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Evolution of microstructures in magnetite-based ferrofluids with weak dipolar moments (particle
size  10 nm) is studied with an emphasis on examining the effects of particle concentration (/)
and magnetic field strength (H) on the structures. Nanoparticles are dispersed in water at three
different concentrations, / ¼ 0.15%, 0.48%, and 0.59% (w/v) [g/ml%] and exposed to uniform
magnetic fields in the range of H ¼ 0.05–0.42 T. Cryogenic transmission electron microscopy is
employed to provide in-situ observations of the field-induced assemblies in such systems. As the
magnetic field increases, the Brownian colloids are observed to form randomly distributed chains
aligned in the field direction, followed by head-to-tail chain aggregation and then lateral aggregation of chains termed as zippering. By increasing the field in low concentration samples, the number of chains increases, though their length does not change dramatically. Increasing
concentration increases the length of the linear particle assemblies in the presence of a fixed
external magnetic field. Thickening of the chains due to zippering is observed at relatively high
fields. Through a systematic variation of concentration and magnetic field strength, this study
shows that both magnetic field strength and change in concentration can strongly influence formation of microstructures even in weak dipolar systems. Additionally, the results of two commonly
used support films on electron microscopy grids, continuous carbon and holey carbon films, are
compared. Holey carbon film allows us to create local regions of high concentrations that further
assist the development of field-induced assemblies. The experimental observations provide a validation of the zippering effect and can be utilized in the development of models for thermophysiC 2015 AIP Publishing LLC.
cal properties such as thermal conductivity. V
[http://dx.doi.org/10.1063/1.4914484]
I. INTRODUCTION

Ferrofluids are colloidal dispersions of single domain
ferri-or ferro-magnetic nanoparticles (generally with the
size  10 nm) dispersed in a carrier liquid and stabilized by a
coating of surfactant. A useful feature of ferrofluids is that
the physical properties such as thermal conductivity and viscosity could be modulated by the application of external
magnetic field (MF) while retaining the fluidic nature of the
dispersions. In the absence of an external field, magnetic
moments of the individual nanoparticles are randomly oriented and show no long-range order. However, dipolar
moments tend to align with the field direction when a ferrofluid is exposed to a magnetic field.1–4
Interactions between magnetic nanoparticles when
coupled to the applied magnetic field lead to field-induced
assemblies, respectively, of the particles into 1D, 2D, or 3D
aggregates; from dipolar flexible chains5,6 to other heterogeneous structures aligned along the field.7 Formation of these
structures, in particular, ordered chains or columnar structures in ferrofluids as a result of an applied field, leads to a
change in the macroscopic properties of the medium,8,9
while thermodynamic properties such as effective heat
capacity remain unaffected by these heterogeneous structures.10 For instance, magnetization of ferrofluid increases
with the growth of chains,2,11–14 viscosity abruptly
increases,1,2,15 thermal conductivity is enhanced if the field
0021-8979/2015/117(10)/103907/9/$30.00

