Eur. Phys. J. E 28, 113–123 (2009)
DOI 10.1140/epje/i2008-10414-4

THE EUROPEAN
PHYSICAL JOURNAL E

Regular Article

Measuring colloidal forces with the magnetic chaining technique
R. Dreyfus1,a , D. Lacoste2 , J. Bibette3 , and J. Baudry3
1
2
3

Center for Soft Matter Research, 4 Washington Place, New York University, New York, 10003 NY, USA
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Abstract. In 1994 Leal Calderon et al. (Phys. Rev. Lett. 72, 2959 (1994)) introduced the magnetic chaining
technique to directly probe the force-distance proﬁle between colloidal particles. In this paper, we revisit
this approach in two ways. First, we describe a new experimental design which allows us to utilize sample
volumes as low as a few microliters, involving femtomoles of surface active macromolecules. Secondly,
we extensively describe the characterization and preparation of the magnetic colloids, and we give a
quantitative evaluation of performance and resolution of the technique in terms of force and interparticle
separation.
PACS. 82.70.Dd Colloids – 47.57.J- Colloidal systems – 87.61.Ff Instrumentation – 81.16.Dn Self-assembly

1 Introduction
Surface forces have been extensively characterized by several techniques. The most common ones are total internal
reﬂection microscopy (TIRM) [1], surface force apparatus
(SFA) [2], atomic-force microscopy (AFM) [3], thin-ﬁlm
balance (TFB) [4], and optical or magnetic tweezers (OT
or MT) [5–7]. TIRM, SFA, MT and AFM are used to measure forces between two macroscopic surfaces or between
a macroscopic surface and a mesoscopic surface, e.g. a
colloid. OT is a powerful tool for characterizing colloidcolloid interactions, but it is mostly restricted to micrometer scale particles and mainly to long-range interactions.
In this paper, we present a detailed description of
another method termed magnetic chaining technique
(MCT), which was introduced in 1994 [8]. Similar to
OT, MCT was adapted to the measurements of interparticle forces provided that the colloids are magnetic
and relatively small, i.e. ≈ 200 nm in diameter. The
experimental setup is remarkably versatile, inexpensive
to build, and easy to use. The technique is based on
the diﬀraction of light by chains of magnetic particles
responding to an applied magnetic ﬁeld. It allows the
measurement of very small interaction energies per unit
area, and interparticle forces as small as 10−13 N. Moreover, the force proﬁle measurement is based on averaging over an extremely large number of particles, in
contrast to the techniques cited above. MCT has been
a

e-mail: dreyfus@nyu.edu

shown to be very powerful in its ability to measure shortrange interactions such as screened electrostatic forces [8],
steric forces [9–11], electro-steric forces under polymersurfactant interaction [12–14] and has been applied more
recently to the characterization of small biomolecules such
as short DNA [15,16] or proteins [17–19], and to the assembly of magnetic elastic chains [15,18,20]. Primarily,
MCT was designed to measure repulsive forces, but it
could also be used to measure attractive forces such as
depletion forces [21] or the spring constant of extended
DNA [15]. This paper is organized as follows: after a presentation of the technique, we describe how to accurately
design an apparatus as well as to prepare the magnetic
particles. Our contribution concludes with a performance
evaluation of MCT.

2 Presentation: principle of the technique
2.1 Interparticle distance measurements and Bragg
diﬀraction
MCT was invented in 1994 by Leal Calderon et al. [8], and
demonstrated using a monodisperse magnetic emulsion.
The emulsion consisted of ferroﬂuid droplets, obtained using a fractional crystallization technique [22]. The particle
radius, a, was approximately 100 nm. These droplets are
superparamagnetic: when no magnetic ﬁeld is applied, the
magnetic moments in the iron oxide grains are randomly
oriented. Thus, the particles have no global magnetization
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Fig. 1. Videomicroscopy picture of chains of magnetic particles
in an external magnetic ﬁeld (B = 10 mT). Particles have here
a radius a of 525 nm, allowing an easier visualization. Under a
magnetic ﬁeld, magnetic particles get magnetized and align in
the direction of the applied ﬁeld.

Increasing magnetic field

Increasing magnetic field
Fig. 2. (Colour online) Change of colors of a solution of magnetic particles. When the magnetic ﬁeld increases, the interparticle distance decreases, the wavelength diﬀracted by the
chains of particles decreases: the color of the sample changes
from red to blue. Ademtech Company.

and they exhibit a Brownian motion. When an external
magnetic ﬁeld is applied, the particles become magnetized
and interact, forming chains in the direction of the magnetic ﬁeld (Fig. 1) in order to minimize their interaction
energy. In the presence of the applied ﬁeld, white-light illumination reveals the sample’s beautiful iridescent colors.
As the ﬁeld strength is increased, the sample color changes
from red to blue (Fig. 2). This phenomenon can be explained as follows. Because the particle size is of the order
of the wavelength of the visible light, and since the particles are monodisperse, each ﬁlament suspended in solution
forms a lattice that diﬀracts light in the visible range. The
scattered light from each particle in the chain thus interferes constructively as shown in Figure 3. The diﬀracted
wavelength is related to the distance d between the parti-

Fig. 3. (Colour online) Light diﬀracted by a chain of colloids.
Each particle scatters the incident light. For a given direction
θ, each scattered wave interferes constructively, giving rise to
a colored sample.

