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Summary soft dipolar spheres
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• softness is important 
• ac field allows us to cycle through 

crystal-crystal transition 
• desperately need information about 

particle size and shape of particles in 
field at different densities 

• first particle-level insight on path-
dependent diffusive and martensitic 
crystal transition in 3D in single particle 
system 
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Shape matters - polarised ellipsoids 
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+ =

aspect ratio ρ = 3.3, 
concentration = 1 wt%, 
volume fraction φ ≈ 0.04 

J.J. Crassous et al., Nature Communications (2014)

?
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Shape matters - polarised ellipsoids 
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+ =

Field on

Field off

aspect ratio ρ = 3.3, 
concentration = 1 wt%, 
volume fraction φ ≈ 0.04 

J.J. Crassous et al., Nature Communications (2014)
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Forming highly ordered tubular structures
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J.J. Crassous et al., Nature Communications (2014)

f = 160 kHz

Nc

9 ± 3

6 ± 2

5 ±1
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Insight from computer simulations
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aspect ratio 
ρ = 3.3

Φ = 0.06 Φ = 0.015

Sheet formation at high coupling parameter 
Tube formation at low number density

Γ = q2/(8πemkT)

J.J. Crassous et al., Nature Communications (2014)
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Insight from computer simulations
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Γ = q2/(8πemkT)

J.J. Crassous et al., Nature Communications (2014)

Lund University / Physical Chemistry / Enrico Fermi Summer School 2015 / 

Insight from computer simulations
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Γ = q2/(8πemkT)

J.J. Crassous et al., Nature Communications (2014)

!
Main message:  

Formation of highly regular tubular structures 
from simple building blocks without in-built 

explicit spontaneous curvature 
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Ellipsoids with small axial ratios
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phase diagram of ellipsoids - limited 
model system work available

summary of simulation work

Frenkel, D.; Mulder, B. M.,  Mol. Phys. 1985, 55, 1171|1192!
Radu, M.; Pfleiderer, P.; Schilling, T., J. Chem. Phys. 2009, 131, 
164513.!
Odriozola, G.,. J. Chem. Phys. 2012, 136, 134505.!
de Michele, C.; Schilling, R.; Sciortino, F.,  Phys. Rev. Lett. 2007, 07, 
98, 265702.!

• effect of tuneable 
rotational degree of 
freedom? 

• local order vs. bulk 
magnetic properties? 

magnetic particles - controlling 
orientation and interactions

glass transition?
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Synthesising magnetic particles with tuneable anisotropy 
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hematite (   -Fe2O3) through forced hydrolysis of iron salts, coated with SiO2 shell

H. Dietsch et al., Chimia 62, 805 (2008)

α
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Ch. Rufier et al. Langmuir 27, 11, 6622 (2011)

Ellipsoids with tuneable anisotropy and improved stability
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hematite core, !
aspect ratio 1 to 7

SiO2 shell,!
with thickness 10 to 60 nm

weak magnetic 
moment, dipolar 

interactions << kT!
-> orientation only

but
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uncoated

13 nm silica

30 nm silica

59 nm silica

Structural information from SAXS
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M. Reufer et al, J. Phys. Chem. B (2010)
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=> size, coating thickness, polydispersity, porosity

single oriented particle

SAXS modeling: size, anisotropy, structure, porosity
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M. Reufer et al, J. Phys. Chem. B (2010)
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Fig. 20. – Self-assembly of oppositely charged polyelectrolyte brushes and gold nanoparticles into
giant hollow tubes. a) Schematic description of the self-assembly process. b-g) SEM pictures
of the formed tubes at low and high magnification: a fibrillar network (b, c); an individual
intact fiber (d, e) and an opened fiber (f, g). h) Illustration of the reconstructed network of
self-assembled fibers ([73] Reproduced by permission of The Royal Society of Chemistry).

however also have a major disadvantage compared to the microgels. Due to their very
strong absorption and scattering of visible light, suspensions become rapidly extremely
turbid with increasing concentration, and one can thus not use CLSM for an in-situ and
possibly time-resolved investigation of DSA. We thus have to rely on other techniques,
and the method of choice in this case is small-angle x-ray scattering (SAXS). We will
thus first demonstrate how we can use SAXS for a characterisation of the structural and
magnetic properties of dilute non-interacting particles, and then use this as a basis to
interpret the results with strongly interacting dense systems.