direction is parallel to temperature gradient,16–20 and optical
properties become strongly anisotropic.1,21–23
There are several examples of successful and prospective applications of self-assembled or field-assisted magnetic
nanoparticles from technical applications to medical ones: in
data storage, electronic devices, sensors, rotating shaft seals,
hydrostatic and hydrodynamic bearings, magnetoacoustic
transducers, vibration isolation and inertia damping systems,
thermal systems, medical diagnostics, therapy and drug
delivery, biophysical studies, and magnetic biosensing.24–31
In order to engineer field-induced structures25,32,33 in ferrofluids, it is necessary to understand the interactions between
the magnetic particles and the parameters by which the structure formation can be controlled. Our work is motivated by
the ability to control heat transport in ferrofluids by the
application of magnetic fields8,34 and the development of the
models for thermophysical properties.
For such applications, superparamagnetic particles with
weak dipolar interactions at room temperature are favorable
because the smaller particle size (1–10 nm) ensures stability
of the dispersion against sedimentation in gravitational field
as well as magnetic agglomeration in zero field.1,35
Weak dipolar interactions ensures reversibility of the
field-assisted assembly processes upon removal of the field
as thermal energy is capable of overcoming weak dipolar
interactions resulting in redistribution of the particles homogeneously throughout the medium.
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Evolution of such ferrofluids structures has been studied
both theoretically and experimentally. A number of theoretical models have been used in numerical simulations, for
instance, Monte Carlo (MC) or Brownian dynamics
method.1,36–40 A variety of experimental techniques has been
used in order to observe formation of structures. Amongst
these techniques are SEM (Scanning Electron Microscopy),
TEM (Transmission Electron Microscopy) and Cryo-TEM
(Cryogenic Electron Microscopy), Optical Microscopy,
small-angle neutron scattering (SANS),41 light scattering and
scattering dichroism, Raman spectroscopy,42 and X-ray scattering (SAXS),2,3,27,45–47 each with its advantages and disadvantages. For instance, it is argued that TEM method may
not give an accurate feature of the evolution of dipolar structures in liquid phase because during evaporation of the solvent distortions and sometimes cracks are formed by surface
tension. Additionally, evaporation of solvent in preparation
of TEM grids causes dipolar moments to become gradually
dominant while eliminating the role of the fluid, such as the
presence of Brownian motion.6
Cryo-TEM is suitable for in-situ observations of ferrofluids because it enables the imaging of particles down to
2 nm resolution. This technique was first demonstrated by
Butter et al.6 for the direct observation of dipolar chains in
iron-based ferrofluids. They showed the formation of randomly oriented linear aggregates and branched chains or networks in zero field when the particle size was increased from
2.1 6 0.3 nm to 6.9 6 1.0 nm. Formation of aligned chains
and thick elongated structures was also observed when the
samples were vitrified in magnetic field of 1.6 T. Wu et al.43
studied field-induced assemblies in 6 nm superparamagnetic
magnetite ferrofluids using cryo-TEM and demonstrated the
formation of short dipolar chains as well as flux-closure
rings. Klokkenburg and Ern44 used the technique in conjunction with complex magnetic susceptibility measurement to
correlate the macroscopically averaged behavior with the
microstructures formed in partially oxidized iron/iron oxide
ferrofluids.
The formation of microstructures in weakly dipolar ferrofluids, as influenced by the concentration of nanoparticles
/ and applied magnetic field H, has not been explored previously by the technique of cryo-TEM. In our study, these two
parameters are varied systematically and qualitative explanations are provided for the cryo-TEM observations of sub
10 nm magnetite ferrofluids based on a simple mean-field
thermodynamical analysis.
Further, different types of commonly used support films
on the Electron Microscopy (EM) grids have been examined
and the results are compared.
On a qualitative level, the set of images presented in this
study will shed light on finding an optimal procedure to engineer and control field-assisted structures into desired assemblies, while benefiting from the advantages of having weak
dipolar systems ensuring long term stability of the mediums
upon application or removal of an external field. The present
study provides not only experimental basis for developing
models for thermal conductivity and other thermophysical
properties but also experimental evidence for the zippering
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transitions in weakly dipolar ferrofluids under applied magnetic field.
II. MATERIALS AND METHODS