cles in a chain by the well-known Bragg’s law:
d=

kλ
.
n(1 + cos(θ))

(1)

Here, k is an integer, λ the wavelength of the incident light
in vacuum, n the refractive index of the medium and θ is
the angle between the direction of the incident light and
the diﬀracted light as shown in Figure 3. When the applied
magnetic ﬁeld is increased, the attractive magnetic force
increases, thereby decreasing the interparticle distance d.
According to equation (1), the diﬀracted wavelength λ
must decrease too; thus, the color of the sample changes
from red to blue when the magnetic ﬁeld is increased. The
magnetic chaining technique we describe is based on this
simple observation.
The interparticle distance d is directly deduced from
the measurement of λ with a spectrometer. The distance
d results from mechanical equilibrium between the attractive forces and the repulsive forces: the attractive forces
include but are not limited to the magnetic dipolar forces
Fatt
mag , that depend on d and on the applied magnetic ﬁeld
Be , and the short-range van der Waals forces Fatt
vdW . The
repulsive force Frep can have various origins; for example
it can be electrostatic if the particle surfaces are charged,
or steric if a polymer is adsorbed at the surfaces, or both.
At mechanical equilibrium:
att
Frep (d) = Fatt
mag (d, Be ) + FvdW (d).

(2)

If the amplitude of the magnetic ﬁeld is increased, the
attractive magnetic force increases so that d decreases. By
applying equation (2), one can calculate the magnitude of
the repulsive colloidal forces Frep for diﬀerent values of
d and reconstruct the repulsive force proﬁle. In order to
perform this calculation, the attractive forces must also
be calculated.
2.2 Magnetic interaction within a chain
Knowing the particle separation distance and the external
applied magnetic ﬁeld, the magnetic force is calculated using a model developed by Zhang et al. [23]. In this model,
a chain of inﬁnite length is considered. The magnetic dipolar force exerted by particle 1 on particle 2 of the same
magnetization m is
F2→1 =

3μ0 m2
er ,
2πd4

(3)
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att
Fmag

+∞


3μ0 m2
3μ0 m2
=
n
=
ζ(3)
,
2π(nd)4
2πd4
n=1

(4)

Since the attractive force depends on the magnetization of a particle within the chain, the local magnetic ﬁeld
B must be calculated. The ﬁeld induced by a magnetic
particle of magnetization m is
μ0 2m cos θ
μ0 m sin θ
=
er +
eθ .
4π
d3
4π d3

The total local ﬁeld at the location of particle i is
 j→i
μ0 m
Bdip = Be + ζ(3) 3 er
B = Be +
πd

-2
-4
-6
-8
-10
0

where ζ(3) is the Riemann zeta-function evaluated at
p = 3:
+∞

1
≈ 1.202.
(5)
ζ(3) =
3
n
n=1

Bdip
1→2

0

Force (pN)

where μ0 is the vacuum magnetic permeability and d
is the distance between two particles. Particles form a
1-dimensional inﬁnite crystal of lattice constant d, and
the total force exerted by all the beads on a given link in
the chain can be calculated as follows. We consider pairs
of beads separated by a distance nd, and enclosing a given
link in the chain. Each pair exerts on the given link compressive forces given by equation (2) with d replaced by
nd. There are n pairs of this kind enclosing a given link,
hence the total force is

(6)

(7)
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Fig. 4. Attractive forces as a function of the surface-to-suface
distance between two colloids. Squares: magnetic force, disks:
van der Waals force, solid black line: resultant of the attractive
forces.

theory [24]. The integrated van der Waals force between
two spheres is obtained assuming the Derjaguin approximation ( ad  1):
att
(d) =
FvdW

Ha
12(d − 2a)2

with Hamaker constant H given as
2

3
p − w
3hp νe (n2p − n2w )2
H = kb T
+ √
3 ,
4
p − w
16 2 (n2p + n2w ) 2

(11)

(12)

j=i

Indeed, these particles have a very high magnetic susceptibility, so we have to take into account the ﬁeld-induced
by neighboring particles. For paramagnetic materials, the
magnetization m depends linearly on the local ﬁeld B:
m=

B
4
χπa3
,
3
μ0

(8)

where χ is the magnetic susceptibility of a particle. The
expression of the magnetization is derived by combining
equations (7) and (8):
m=

4πa3 χBe
.
4

χζ(3)a3 
3μ0 1 − 3 d3

(9)

This calculation shows that the magnetization of a particle
inside a chain is 20% higher than that of a single particle
in a ﬁeld Be . This chaining eﬀect must therefore be taken
att
of
into account in order to calculate the magnitude Fmag
the attractive force, which is ﬁnally given by
att
(d) =
Fmag