The basic scattering geometry of the SAXS experiment for the initial particle char-
acterisation is shown in Fig. 21a. Due to the low particle concentrations ( 1 wt%)
we assume no positional correlation of the individual particles and describe the scat-
tering intensity with the form factor of a core-shell ellipsoid [37], where ac, bc and a, b
are the semi-axes of the core and the total particle, respectively. In the absence of an
applied magnetic field the dispersed particles are randomly oriented and the resulting
2D-scattering pattern is isotropic, thus the scattering intensity does not depend on the
angle � in the detector plane shown in Fig. 21a. The scattering intensity is given by

(3) I

iso(q) =

Z 2⇡

0

Z
⇡

0

[F 2
core�shell�ellipse

(�1,�3) +N

pores

F

2
pore

] sin(�3) d�1 d�3
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SAXS with an applied magnetic field

14



Lund University / Physical Chemistry / Enrico Fermi Summer School 2015 / 

The combined influence of field and 
density
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Low density: particle alignment 
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B

no magnetic field
B

field-dependent alignment of the particles, no positional 
correlations visible

µ

hematite particles weakly ferromagnetic (canted 
antiferromagnet)
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uncoated

13 nm coating

30 nm coating

59 nm coating

in-situ information on positional order and single particle magnetic properties!

SAXS with an applied magnetic field
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M. Reufer et al, J. Phys. Chem. B (2010)

in-situ information on positional order and 
single particle magnetic properties!

p(Epot ) = exp −
Epot (β )
kBT

⎛
⎝⎜

⎞
⎠⎟
= exp µB

kBT
cos β( )⎛

⎝⎜
⎞
⎠⎟
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reproduced by the calculated curves. As shown in ref. [37], this approach does indeed
result in quantitative agreement between the particle dimensions and size distributions
obtained by TEM and SAXS.

With an applied magnetic field the individual particles align and the resulting 2D-
scattering pattern reflects the anisotropy of the particle orientation and shape. In the
integration over all possible orientations of the particles we now need to take into account
a probability distribution for the orientation of the particle given by a Boltzmann factor
p(Epot), where the potential energy Epot of a particle in the external field B depends on
the particle orientation as depicted in Fig. 21b.
(4)

I(q,�) =
1

Z

Z 2⇡

0

Z
⇡

0

p(Epot)[F
2
core�shell�ellipse

(�1,�3) +N

pores

F

2
pore

] sin(�3) d�1 d�3

and

(5) Z =

Z 2⇡

0

Z
⇡

0

p(Epot) sin(�3) d�1 d�3

The resulting intensity will now no longer be isotropic and instead depend on the angle
�, with a degree of anisotropy that is characteristic for the orientation of the particles.

We use the Boltzmann factor p(Epot) = exp

⇣
�E

pot

k

B

T

⌘
where the potential energy of

the particle is compared with the thermal energy kB T . Assuming a constant magnetic
moment µ in a homogeneous magnetic field with flux density B we find the potential

energy Epot(�) = �µB cos(�), where � is the angle between �!
µ and

�!
B as sketched in

Fig. 21b. To link the orientation of �!µ to the particle orientation �!
a we need to consider

the magnetic properties of hematite. It has been shown [37, 38] that for the synthesized

spindle-type hematite particles �!
µ is perpendicular to �!

a . Thus, in a magnetic field
�!
B ,

the particle orientation �!
a is only restricted to the plane perpendicular to

�!
B and the

particles are free to rotate around the direction of
�!
B without increasing Epot. We assume

that, for a given particle orientation �!
a , the magnetic moment �!

µ orients in the basal
plane such that the angle � and thus Epot(�) is minimal. This implies 0  �  ⇡/2 and
the process of minimizing � for a given particle position might be governed by particle
rotation around �!

a or by rotation of �!µ in the basal plane of the crystal lattice. Thus

p(Epot) = exp

✓
�Epot(�)

kB T

◆
= exp

⇣
✏ cos(�)

⌘
(6)

with ✏ = µB/kB T . With the field direction
�!
B/B = (0, 1, 0) and the major axis di-

rection �!
a /a = (sin(�3) cos(�1), sin(�1) sin(�3), cos(�3)) we find cos(�) =

���
�!
a

a

⇥
�!
B

B

��� =
p

1� sin(�1)2 sin(�3)2. Fig. 21d shows that this model indeed quantitatively repro-
duces the measured scattering data over the entire q-range, and correctly describes the
anisotropic scattering pattern created by the restricted rotational motion of the particles
in the external magnetic field.