Surfacted magnetite particles dispersed in water were
chosen. According to TEM images, the size of magnetic nanoparticles including steric layer is 10 nm for at least 90% of
nanoparticles. The polymer shell of the particle is sodium
polyacrylic acid derivative (<1% by weight). Suspensions
and magnetite powder were purchased from Vivenano and
Sciventions. The samples with different concentrations (whose
characteristics can be found in Table I) were prepared either
by adding water to or by evaporating water and adding magnetite powder to the original samples. The samples of concentration 0.48% labeled B-1 and B-2 (see Table I) were,
respectively, made by concentrating the original sample of
0.15% purchased from Vivenano and by diluting the original
sample of 0.59% purchased from Sciventions.
Magnetic nanoparticles are coated by surfactant to
ensure long term stability of the ferrofluid. The adsorbed
polymer, sodium polyacrylate, is negatively charged at basic
pH and provides better stabilization. Although the samples
were found to be stable for months, the pH of the samples
was measured before every experiment. After dilution and
addition of magnetic powder, if the pH was found below 10,
it was adjusted by addition of NaOH solution. Additionally,
a probe sonicator was used for approximately 2 min or, in
case of bath sonicator, the samples were placed in the sonicator for 10 min. Since power levels are lower for bath sonicators, it requires more time for dispersion.
Prior to plunging, grids were cleaned in a Hydrogen/
Oxygen plasma using Gatan Solarus 950 plasma cleaner.
The plasma cleaner was operated at 50 W RF power for 20 s
to remove hydrocarbon impurities from the surface by treatment with glow-discharge plasma and render the surface
hydrophilic. For cryo-TEM samples, two different types of
300 mesh grids, continuous carbon coated copper grids
(CF300-Cu) and holey carbon film on copper grid
(Quantifoil R2/2-Cu) purchased from Electron Microscopy
Sciences and SPI supplies, respectively, were used. Grids in
magnetic field were plunged using a custom made manual
plunger. A homogenous and constant magnetic field was
generated using four axially magnetized neodymium cylindrical magnets N42-DEX2 (K&J magnetic, Inc.) with the
help of a custom built setup. The setup holds magnets and
allows the distance between poles of the magnets to be
changed in order to generate an adjustable external magnetic
field.
TABLE I. Characteristics of superparamagnetic magnetite aqueous samples:
particle diameter (nm) according to TEM, and sample concentration (/) w/
v% [g/ml%].a
Code
dTEM
Concentration

A

B-1

B-2

C

1–10
0.15

1–10
0.48

1–10
0.48

1–10
0.59

a
Particle concentration / is related to particle volume fraction u as / ¼ qu,
where q (density of bulk magnetite) ¼ 5.24 (g/cm3).
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Both the plunger and the magnet holder stand were
placed in a humidity and temperature controlled chamber
while making cryo-TEM samples. After cleaning a grid, it
was then placed parallel to the magnetic field and 4 ll of a
sample was applied onto it. In preparing the grids, noblotting method was employed to keep the particles arrangements untouched. The grid was instead left in magnetic field
for approximately 20 min in order to drain excessive water
from the sample, also allowing the microstructures to be
steadily formed. Light scattering studies show that this is
enough time to reach stable state before cryo-freezing is initiated.42 Then, the grid was immediately plunged into liquid
ethane.
The vitrified samples were stored in storage tanks of liquid nitrogen. The grid was loaded onto a Gatan 626 cryoholder and was later transferred to JEOL 2100, 200 kV
microscope, or TECNAI F20 200 kV for imaging. Images
were taken at low dose condition while varying magnification. For cryo-TEM grids in zero field, the automatic plunger
Gatan CP3 was used, but for vitrification of the grids, the
same procedure as using a manual plunger was followed.
III. RESULTS AND DISCUSSION

A series of cryo-TEM images were taken under low
dose conditions from TEM grids that were vitrified in magnetic field. Magnetic field was introduced by placing the
grids in between rare-earth magnets of known magnetization.
As the grids are much smaller than the distance over which
magnetic field is applied between the rare-earth magnets, the
applied field can be assumed to be uniform across the TEM
grids.8
As the single domain crystalline iron oxide particles
noticeably enhance image contrast as compared to both the
carrier liquid, i.e., water, and ice crystals, magnetic particles
structures can be easily visualized. Ice crystals seen on some
of the electron micrographs were found to have no effect on
the morphology of the magnetic particles assemblies.
Cryo-TEM imaging was performed under zero-field as
well as in-field conditions. Both, the field strength as well as
the particle concentration were varied systematically to
investigate the transition of field-induced structures from
homogeneously dispersed particles mixed with dipolar short
chains in zero field to other heterogeneous structures in the
presence of applied field. In the following discussion, we
present the results of our observations of zero-field and infield structures, followed by the observation of columnar
structures in high field and the influence of supporting films
on the in-field structures.