2

3ζ(3)μ0 m
,
2πd4

3

m=

4πa χBe
. (10)
4

χζ(3)a3 
3μ0 1 − 3 d3

2.3 van der Waals force
The other contribution to the attractive forces is the van
der Waals force. Its expression results from the Lifshitz

where p and w are the real part of the dielectric constant of particles and water, np and nw are the refractive
indexes of particles and water, hp is Planck’s constant and
νe is the plasma frequency of an electron gas. The range of
van der Walls forces is short enough that we only consider
the forces due to the nearest particles. Figure 4 shows the
attractive magnetic and van der Waals forces as a function
of the surface-to-surface distance h (h = d − 2a) between
the colloids. Typical values of radius a = 100 nm, susceptibility χ = 1, and Hamaker constant H = 10−20 J are
taken in order to calculate the forces. As expected, van der
Waals forces are dominant at short distance and become
negligible for h > 20 nm. The magnetic chaining technique
is precise enough to measure separation distances as small
as 5 nm and for such a range, van der Waals forces cannot
be neglected. Therefore, these forces will be taken into
account in order to measure the repulsive forces between
colloids.
2.4 Example of electrostatic repulsion
The ﬁrst experimental measurement of electrostatic interaction between colloidal particles was performed using
this technique [8], followed by experiments performed using optical tweezers [5,25]. Here, we present an equivalent
measurement performed with our setup. The magnetic
particles were washed three times in a 2-(N-morpholino)
ethanesulfonic acid buﬀer (MES buﬀer), pH = 7, with
three diﬀerent ionic strengths (2 mM, 5 mM, 10 mM) set
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by adding sodium chloride (NaCl) to the buﬀer. The three
data sets are shown in Figure 5. At these ionic strengths,
the range of the electrostatic forces is short enough that
we only consider the forces due to the nearest particles.
Therefore, we ﬁtted our data using the law predicted for
the electrostatic force proﬁles assuming a constant potential boundary condition [8]:
Fel = 2πφ20 aκ

exp(−κ(d − 2a))
,
1 + exp(−κ(d − 2a))

(13)

where  is the dielectric permittivity of the suspending
medium, φ0 is the electric surface potential and κ the
inverse Debye length. This expression is valid for a thin
double layer, i.e. κa  1, and for particles having a low
uniform charge density or low uniform surface potential,
eφ0
kB T  1, where e is the fundamental charge, kB the
Boltzman constant and T the temperature. Only the surface potential φ0 is used as a ﬁtting parameter. These ﬁts
show excellent agreements between the experimental data
points and the theoretical predictions. So far we have introduced the technique using previously published models
and results. We now present our new apparatus, and describe how to use it. As the technique is based on the use
of superparamagnetic particles, we describe in some detail how to adapt and characterize commercial particles,
so they can be used for force measurement. Finally we
investigate the performance of this new setup, and more
generally the validity of the assumptions made for the distance and force calculations.

2mM
5mM
10mM

Force (pN)
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Fig. 5. (Colour online) Measured force-distance proﬁles of
electrostatic forces for three diﬀerent ionic strengths 2 mM
(black squares), 5 mM (blue diamonds), 10 mM (red disks).
The solid lines are obtained by ﬁtting the experimental points
using equation (13) with the surface potential φ0 as a single adjustable parameter. 2 mM: φ0 = −32 mV, 5 mM: φ0 = −36 mV,
10 mM: φ0 = −41 mV.
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3 Design of a new apparatus
3.1 Experimental setup
The diﬀerent parts of the setup are presented in Figure 6.
Our main motivation was to reduce the amount of particles needed for a measurement, which is important for
application to biological objects. In addition, we wanted
to improve the resolution in distance measurements, and
to characterize this resolution. Each experimental component was chosen with these constraints in mind. The
sample cells we use are made of two square pieces of glass
separated by two nylon wires of 100 μm in diameter. Such
cells allow us to use a very small volume of liquid containing particles (40 μL). They are especially designed so
that they are suﬃciently large to be exposed to the whole
incident light. Since the colloids are aligned in a magnetic
ﬁeld, it is important to design a coil that generates a sufﬁciently high magnetic ﬁeld, and such that the diameter
of the coil is large enough to impose a homogeneous magnetic ﬁeld on the sample. For that purpose the following
coil was designed: the internal diameter is 9 cm and the
outer diameter is 28 cm. The coil is 11.6 cm in width. The
copper wire has a 2 mm diameter, its length is 1000 m. The
coil is cooled with a water circulation bath, its electrical
resistance is 5.4 Ω. The magnetic ﬁeld is directly proportional to the current ﬂowing inside the coil, the maximum
intensity and voltage the generator is able to deliver are

Camera +Spectrometer

Coil
Sample holder

Fig. 6. Scheme of the experimental setup. The generator and
the camera are computer controlled. The light is emitted and
collected through optical ﬁbers.

18 A and 60 V. A special sample holder is designed to ﬁt
inside the coil. With such a coil, the magnetic ﬁeld can
vary between 0 and 100 mT which is the range of interest for our experiments. The illumination of the sample
is due to a 75 W xenon vapor lamp of power (Oriel). The
light is guided through a bundle of optical ﬁbers, with a
diameter of 1.6 mm and an acceptance cone of 31◦ . The
end of the ﬁber is located at the focal point of a lens
(focal f = 19 mm, diameter d = 11 mm). The light emerging from the lens is parallel and illuminates the sample
located at 12 cm. The setup is designed such that the incident light is perpendicular to the sample inside the coil.
The scattered light is collected into a second ﬁber of diameter d = 0.6 mm and acceptance cone 22◦ , located at the
focal point of a convergent lens (d = 11 mm, f = 19 mm)
located at 14.4 cm from the sample. The ﬁber passes into a
spectrometer in which an optical grating of 400 lines/mm
of blaze wavelength 500 nm is located. The diﬀerent wavelengths of the light are reﬂected, separated and sent to a
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be described quantitatively as follows: The light which is
scattered by the suspension is proportional to the scattering cross-section dσ/dΩ, for an incident wave vector k and
an outgoing wave vector k . In the case of a monodisperse
suspension of N identical particles which act as independent scatterers, this cross-section can be written as

25mT 20mT

8 40mT

15mT

5

Intensity (x10 au)

10

6

dσ
= N P (q)S(q),
dΩ

4
2
0
400

0mT
500

600 700
λ (nm)

117

800

Fig. 7. (Colour online) Spectra of light scattered by magnetic
particles under magnetic ﬁelds of diﬀerent intensities, 0 mT
(purple), 15 mT (black), 20 mT (blue), 25 mT (red) and 40 mT
(green). A clear shift towards lower wavelength is observed due
to the decreasing interparticle distance.

