrated
by the 2D molecular dynamics simulations, a long-range
van der Waals attraction due to charge fluctuations in the
nanoparticles acts as a catalyst for superstructure forma-
tion, working against thermal dissociation. This conclusion
is also supported by NMR measurements on weakly ionic
citrate-based ferrofluids, which exhibit superstructure for-
mation only if placed in an inhomogeneous magnetic field
for more than 120 s [32]. Our results enlighten the cluster-
ing dynamics of magnetic fluids and open up the combi-
nation of NMR with MD simulations as a powerful tool to
study more complex systems like biofunctionalized nano-
particle colloids, amyloid assembly, or nanocomposites
such as ferronematics and ferrogels.
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