J. Appl. Phys. 117, 103907 (2015)

superparamagnetic particles (known size and material) in the
absence of a magnetic field, dipolar energy is strongly distance dependant; in small separations it scales with r 3
whereas for larger separations it decays with r6 , where r is
the distance between the particles.1 The dipole-dipole energy
is characterized by the magnitude of the energy when the
two particles are in contact, that is ðm2 =16pl0 a3 Þ. Coupling
constant coefficient, k ¼ ðm2 =32pl0 a3 kB TÞ, is a dimensionless parameter that gives a measure of dipolar contact energy
in comparison to thermal energy kBT.1 m, l0, a, kB, and T are
magnetic moment of particles, permeability of free space,
particle’s radius, Boltzmann’s constant, and temperature,
respectively. Magnetic moment of a particle is m ¼ l0MdVp,
where Md and Vp are, respectively, domain magnetization
and volume of a particle.
Without an external field when k > 1, equivalently when
the characteristic dipole energy exceeds 2kBT, self-assembly
of particles is expected. In a surfactant-stabilized ferrofluid
with small k, thermal energy balances the weak dipolar interactions, thus the medium can be treated as a homogenous
colloid whose particles are dispersed spatially random in the
liquid.2,3 If steric layer is taken into account physically relevant quantity is k ¼ ðdm =dh Þ3 k, where dm is the magnetic
core diameter and dh is diameter of particle including steric
layer.2 For a typical ferrofluid, steric layer is about 2–4 nm
that gives a smaller value for k than k by a factor of 2–3.
If k  1 because of magnetic particles with larger bulk
saturation magnetization, or having lager particles, or having
a low temperature, thermal energy is not capable of overcoming dipolar interactions, therefore the fluid develops
microstructures in zero field such as a pair of particles, rings,
worm-like short chains, and flux closure rings.
Mean number of particles in the chain at zero field
 can
be theoretically calculated as n0 ¼ ½1  23 u=k3 e2k 1 ,
where u is volume fraction of particles.1
In a weak dipolar system of magnetite (Fe3O4) based
ferrofluid, with particles of 10 nm in size (a ¼ 5 nm),
Md ¼ 446 (kA/m) in contact, and u ¼ 0:05, n0 equals to 1.26
at room temperature which implies for dilute suspensions of
monodisperse magnetite particles with size <10 nm, a little
clustering or agglomeration is expected.1 The magnitude of
characteristic dipolar interaction energy for this system is
2.63kBT that is not strong enough to induce development of
zero-field self-assembled structures.
Cryo-TEM image of zero-field sample verifies random
dispersion of particles mixed with some aggregates (see page
19, Ref. 8).
B. Field-induced structures

A. Zero-field structures

The morphology of zero field equilibrium structures has
been theoretically studied and examined by many experimental observations in details.2,5,6,11
Dipolar energy between the two particles depends on
not only magnetic moment of the particles (material properties, particle size or taking into account size distribution of
the particles, i.e., polydispersity) but also distances between
the particles (concentration /). It was shown25 that for given

Morphologies of the field-assisted structures have been
studied theoretically and experimentally.2,3,11,36–39,45,48
There are many factors that influence the morphologies
of field-induced microstructures such as dipolar strength,
magnetic field orientation and strength, thickness of the sample, polydispersity, concentration of the particles, and temperature. In a qualitative view, the morphology of the
structures depends on particle-particle interactions characterized by k, as well as particle-field interactions characterized
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by a where a ¼ mH/kBT, known as energy ratio or Langevin
parameter and H is magnetic field strength. In practice, when
the characteristic dipole energy falls within the range of
2kBT to 8kBT, the structures can be assembled and disassembled through the application or removal of an external
field, although the interactions are still weak to induce selfassembled structures.25
When a magnetic field is in place, polarization of the
ferrofluid takes place and fluctuating dipole moments of individual nanoparticles get aligned in the field direction. The
particle-field interactions become strong enough to overcome
the thermal energy when a > 1. Under such conditions, the
dipole-dipole interactions are also intensified due to preferential alignments of the individual dipoles, resulting in the
formation of field-induced structures such as chains and
columns.
Both concentration and coupling to the magnetic field
are responsible for the transition from dipolar short chains to
columnar ordering, and to the thick bundles both of which
are discussed in the two separate sections. The columnar
structures and the comparison between the two types of the
grids will also be addressed subsequently.