Ropper Scientiﬁc Back Illuminated Camera whose CCD
contains 1340 × 100 pixels. The CCD pixels are sensitive
in the visible spectrum, between 350 and 800 nm. This
feature of the CCD actually determines the choice of the
angle between the emitting ﬁber and the collecting ﬁber.
Indeed, for particles of 180 nm in diameter, according to
equation (1), the diﬀracted wavelength is located in the
visible spectrum only if 60◦ > θ > 0◦ . Moreover, the uncertainty Δd on the measurement of the distance is related
Δλ
. To reto the uncertainty Δλ through Δd = n(1+cos(θ))
duce this cause of uncertainty as much as possible, it is
better to set a conﬁguration where θ is as small as possible.
It is also important to have θ high enough not to collect
the light that is directly reﬂected on the glass of the sample. That is the reason why we choose θ = 17◦ . The entire
setup is computer controlled. The current generator and
the camera are controlled using Labview software.

3.2 Analysis of the spectrum of the scattered light
intensity
Typical measured signals are shown in Figure 7 for a volume fraction φv = 3 · 10−3 %, corresponding to a bead
concentration of C = 16 · 10−12 mol/L. The purple curve
is the spectrum obtained from samples containing magnetic particles in the absence of any applied magnetic
ﬁeld. When a magnetic ﬁeld is applied, a peak in the light
scattered intensity appears in the spectrum (red curve,
Fig. 7). When the magnetic ﬁeld is further increased, the
position of the peak shifts towards smaller wavelengths.
This is in agreement with the fact that the distance between the particle in chains decreases when the strength
of the magnetic attraction increases. These observations
conﬁrm that the peak is due to the diﬀraction of light by
the magnetic chains suspended in solution. This eﬀect can

(14)

where q = k − k is the momentum transfer of the light,
P (q) is the form factor, and S(q) is the structure factor.
The form factor depends on the shape of the particles but
not on their concentration whereas the structure factor
depends on the concentration and on the spatial organization of the particles. The structure factor is generally
deﬁned as [26]
SN (q) =

N N
1   iq·(ri −rj )
e
,
N i=1 j=1

(15)

where ri are the positions of the scattering particles. In
the geometry appropriate to the experiments discussed
here, q = |q · z| = 2πn(1 + cos θ)/λ, where z is the axis
of the chain, n = nw is the refractive index of the continuous phase (here water), λ is the wavelength of light in
vacuum, and θ is deﬁned in Figure 3. Since the variation
of the form factor is smooth in the range of wave vectors
used in the experiments, the peak which is observed in the
scattered light at a speciﬁc wavelength can be attributed
to the shape of the structure factor. When the magnetic
ﬁeld is turned on, the chain starts to form, and as a result
a peak in the structure factor appears at a wave vector
corresponding to the inverse of the lattice spacing of the
chain. It is well known that no true long-range order exists
in one-dimensional condensed systems (a consequence of
the Mermin Wagner theorem [26]). It is less well known
that this result only applies to systems of large size (i.e.
in the thermodynamic limit). In the present situation, the
system size is very small (typically 10 to 20 particles),
so in this case the particle positions are not very diﬀerent
from what they would be if there were no thermal ﬂuctuations. This can be justiﬁed by looking more precisely at the
width of the Bragg peak, and comparing contributions to
this width due to ﬁnite size eﬀects and that due to thermal
ﬂuctuations. We give a simple estimate below that shows
that for such small system sizes the contribution of thermal ﬂuctuations is negligible, as we have also checked by
studying more complicated models for the structure factor incorporating both eﬀects. In view of this, we ignore
below the ﬂuctuations of the particles about their equilibrium position in the modeling of the structure factor, and
we describe the chain as a perfect one dimensional lattice
of particles with a spacing d, for which the structure factor
is simply

 qd  2
1 sin N 2
.
(16)
SN (q) =
 
N
sin qd
2
The maximum of the structure factor occurs when qd =
2kπ, where k = 1, 2, 3 . . ., in agreement with Bragg’s law.
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Fig. 8. (Colour online) Spectra of light scattered by water
(blue curve), magnetic particles at B = 0 (green curve), particles of diameter 60 nm made of latex (red curve), magnetic
particles under magnetic ﬁeld (magenta curve) and without
illumination (yellow curve).

