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Field-induced structures in a ferrofluid with well-defined magnetite nanoparticles with a permanent
magnetic dipole moment are analyzed on a single-particle level by in situ cryogenic transmission electron
microscopy (2D). The field-induced columnar phase locally exhibits hexagonal symmetry and confirms
the structures observed in simulations for ferromagnetic dipolar fluids in 2D. The columns are distorted by
lens-shaped voids, due to the weak interchain attraction relative to field-directed dipole-dipole attraction.
Both dipolar coupling and the dipole concentration determine the dimensions and the spatial arrangement
of the columns. Their regular spacing manifests long-range end-pole repulsions that eventually dominate
the fluctuation-induced attractions between dipole chains that initiate the columnar transition.
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Nanoparticles dispersed in a solvent and with a suffi-
ciently large permanent magnetic dipole moment self-
assemble into a variety of magnetic equilibrium structures
such as (flux-closure) rings and wormlike, branched dipole
chains [1,2]. The morphology of these clusters, formed in
absence of an external field, has been examined in detail,
together with a determination of pair correlation functions
and chain-length distributions [3]. In contrast, much less is
known about the structural transitions induced by an ex-
ternal (homogeneous) magnetic field for fluids of perma-
nent dipoles. Interestingly, magnetic colloids in an external
field are nevertheless frequently encountered in practical
applications [4] and biomedicine [5,6].

The structure formation and phase behavior of colloidal
systems in reduced dimensions is not necessarily equiva-
lent to that of three-dimensional (3D) systems [7–9]. In
particular, for permanent dipolar spheres confined to two
dimensions (2D) a field-induced transition to a columnar
phase with local hexagonal symmetry was predicted [10],
although a conclusive experimental real-space analysis is
still lacking. Elongated iron-particle clusters have been
imaged [1] but the irregular particle shape and the bidis-
perse size distribution obstruct the wanted single-particle
analysis. Parallel structures have also been observed for
maghemite ferrofluids dried in the presence of a homoge-
neous field [11,12]. However, we have shown elsewhere
that drying procedures may drastically change structure
morphology [2]. Moreover, dipole interactions in conven-
tional ferrofluids are in general too weak for a realistic
comparison to the purely dipolar spheres from simulations.

In this Letter, we report unequivocal real-space evidence
for the predicted columnar phase transition [10] from
in situ cryo-TEM images of monodisperse magnetic col-
loids with dominating dipolar interactions. The particle
positions are confined by a 2D film whereas the dipole

orientations can thermally fluctuate in 3D. Our imaging
results, in addition, allow to quantify positional and angu-
lar interparticle correlations showing, among other things,
a progressive distortion of the local hexagonal symmetry
for decreasing particle dipole moments.

The permanently magnetic particles in this study are
monodisperse magnetite (Fe3O4) colloids with a surfactant
shell such that the pair interaction comprises only a steep
contact repulsion and a dipolar potential x=r3, where x is
the angular dependent amplitude of two dipoles at a center-
to-center distance r. The maximal dipolar attraction for
two dipoles in head-to-tail configuration is Vmax �
��0�

2=�2�kBTd
3�, where �0 � 4�� 10�7 J A�2 m�1,

� is the magnetic dipole moment of one particle, kB is the
Boltzmann constant, T the absolute temperature, and d the
hard core diameter, including the surfactant shell. The
interaction of the dipoles with the applied magnetic field
is � � ���0H=�kBT�, where H is the external magnetic
field strength.

Two colloidal magnetite dispersions (A and B) in
Decalin were prepared following [2]. The average particle
diameter (d) according to TEM (including the 2 nm sur-
factant layer), the values for the dipolar contact attraction
Vmax, and the interaction of the particles with the magnetic
field � are listed in Table I. Cryo-TEM images of vitrified
dispersion films (thickness of 1d) prepared in a homoge-
neous magnetic field (0.2 T) were obtained for systems A
and B. To track particle positions in 2D snapshots, we used
image analysis software [13].