J. Appl. Phys. 117, 103907 (2015)

respectively. Several longer chains can be observed in the
inset 3 of Fig. 1 than in 5, and than in 7. However, the geometrical non-linearity of the chains indicates that magnetic
field is not strong enough to completely align particles’
moments in a head-to-tail bond and they fluctuate within the
particles. These findings are similar to the results described
in theory and simulations.11
Figure 2 demonstrates a qualitative relationship between
increase in magnetization of each sample as field increases,
with the growth of the chains in them. It is seen that none of
the samples are saturated at the 515 gauss magnetic field
strength. Therefore, chains are not perfectly straight (see the
top row of Fig. 1). In the second row, the magnetic field
strength is strong enough to bring the sample of 0.15% close
to saturation state, while the other two samples are still
showing more capacity to increase magnetization. This
implies that for the sample of 0.15% increase in length of the
chains is not anticipated but their geometric linearity and
perhaps thickness (see Fig. 3) should increase. Whereas for
the other two samples chains not only can become longer but
can also become straighter or thicker. The third row of Fig. 1
shows increase in number, length, and thickness of the
chains as results of increasing the concentration.

1. Effects of concentration in a known magnetic field

For a ferrofluid with low concentration, the two parameters, concentration and coupling constant coefficient, can be
combined into the Langevin initial susceptibility vi ¼ 8uk.
For weakly dipolar systems (small k), the initial susceptibility increases linearly with the particle volume fraction ðuÞ.
In a given ferrofluid with weak dipolar interactions, the development of field-assisted structures by varying concentration can be related to the dependency of the initial
susceptibility on concentration.
Increasing concentration results in increasing initial susceptibility and saturation magnetization of the sample due to
the formation and development of microstructures.14 The
process can be described that higher concentration hinders
both the thermal diffusion of the particles and intensify
particle-particle interactions, because there will be less accessible sites for the particles to move freely. Also, it brings
the particles close enough to each other giving them an opportunity to interact with their magnetic moments.
Higher concentration in this scenario simply means
there exist greater fraction of short dipolar chains. As mentioned earlier, one trend in field-induced assemblies is the
alignment of the previously formed zero-field structures in
magnetic field. Therefore, the switch to longer chains will
occur with increase in concentration which was demonstrated in simulation as well.38 Also, in an appropriately high
concentration chains become thicker as they adsorb neighboring structures. In an agreement with simulation,39 thicker
chains are seen in higher concentrations though the field
strength is the same (follow the trend in the insets of Fig. 1
at each row, from left to right). The insets on the top row in
Fig. 1, show increase in concentration from the left to the
right in a relatively weak magnetic field of 515 gauss
(51.5 mT). This set can be compared with the sets in second
and third rows with magnetic fields of 0.2 and 0.42 T,

2. Effects of magnetic field on a sample with known
concentration

It is known that external magnetic field causes an
increase in the effective attraction of dipole particles.13
Upon applying magnetic field to a sample, dipolar moments
tend to align themselves towards the field direction. As a
result, short chains that are either already formed in the sample or are being formed due to the intensification of the dipolar moments in response to the magnetic field will be
oriented toward the field. The chains may not be long in low
concentrations, and are loose (i.e., are easier to break) and
flexible (i.e., geometrically non-linear) because of fluctuation
of the moments of the individual particles within the chains.
The fluctuation occurs either by Brownian rotation or Neel
rotation when external field is weak. The magnetic moments
of the particles become co-directed with the rise in magnetic
field which decreases fluctuation in the chains. Thus, the
transition of linear flexible dipolar chains to rigid rod-like
(head-to-tail bond) structures (see Fig. 1, columnar order
insets) occurs. The flexibility of the chains corresponds to
the degree of alignment of magnetic moments within the particles in the chain. Magnetic moments become completely
aligned with the magnetic field as the sample approaches saturation status.
Relative position of the chains is found either staggered
or parallel as predicted by simulation.36,38 Connection of the
staggered short chains forms longer linear strips, while
chain-chain interaction is responsible for the formation of
thicker chains. The columns appear thicker in the inset 8 of
Fig. 1 compared to the inset 9 which seems to be attributed
to the thickness of the film on the grid. With increasing magnetic field, more short chains become connected and adsorb
neighboring small structures, and more isolated particles
form dipolar chains. The tendency of short structures to
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FIG. 1. Cryo-TEM images of magnetite nanoparticles in water, mean diameter of 10 nm including 2 nm thickness of coating layer (1) / ¼ 0.15% (w/v),
MF ¼ 0.05 T; (2) / ¼ 0.15% (w/v), MF ¼ 0.20 T; (3) / ¼ 0.15% (w/v), MF ¼ 0.42 T; (4) / ¼ 0.48% (w/v) sample B-2, MF ¼ 0.05 T; (5) / ¼ 0.48% (w/v) sample B-1, MF ¼ 0.20 T; (6) / ¼ 0.48% (w/v) sample B-1, MF ¼ 0.42 T; (7) / ¼ 0.59% (w/v), MF ¼ 0.05 T; (8) / ¼ 0.59% (w/v), MF ¼ 0.2 T; (9) / ¼ 0.59% (w/
v), MF ¼ 0.42 T. White arrows indicate the field direction. Circled regions indicate the microstructures. The scale bars are in 5 lm.