Summarising the characterisation of a dilute suspension of hematite core-shell ellip-
soids by SAXS with and without an applied magnetic field B, we arrive at the following
conclusions. SAXS together with the model described above can be used successfully to
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orientational order, magnetic properties and diffusion
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uncoated

silica coated

random: S2 = 0 
fully aligned a ⊥ B: S2 = - 0.5

anisotropic diffusion from DDM

M. Reufer, V. A. Martinez, P. 
Schurtenberger, and W. C.K. 

Poon, Langmuir 28, 4618 (2012)

M. Reufer et al, J. Phys. Chem. B (2010)

M. Reufer et al, J. Phys. Cond. Mat. (2011)
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Technical interlude 3: “structure factor” is not always 
what you think

19

experimentally determined 
effective structure factor:

SM (q) =
I(q) C
Idil Cdil

monodisperse spheres:

SM (q) ≡ S(q)

otherwise:

SM (q) ≠ S(q)

S(q)

SM (q)

36 P. SCHURTENBERGER

interaction energy

(10) U

Ext = �B

X

i

µ

i

cos�
i

,

where �

i

is the angle between one of the particle short (equatorial) axes of particle i,
which we refer to as the dipole axis, and the y-axis of the lab-frame coordinate system.
The magnetic moments of the particles µ

i

are taken to be equal to the experimental
value for our hematite particles, and simulations were performed for field strength values
of B = 0, 0.04, and 0.24 T. These field values correspond to energy di↵erences of 10 
U  60 kBT between a parallel and a perpendicular orientation of the dipoles relative to
the field.

We perform simulations at volume fractions � = 0.53 and � = 0.59, where the ex-
periments indicate a phase transition from the analysis of the SAXS data, in particular
visible in the open hysteresis loop of the order parameter �

EQ

shown in Fig. 25. To
further quantify the degree of orientational order we consider a particle-centered nematic
order parameter

(11) S

N

2 =
1

N(N � 1)

D X

i,j;i 6=j

P2(cos ✓ij)
E
,

where ✓

ij

is the angle between the long axes of particles i and j and P2 is the second
order Legendre polynomial. A random distribution of orientations gives S2=0 and perfect
nematic ordering gives S2=1. This order parameter is sensitive to the alignment of the
particles by the external field and is therefore not suitable to identify truly nematic
phases for B 6=0. Therefore, we also compute the 2D analogue of this parameter,

(12) S

N 0
2 =

1

N(N � 1)

D X

i,j;i 6=j

C2(cos ✓
0
ij

)
E
,

where ✓

ij

is the angle between the projections of particle long axes in the lab-frame
xz-plane. C2 is the second order Chebychev polynomial of the first kind.

The scattering pattern from the periodic simulated system is calculated using

(13) I(~q) =
D���

X

j

P (~q, ~⌦
j

)ei ~q·~rj
���
2

i,

where ~r

i

and ~⌦
i

are vectors describing the position and orientation, respectively, of
particle j. The form factor P is taken from ref. [80]. The scattering vectors ~q considered
are {n

x

2⇡
LB

, 0, n
z

2⇡
LB

} and {n
x

2⇡
LB

n

y

2⇡
LB

, 0} with all relevant combinations of n
x

, n

y

, n

z

=
0, 1, 2, ..., 25 excluding ~q = {0, 0, 0}. The equivalent x- and z-directions are averaged,
resulting in an intensity distribution that depends on q

y

and q

xz

=
p

q

2
x

+ q

2
z

.
The corresponding simulated scattering patterns and representative configurations are

shown in Fig. 26. In the absence of an external magnetic field, we observe an isotropic
fluid for both simulated volume fractions (�=0.53 and �=0.59). Therefore, the scattering
pattern is axially symmetric. In both cases, the S

N

2 and S

N 0
2 order parameters are zero

to simulation accuracy.
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Summary

20

φ
no ordered (SM2) phase found 
• polydispersity? 
• glass?

Colloids - atom analogy extended to spin systems

PM FM
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