The arrangement of the dipolar particles in an external
field (Fig. 2) is for both systems markedly different from
the structure formation in zero field (Fig. 1) [3]. In system
A, where the dipole-dipole attractions do not exceed 4kBT,
relatively long (>60d), but rather diffuse sheets are formed
of loosely bound chains with a width in the range 1–10d,
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separated by a typical average distance of about 260 nm
(13d). A clear structural transition from loosely bound
chains to tightly packed long (>80d) columns is observed
when Vmax is increased to �9 (system B). Because of the
strong dipole-dipole interaction and the strong coupling to
the magnetic field (� � �76) linear dipolar chains are
formed that join into uniform columns with hexagonal
order and a limited number of lens-shaped voids [see
Fig. 2(b)1 and 2(b)2, open circles]. These voids likely are
kinetically arrested defects whose relaxation requires si-
multaneous displacement of many neighboring dipoles.
Furthermore, the columns all have a similar width of about
5d and are equally spaced with a characteristic distance of
330 nm (14d), manifesting a significant long-range repul-
sion between the stiff elongated sheets. Upon lowering the
particle concentration by a factor of 4, the columns later-
ally shrink to strands of about two dipole chains [see inset
Fig. 2(b)1]. The observations validate the simulation re-
sults of quasi-2D dipolar hard-sphere systems at compa-
rable interactions by Satoh et al. [14] and by Weis [10], the
latter also showing a columnar phase that exhibits hexago-
nal symmetry and a column spacing of order 10d.

Within the columns, two neighboring chains are gener-
ally shifted by �1=2�d, which is energetically favorable
[15]. For rigid aligned chains that are out of registry, the
lateral chain-chain interaction scales with the dipole-dipole
attraction and with the length of the chains [16]. In system
A, the short-range attraction between the chains is clearly
much weaker than in system B.

Thermal fluctuations [15], defective chains [17], or
chain bending in general [18] can induce variations in the
dipole moment density and, consequently, long-range cou-
pling between one-dimensional structures in colloidal dis-
persions. In system A, fluctuations in the dipole moment
density must be important, particularly in view of the initial
particle configuration in zero field (Fig. 1), which consists
of deflective chains. As the relatively short dipolar chains
in zero field easily form and break up, the induced attrac-
tions are limited. Consequently, the observed columns are
rather diffuse and have a liquidlike structure, in contrast to
the B system.

For the columns to grow in system B, they have to
adsorb neighboring chains. However, as this process ad-
vances, the columns become more rigid such that fluctua-
tion attractions vanish. Instead, the end poles of the rigid
magnetic columns cause neighboring columns to repel one
another, leading to the observed regular spacing between
the columnar aggregates, which resemble the structures
observed in MR fluids [19].

To show that these systems are indeed quasi-2D, the
field was rotated by 90� and applied perpendicular to the
film of magnetite dispersion B prior to vitrifying it.
Consequently, up to 4:5kBT of repulsion is introduced
and almost all clusters break apart, leading to a gaslike
configuration of single particles [inset of Fig. 2(b)2]. This
configuration also confirms that dipolar attractions domi-
nate the column formation in our fluids since no isotropic
clusters are observed.

To quantify the internal column structure, the coordina-
tion number probability was calculated, defining a neigh-
bor as being located within a center-to-center distance of
rc � 1:35d [Fig. 3(a)]. The distribution shows a broad
band for the A particles, whereas it clearly peaks at 4 and
6 in system B, corresponding to, respectively, outer and
inner chains in a column. For comparison, for zero-field
dipolar structures the most probable coordination number
is 2 [3], confirming the self-assembly of particles in single
linear chains (see Fig. 1). The difference between struc-
tures is even more pronounced in the nearest neighbor
angle distribution in Fig. 3(b), which quantifies the local
orientational order in the columns. For small interactions,
only moderate orientational correlation is observed in the
0� (parallel to the magnetic field) and the 180� (antiparallel
to the magnetic field) directions, manifesting the presence
of uncorrelated linear chains. The orientational order is
drastically enhanced in system B, where peaks are ob-
served at multiples of 60�, manifesting a hexagonal parti-
cle configuration. Because of the local fluctuations, the
peaks are considerably broad.

To better highlight the differences in the orientational
order at the particle length scale, we computed the local
bond-orientational order parameter  6 [9]:

  6�ri� �
1

N

XN

j�1

exp�6i��rij��; (1)

BA

FIG. 1. Typical in situ cryo-TEM images of vitrified magnetite
dispersions A and B in zero field. The surface fraction for both
systems is 0.14 [3]. In a homogeneous field a transition occurs to
equal-spaced columns as shown in Fig. 2.

TABLE I. Sample characteristics of systems A and B.