travel towards longer clusters due to magnetic attraction
results in the growth of the strips (see Fig. 4). Lengthening
of a stripe as a result of the connection between two clusters
is illustrated in Fig. 5.
The growth of the small chains due to the connection of
dipolar short structures decreases as the sample’s magnetization approaches the saturation. Instead, the growth of the columns increases at the magnetic field strength close to the
corresponding saturation value. Due to the end poles repulsion of the rigid columns, columnar structures are expected
to be regularly separated.48 To have evenly spaced columns,
end pole dipole moments are important which varies with
particle size. As opposed to the general theoretical assumption of neglecting polydispersity, the nanoparticle size distribution is not exactly monodisperse in practice. Therefore,
the columnar distances are not uniform as predicted in

theory. It is also possible that thermal fluctuations during
sample preparation distort the columnar shapes, more so at
low magnetic fields.
C. Columnar structures

Once formed under the influence of an external magnetic field, the dipolar chains can undergo further aggregations processes. If the chains are aligned with their dipole
moments along the same line, these interactions are always
attractive and result in further increase in chain length due
to head-to-tail aggregation. However, if the two chains
interact with one-another in a lateral direction, these interactions can be either attractive or repulsive. When the lateral
interactions cause coalescence of the chains resulting in
hexagonally packed bundles, the transition is known as
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FIG. 2. Magnetization of the samples in magnetic field. Images give a qualitative demonstration of magnetization properties of each sample with the formation
of chains. In low magnetic field, chains are flexible and become stiff near the saturation state.

zippering of the chains. In weakly dipolar systems, zippering occurs due to thermal-fluctuation-induced interactions
between neighboring dipolar chains as explained by Martin
et al.49 through a modified Hasley-Toor model.50,51
Accordingly, the lateral interaction energy per unit chain
1=2 5=2

a
length is given by U  ðm=aÞ hH 2 i1=2  vHðl0 kBqTÞ
,
2
42
where q is the separation between the chains. Compared
to the head-to-tail aggregation, the process of zippering

occurs over a larger timescale and is observed only at sufficiently high field strengths where the interaction energy U,
overcomes the potential energy barrier for lateral aggregation of the chains. Once formed, the zipped-superstructures
are stabilized by the van der Waals interactions between the
magnetic particles.52
To highlight the structure of the columns, series of
images with higher magnification were taken. The insets of
the image 6 give a closer look into the internal structures of
the strips and columns. It also shows the existence of isolated
particles and short strings in the space between columnar
structures. Circular voids that were seen in simulations39
within the columns can also be observed in the insets b and c
of Fig. 6, which are attributed to the kinetically arrested
defects whose relaxation requires simultaneous displacement
of many neighboring dipoles.48 Similar voids and flexibility
of the chains can be seen at the end of the chains on Figs. 4
and 5. These occur where short chains come to a connection
and can be explained that magnetic field is not strong enough
yet to make the flexible chains rigid rod-like. It is also
reported that field strengthening leads to weakening of the
internal chain fluctuations which causes the chains to exhibit
rigid rod-like behavior.12
D. Comparison of support films

FIG. 3. Cryogenic image of the nearly saturated sample of 0.15% at 0.42 T
showing thickening of the chains and variability of the thicknesses, voids
can be seen within the chains.