In the vicinity of the ﬁrst peak, equation (16) can be approximated by a Lorentzian
SN (q) = N

σ2
σ 2 + 4(q̃d)2

(17)

12
.
N2 − 1

(18)

with q̃ = q − 2π/d and
σ
2

2

=

The half-width of this Lorentzian at half-maximum is
Δq̃ = σ/2d, in other words the total width of the peak
is σ/d. The contribution of thermal ﬂuctuations to this
quantity can be estimated by calculating the curvature of
the potential of interaction near its minimum divided by
kB T , which leads to an estimate of the half-width due to
thermal ﬂuctuations (Δq̃)th . Even for the lowest magnetic
ﬁeld used in the experiment and with N  10–20, the ratio (Δq̃)th /Δq̃ is smaller than 10−3 , so particles are very
well conﬁned near their equilibrium position. This justiﬁes
the neglect of the thermal ﬂuctuations in the analysis.
Our simpliﬁed form of the structure factor exhibits the
following features: the height of the peak increases linearly
with N while the width of the peak decreases as 1/N (assuming N  1). Therefore it is possible to obtain an estimate of the average number of particles in the chains
from the structure factor, which we do by measuring the
width of the peak. This is a useful information, which we
will later use to investigate the validity of the model developed by Zhang and Widom [23]. The spectra, obtained
when a magnetic ﬁeld is applied, exhibit a non-regular
shape and are highly non-symmetrical. In addition to the
contribution of the form factor and that of the structure
factor, the response function of the detector and the spectrum of the light source must be taken into account to explain these spectra. Figure 8 shows the spectra obtained

from diﬀerent samples made of magnetic particles with
and without applied ﬁeld (green and magneta curves), of
highly monodisperse and calibrated latex particles 60 nm
in diameter, of pure deionized water (blue curve) and of a
black sample obtained with no sample illumination (yellow
curve). These signals are observed for samples with pure
water only, with colloids of calibrated diameter of 60 nm
and with magnetic colloids with and without applied magnetic ﬁeld. The black sample shows that there is an oﬀset
Iof f on the intensity measured by the detector. This oﬀset is constant and does not depend on the wavelength.
The signal obtained with a sample ﬁlled with pure water
sample is slightly higher that that of the black, but the
diﬀerence between both signals is very small. This phenomenon is due to the presence of a small amount of impurities, on the glass of the sample or in the water, which
scatter the incident light beam in the direction of the detector. This signal Iimp is small as compared to the other
signals, and may be removed if necessary by using a index
matching bath. For the 60 nm particles (red curve), the
spectrum has a “bell” shape. At high wavelength, the intensity decreases. This is a contribution of the form factor.
The result is in agreement with Rayleigh’s law, that is, the
scattered intensity decreases as λ14 , where λ is the wavelength. Interestingly, at small wavelengths, the intensity
decreases when the wavelength decreases. This decrease is
due to the response function of the camera whose quantum yield is not uniform over the whole spectrum, and
decreases at small wavelength. The instrument response
function Rf , which includes both the light source and the
detector must be taken into account as it aﬀects the shape
of the diﬀraction peak. As explained below, the signal can
be processed in order to remove the response function of
the detector and the contribution of the light source, to
determine accurately the structure factor.
We will denote I(λ, Be ) as the signal measured on the
detector with a magnetic ﬁeld Be , and express all quantities of interest in terms of the wavelength λ rather than
as done previously in terms of q. The signal measured on
the detector can be approximated by
I(λ, Be ) = Iof f +(N P (λ)S(λ, Be )+Iimp (λ))Rf (λ), (19)
where N is the number of scattering particles, P (λ) is the
form factor of the particles and Iimp (λ) the light intensity
scattered by impurities, which may be located on the glass
walls of the sample. S(λ, Be ) is the structure factor of the
chains. When no magnetic ﬁeld is applied, there is no chain
suspended in solution: S(λ, Be = 0) = 1. If we assume that
Iimp (λ) is small compared to the other signals, we have
S(λ) 

I(Be = 0) − Iof f
.
I(Be = 0) − Iof f

(20)

The estimated structure factor obtained after processing the measured signals in this way is represented in Figure 9 for diﬀerent values of the magnetic ﬁeld. We found
that the position of the peak before and after the treatment is displaced by less than 4 nm. If the scattered intensity is not processed in this way, an error in the interparticle distance measurement of ∼ 1 nm is propagated.
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Fig. 9. (Colour online) Structure factors obtained for diﬀerent intensities of magnetic ﬁeld, 15 mT (black), 20 mT (blue),
25 mT (red) and 40 mT (green). Inset: The peaks of the curves
are well ﬁtted by a Lorentzian (Eq. (17)). The width of the
Lorentzian gives an estimate of the number of particles in the
chains (from right to left: 15 mT (black), 20 mT (blue), 25 mT
(red) and 40 mT (green)).

However, if the backscattering signal is very strong, the
position of the peak can be directly estimated from the
raw data.
In order to get an estimate of the number of particles in
the chain, the structure factor is ﬁtted by the Lorentzian
given in equation (17). Any small impurity or dust in our
system has a strong inﬂuence on the height of the peak.
Therefore the height is not used to extract the length of
the chains. However, the width of the peak does not depend on such factors, which is why we used the width of
the best ﬁtting Lorentzian to determine the average number of particles in the chains. We ﬁnd that the number of
particles in the chains must be N = 10 ± 1 particles per
chain, to ﬁt the curves (inset Fig. 9). This number was also
determined directly by video-microscopy. Since the particles are very small, the microscopy measurements are only
approximative but provide an estimate of the average sizes
of the chains of around 14 particles. We have thus a good
agreement with the length extracted from the structure
factor.