Code A B

dTEM (nm) 20:1	 2:6 24:0	 2:4
Dipole-dipole

attraction Vmax (kBT) a
�4 �9

Interaction (�) with 0.2 T
at 300 K (kBT)

�32 �76

aDetermined using the dipole moment of the particles directly
obtained from magnetization curves and the interparticle dis-
tance obtained from radial distribution [g�r�] analysis of cryo-
TEM data.
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where the summation j runs over the total number of
nearest neighbors N of a particle i. ��rij� is the angle
between the bond vector connecting particles i and j and
an arbitrary fixed reference axis. Averaging over all par-

ticles i yields the average hexagonal order parameter
hj 6ji, which is approximately 0.4 for a fluid and 1 for a
perfect 2D hexagonal crystal. In systems A and B, hj 6ji
values of 0.49 and 0.57 were obtained, respectively, indi-
cating a significant but not dramatic increase in hexagonal
order with growing dipolar attractions. To visualize these
results, the  6 values of the particles in Fig. 2(a)3 and 2(b)3
are displayed in Fig. 4 using color codes. Note that the
number of particles with  6 
 0:8 is the highest for system
B and that these particles are more frequently each other’s
neighbors, confirming significant differences in both the
local orientational order and the correlation lengths of the
particles in systems A and B.

Information on the translational correlation lengths is
obtained by calculating the radial distribution function g�r�

A B

FIG. 4 (color online). Bond-orientational order parameter  6

values for the individual particles in the corresponding images
Fig. 2(a)3 (A) and Fig. 2(b)3 (B). The color code for the  6

values is as follows: 1:0 
  6 
 0:8 (black), 0:8> 6 
 0:6
(red), 0:6> 6 
 0:4 (gray), and  6 < 0:4 (white).
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FIG. 3. (a) Histogram of the coordination number Nc proba-
bility of a particle in ferrofluid A and B. The open symbols
correspond to the probability observed in zero field (0 T) [3].
(b) Nearest neighbor angle distributions for the A particles and
the B particles.

FIG. 2 (color online). Typical in situ cryo-TEM images of magnetite dispersion A [(A1)–(A3)] and B [(B1)–(B3)], vitrified in the
presence of an in-plane homogeneous magnetic field (0.2 T). The surface fraction � is 0.25 for both systems. Open circles mark the
imaged lens-shaped voids in the magnetic sheets. The inset in panel (B1) shows the structures upon dilution by a factor 4. The inset in
panel (B2) demonstrates that orienting the field perpendicular to the film melts columns to a gas of repulsive dipoles. The inset in panel
(B3) is the 2D structure factor [S�q�] calculated for the cryo-TEM images.
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[Fig. 5(a)]. For strong interactions (Vmax � �9), the data
show peaks that manifest correlations extending over more
than 6 particles diameters. In contrast, data obtained re-
cently in zero field show only clear correlations up to 2
particle diameters [3]. The hexagonal arrangement of the
particles leads to a shift of the second peak in g�r� to

���
3
p
d.

To examine more precisely the hexagonal conformation of
the particles, the two-dimensional correlation function
g�x; y� is more appropriate. As demonstrated in Fig. 5(b),
there is no clear translational correlation in any distinct
direction in system A, since only a diffuse ring is observed
at 1d and 2d, leading to the first two peaks in the radial
distribution function g�r�. However, in systemB a distorted
hexagonal correlation pattern is observed with the first
peaks at 1:0d (parallel to the field) and at 1:1d (perpen-
dicular to the field), indicating that the interparticle dis-
tance is 10% longer perpendicular to the magnetic field,
due to fluctuations in the distance between the parallel
chains. A Fourier transform of the field-induced columns
[inset of Fig. 2(b)3] corroborates the elongated hexagonal
symmetry. Strong similarities are found with neutron scat-
tering patterns obtained on cobalt ferrofluids in 3D [20].
Our results therefore suggest that formation of 2D columns
also occurs in 3D systems.

In summary, we have demonstrated that sterically stabi-
lized nanoparticles with a sufficiently large permanent
magnetic dipole moment form columns with distorted

hexagonal symmetry in the presence of an in-plane mag-
netic field, confirming the existence of the structures pre-
dicted by 2D simulations of dipolar hard spheres. A
quantitative analysis shows a progressive distortion of
the local hexagonal symmetry for decreasing particle di-
pole moments. The regular spacing between the columns
shows that their nucleation and growth is an interplay
between short-range attraction between single dipolar
chains and long-range repulsion between the end-poles of
the columns.
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FIG. 5. (a) Radial distribution function g�r�. The curves have
been shifted vertically for clarity. The dotted line corresponds to
the peak positions observed in zero field [3]. (b) Two-
dimensional correlation function.
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