Images that were discussed in Secs. III A–III C, were
taken from samples prepared on continuous carbon film on
copper grid (CF300-Cu). They can be compared with the
images shown in Fig. 7 taken from the vitrified samples
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FIG. 4. Cryo-TEM images of sample
of 0.15% at 0.2 T in higher magnification, showing the tendency of shorter
chains to travel toward the larger structure, also the arrested void within the
chains. The scale bars are in 500 nm.

FIG. 5. Cryo-TEM images of ferrofluid of 0.15% at 0.2 T showing two
elongated flexible clusters become
connected, voids can be seen at the
tails of the microstructures (right). The
scale bars from the left to the right are
in 500 nm and 300 nm, respectively.

FIG. 6. Cryo-TEM images of ferrofluid 0.48% at 0.20 T magnetic field, the insets are the higher magnification images of the marked areas on the images. The
scale bar in a is 1000 nm, in b is 300 nm, in c is 250 nm, and in d is 500 nm. Images were lightly processed to enhance the contrast and to reduce background
noises.

prepared on holey carbon coated copper grids (Quantifoil
R2/2-Cu).
The migration of magnetic particles towards the edges
of the holes due to the surface tension creates locally higher
concentrated regions around the holes than elsewhere on the
film.8 For the same concentration and comparable magnetic
field, columnar structures are longer and straighter on holey

carbon film compared to continuous carbon film. Migration
of the particles around the circumferences of the holes
because of the surface tension creates the regions of highconcentration in the sample. This results in increasing interaction between particles and intensifying the effect of dipolar
moments, which facilitate the transition process from chains
to columns. The same argument can be applied in order to
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FIG. 7. Cryo-TEM images of ferrofluids (left) 0.48% at 0.2 T magnetic
field showing enhancement in the formation of parallel strips because of the
high-concentration regions around the
holes, (right) of 0.48% ferrofluid sample nearly saturated at 0.37 T magnetic
field showing enhancement in formation of elongated parallel strips on
holey carbon coated grid.

describe the ordering of the particles in a relatively strong
magnetic field of 0.37 T (see Fig. 7, right).
For the purpose of comparison, bare copper grids and
custom made copper grids with carbon/formvar support film
were also examined (see the images in Ref. 8). The bare
grids did not hold the sample. The support film of carbon/
formvar was found to be sensitive either to the sudden temperature change during plunge freezing or to the irradiation
by electron beam. The bent coating resulted in the deformation of the microstructures.
IV. CONCLUSIONS

Cryo-TEM observations of weakly dipolar ferrofluids
are performed to investigate the effects of concentration and
field strength on the nature of field-induced assemblies. As
these parameters are systematically varied transitions from
randomly dispersed particles to linear assemblies and zippering of the linear chains are observed.
Because of the weak dipolar interactions between the
particles dipolar chains are scarce in zero field at all the concentrations studied. Increase in concentration of nanoparticles resulted in an increase in number of flexible
(geometrically non-linear) chains in a weak magnetic field.
In the low concentrated sample, because of the weak contact
energy between particles, longer chains can be easily broken
into smaller structures by thermal fluctuation. Therefore, the
increment of increase of the average size of chains with magnetic field strength is small. Chains became straight and were
transformed to the columnar structures in a strong magnetic
field where the samples are saturated. At high magnetic field
when ferrofluid is approaching the saturation point, parallel
chains were lengthened across the mesh on the grid.
The columnar structures are also studied. It is observed
that the tendency of the shorter structures to travel toward
the larger ones at high magnetic field resulted in the lengthening of the chains. Zippering of the chains, i.e., thickening
of the chains due to the lateral interactions between the staggered structures are also observed.
Through a comparison between the images of the infield ferrofluids on two commonly used support films on EM
grids: continuous carbon and holey carbon films, it was
found that creation of locally concentrated regions around

the holes on holey carbon film further assists development of
the field-induced assemblies.
The comprehensive observation of the relatively low
concentrated samples, which has not been systematically
studied to the best of our knowledge, provides a qualitative
basis for the field-induced assemblies under the influence of
various fields and concentrations. The field-induced assemblies in weak dipolar systems could be successfully tuned by
the two stimuli suggesting them as the tools that can be used
in controlling and engineering the assemblies into the desired
structures. The experimental observations can help in understanding the thermophysical properties of ferrofluids subjected to magnetic fields and in developing models for
predicting properties such as thermal conductivity.
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