3.3 Superparamagnetic colloid characterization
In the early use of the MCT, magnetic emulsion had
to be specially prepared for the purpose of the experiment: it was a limiting factor for wider acceptance of
the method. Now, the particles are commercially available from Ademtech (www.ademtech.com). They are also
produced using a ferroﬂuid emulsion to insure a very high
magnetic content, and are coated with polymers for further macromolecules grafting [27,28]. We describe in this
part how to prepare the commercial batch from Ademtech
in order to perform MCT measurements. We then char-

Fig. 10. Particles sorting principle leading to a monodisperse
solution of particles. Single particles and a chain of particles
have approximately the same sedimentation velocities. Bundles
of particles sedimentate much faster as their velocity is proportional to the thickness of a bundle. The magnetic fractionated
method is based on this phenomenon.

acterize their magnetic properties, so we can compute the
magnetic force from the distance measurements. We also
characterize their optical properties, in order to check the
Bragg’s law validity in the following section.
3.3.1 Mean size and monodispersity
As stated, our technique is based on the diﬀraction by
a chain of particles. The diﬀraction peak is strong and
well deﬁned if particles are very monodisperse. In addition
monodispersity suppresses strong hysteresis eﬀects during
chain formation. Indeed within a suspension of polydisperse particles, one can observe that upon slowly increasing the magnetic ﬁeld, large particles chain ﬁrst and small
particles aggregate on the side of these chains. In contrast, if the ﬁeld is suddenly applied, all particles, large
and small are located randomly inside each chain. It is
therefore necessary to use monodisperse suspensions to
avoid this kind of side eﬀect. Magnetic particles are commercially available from the Ademtech company with a
polydispersity of around 20%. A magnetic fractionation
method is used to reduce the polydispersity as much as
possible. This method is based on the growth mechanism
of magnetic chains in solution. Particles suspended in solution are isolated when no magnetic ﬁeld is applied. When
the magnetic ﬁeld is applied, particles attract each other
and form chains. For a well chosen magnetic ﬁeld, large
particles will form chains, whereas smaller ones will remain unaggregated. If particles are concentrated enough
(φv = 1%), and if the salt concentration is high enough to
screen electrostatic interactions ([NaCl] = 50 mM), chains
interact and form bundles [29] as shown schematically in
Figure 10. The magnetic fractionated method is based on
the fact that single particles, chains and bundles have different sedimentation velocities.
More precisely, the sedimentation velocity of a singlet
is given by the balance between the frictional resistance
due to viscous drag Fv = 6πηaVsed , where η is the viscosity of the solution and Vsed is the sedimentation velocity, and the buoyancy force Fb = 43 πa3 Δρg, where g is
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the gravity constant and Δρ is the density diﬀerence between the particle and the ﬂuid. This balance leads to the
following expression for the single particle sedimentation
velocity:
2 Δρg 2
a .
(21)
Vsed =
9 η
For a chain of N particles, the viscous friction force is
Fv = 4πη(2N a)Vsed [30] and the buoyancy force is Fb =
N 43 πa3 Δρg. Therefore the number of particles N cancels
out, and the sedimentation velocity is
Vsed =

1 Δρg 2
a ,
6 η

(22)

which is of the same order of magnitude as the sedimentation velocity of a singlet: with sedimentation it is not
possible to separate a single particle from a chain, whatever its length. Now consider a bundle of N  chains of N
particles (Fig. 10). For a bundle, the length of the chains
N is large compared to its width N  . For a slender body
which moves in the low Reynolds number, the characteristic length is the longest length 2N a [30]. Therefore, the
viscous friction force remains Fv = 4πη(2N a)Vsed [30], but
the buoyancy force is now Fb = N  N 43 πa3 Δρg. Therefore
the sedimentation velocity of a bundle is
Vsed = N 

1 Δρg 2
a ,
6 η

π
3 2
18μ0 a B

(24)

kB T

compares these two energies, where B is the local magnetic ﬁeld, μ0 the magnetic permeability, a the radius of
the bead, kB Boltzman’s constant and T the temperature.
For Λ > 1, the magnetic energy dominates the thermal
energy, so the chain aggregation process occurs while the
magnetic ﬁeld is applied. For Λ < 1, thermal ﬂuctuations
prevent the formation of chains. At constant magnetic
1
ﬁeld, particles whose radius a is such that a < ( kπB TB 2 ) 3
18μ0

remain isolated in solution and sediment slowly. Particles
1
of radius a such that a > ( kπB TB 2 ) 3 form bundles and
18μ0

unsorted
sorted
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Fig. 11. Particles polydispersity before and after the sorting.
The magnetic fractionated method allows us to greatly improve
the particles polydispersity.

small particles. The two phases were extracted by pipetting, their concentration measured by turbidimetry is adjusted again to φv = 1%, and the experiment is iterated
four times. The particle distribution is measured using
a disk centrifuge (CPS instrument). The improvement in
the monodispersity is shown in Figure 11. With such a
method polydispersity is reduced from ≈ 20% to ≈ 7%.

(23)

which shows that a bundle has a very fast sedimentation
velocity as compared to a single chain or a single beads.
Sedimentation can therefore be used to separate particles
from bundles of chains. When a magnetic ﬁeld is applied,
one can assume that particles form a chain when their
interaction energy is higher than the thermal energy kB T .
The dimensionless number Λ deﬁned by
−Umag
=
Λ=
kB T

1
Number of particles
(normalized)

120

sediment quickly. This is the basis of the magnetic fractionated method.
A solution of polydisperse particles at a concentration
φv = 1% suspended in a MES buﬀer with 50 mM added
sodium chloride was subjected to a homogeneous horizontal magnetic ﬁeld. After 60 min, two phases were obtained,
a concentrated one at the bottom of the sample, containing mainly big particles, and a very dilute one containing

3.3.2 Magnetic properties
Following the suspension fractionation, the magnetic and
optical properties of the monodisperse colloids can be investigated. The magnetic and optical properties mainly
depend on the size of the particles, and their iron oxide
content. In order to measure Fe content, the particle size,
volume and mass fraction are measured. The mean radius
of the particles is measured accurately by light scattering with a CGS3 apparatus (ALV GmbH) with a laser
beam of wavelength λ = 632.8 nm. The mean radius a
is found to be equal to a = 90.0 ± 0.9 nm. The radius
usually measured by light scattering is the so-called hydrodynamic radius. In our case, the particles are stabilized
with a surfactant that is so small that we can reasonably
assume that it does not contribute to the hydrodynamics
radius. Once the particles of known radius are inserted in
the centrifuge, the density of the particles themselves is
estimated to ρp = 2.04 ± 0.04 g/cm3 . The density of the
solution of particles was measured with a densitometer,
dsb = 0.998912 ± 0.000004, which gives rise to a volume
fraction of φv = (6.02±0.2)·10−2 % and a mass fraction of
φm = (1.23 ± 0.06) · 10−1 %. The magnetic properties are
shown in Figure 12. They were studied by using a squid
magnetometer, as described in reference [31]. To measure
a colloidal force-distance proﬁle, magnetic ﬁelds of variable intensities are applied. It is therefore very important
to take into account the fact that the magnetic susceptibility of the particles strongly depends on the applied
magnetic ﬁeld.
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Fig. 12. Magnetic susceptibility as a function of the applied
external magnetic ﬁeld. The inset shows the magnetization as a
function of the external applied magnetic ﬁeld. Results adapted
from [31].

3.3.3 Optical properties
The optical real and imaginary indices of the particles
and their dependence on wavelength are measured using
an integration sphere by a method analogous to that of
Ma et al. [32]. The results are presented in Figure 13.
They exhibit a very small dependence of the real index
on the wavelength. In contrast, the imaginary index has
a strong dependence on the wavelength. This is due to
inclusions of iron oxide, which is known to absorb light at
low wavelength.

4 Performance of the technique
4.1 Bragg’s law assumption
The distance d between the particles is derived from
the analysis of the signal diﬀracted by the chains. Leal
Calderon et al. [8] directly applied Bragg’s law in order to measure d. However Bragg’s law assumes that
the light is scattered only once by each scatterer, which
means that the incident light on all particles is the
same. It neglects coherent scattering eﬀects which occurs when light is scattered more than once by a given
scatterer. This eﬀect becomes important when particles are very close, as in our case. We further use
the same type of approximation to separate the scattered signal into a form factor and a structure factor.
To check the validity of Bragg’s law, we perform simulations using Mackowski’s algorithm [33] available at
the url: http://www.giss.nasa.gov/~crmim/t matrix.
html. Mackovski’s algorithm performs a rigorous calculation of the diﬀracted light scattered by a chain of particles.
It is based on the calculation of so called T -matrix, which
leads to a general solution of Maxwell equations in the
case of a distribution of scatterers. The simulation is run
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Fig. 13. Real refractive index (full circles) and imaginary refractive index (empty circles) as a function of wavelength. The
real index does not depend on the wavelength, while the imaginary index has a strong dependence on the wavelength.

under the assumption that the radius of the particles is
a = 90 nm, the interparticle distance is d = 190 nm, the index of the water is n = 1.33 and the indices of the particles
are those taken from previous section. Bragg’s law predicts
the diﬀracted wavelength to be λ = 505.4 nm, whereas the
simulation gives λ = 512 nm for a chain of 10 beads. The
diﬀracted wavelength depends slightly on the length of the
chains, but in all cases it is only around 1% higher than
the prediction deduced from Bragg’s law. The maximum
amplitude of the computed structure factor for a chain of
N particles is also higher than N , the value given by equation (16) based on Bragg approximation. Accordingly, the
peak width is slightly underestimated using equation (17).
These eﬀects can be understood as originating from the
fact that scattering amplitude from each particle in the
chain is diﬀerent from the scattered amplitude from a single particle: the separation of the scattered intensity in
form factor and structure factor (Eq. (14)) does not hold.
If we increase the interparticles distance, simulations converge to Bragg’s law predictions. Therefore, for the sake
of simplicity, Bragg’s law is used to derive the distance between the particles: this assumption leads to an absolute
error on the distance of about 1% maximum.
4.2 Magnetic force: ﬁnite-size eﬀect
In the calculation of the magnetic force from the distance measurement, we have to take into account the
long-range character of the magnetic force: all neighbors
within the chain contribute to the force. For simplicity,
we have assumed, as discussed by Zhang and Widom [23],
that the chain is of inﬁnite length. As a consequence,
the interparticle distance d, the magnetization m and
the forces are constant within the chain. In real experiments, video microscopy images with the same volume
fraction of beads show that chains length is about 10 to
20 beads. With a real chain, the magnetization and the
force are smaller at the ends of the chain. In order to test
the validity of the inﬁnite chain approximation, we have
performed some numerical simulations. We computed the
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Table 1. Relative error on magnetization m, force F and distance d for particles at one chain end as compared to an inﬁnite
chain. Beads are numbered from one end, so bead no. 1 is at
one end.
Bead number
Δm/m (%)
ΔF/F (%)
Δd/d (%)

1
10.2
20.8
1.2

2
2.6
6.6
0.3

3
1
2.6
0.1

560

Wavelength (nm)

122

555

550

545

equilibrium positions of N beads in a chain, submitted to
the magnetic force and an electrostatic repulsion. We used
the expression (13) for the electrostatic force, with beads
surface potential of −35 mV, and an ionic strengths 1 mM
corresponding to a Debye length of 9.61 nm. The magnetic
force exerted by particle i on particle j is
Fj→i =

3μ0 mi mj
er ,
2πd4ij

(25)

10
20
30
40
Total number of beads within a chain

50

Fig. 14. Simulations giving the position of the maximum of
the structure factor as a function of the number of particles
in a chain. Magnetization and magnetic force are smaller at
chain ends, so the average interparticle distance is larger for a
short chain. As the number of particles increased, the two ends
inﬂuence is less pronounced, and we recover the inﬁnite chain
approximation value.

where dij is the distance between the two particles, and
mi the dipolar moment of particles i. This dipolar moment
mi is related by equation (8) to the local ﬁeld Bi at the
location of particle i by
 j→i
 μ0 mi mj
Bi = B e +
Bdip = Be +
er .
(26)
πd3ij

4.3 Error estimates

The mechanical equilibrium is obtained numerically by
iteration, for Λ = 100, where Λ is the number which compares the magnetic energy with the thermal energy (see
expression (24)). As expected, we observe a deviation from
the inﬁnite chain model only at the ends of the chain: the
magnetic moment and the force are smaller on the edges
than in the center of a long chain, so interparticle distances are slightly bigger in the ends. Typical values are
given in Table 1. Since the electrostatic (or steric) forces
decay exponentially with the distance, the error on the
distance is far less important than on the force.
In order to test the role of the edges on the structure
factor, we performed simulations for chains from 2 to 50
beads. From the position of the beads, we compute the
structure factor using equation (15), with the approximation of independent scatters. There is a clear shift towards
smaller wavelength with increasing chains length (Fig. 14).
Using chains with 10 particles or more limits the error on
λ to less than 2 nm.
We indeed observe experimentally at short time, after switching on the magnetic ﬁeld, a clear shift towards
smaller wavelength of the peak, reﬂecting the chains formation. Moreover, we also observe that the height of the
peak increases, and its width decreases with time, as can
be predicted from the expression of the structure factor
(Eq. (16)) for a growing chain. With a bead volume fraction φv = 0.003%, we waited for 60 s before measuring the
beads position, so the chain are approximately 10 beads
long, as discussed in Section 3.2. Our setup allows us to
use even more dilute samples, but ﬁnite size eﬀects will become signiﬁcant under these conditions. A solution is to

The absolute accuracy of the particle separation distance
is altered for two diﬀerent reasons: the ﬁrst reason is due
to the diﬀerence in the diﬀraction peak position between
Bragg’s law and the exact solution of diﬀraction by a lattice of spheres. The distance between the colloids is derived using Bragg’s law, but there exists a shift between
Bragg’s prediction and Mackowsky’s simulation of around
2 nm. The second source of error is related to the permanent evolution with time of the measurement. At short
time, typically 1 or 2 mins after applying the magnetic
ﬁeld, there is a clear shift towards smaller wavelength
of the peak, associated with a signiﬁcant increase of the
peak height. We attribute this behavior to the increase of
chains length with time, as detailed previously. At longer
time, there is still a small residual drift towards smaller
wavelength of the peak, associated in that case with a decrease of the peak height. This long time behavior is more
pronounced for weak interparticle interactions, so we attribute this behavior to the lateral thickening of the magnetic chains [29]. Somewhat arbitrarily, the measurements
of the distance between the particles is performed when
the amplitude of the signal is maximal. This gives rise to
an uncertainty of the distance of around 2 nm. This technique has an accuracy for the distance between the magnetic colloids of 4 nm, which corresponds to a subsequent
accuracy for the force of 0.8 pN.
The resolution of this technique is estimated by measuring the position of the diﬀraction peak in the same
conditions. The variability of the measurements is around
1 nm, which corresponds well to the shifts observed between the experimental points and the ﬁtting curves in

j=i

j=i

decrease the sample thickness, keeping the volume fraction constant. We have checked that a 10 μm cell, with
φv = 0.003%, is suﬃcient to perform measurements.
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Figure 5. From these errors, the resolution on the force
measurement is around 0.2 pN, which corresponds to a
surface energy resolution of 7 · 10−7 J m−2 . Though this
technique is not ideally suited to the measurement of absolute distance, as is the case for other techniques such as
OT or AFM, the magnetic chaining technique shows an
excellent resolution in term of distance and force analogous to that of the atomic-force microscopy.

5 Conclusion
We have presented the theoretical and experimental aspects of the magnetic chaining technique. The step-bystep methodology used for characterizing the properties
of the magnetic colloids (size, refractive index, monodispersity, magnetic susceptibility) has been described as well
as the performance estimates for this technique in terms of
force and distance accuracies. This technique appears to
be easy to use and oﬀers the possibility of measuring any
kind of repulsive forces between magnetic colloids with
excellent accuracy. Moreover, our new experimental setup
allows us to perform measurements on samples of very
small volume, which makes this technique very useful for
studying biological molecules or processes [15,18].
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