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Rodlike hematite particles in suspension align perpendicular to an external magnetic field due to a
negative anisotropy of their magnetic susceptibility A y. The diffusion tensor consists of two principal
constants D and D for the diffusion parallel and perpendicular to the long particle axis. X-ray photon
correlation spectroscopy is capable of probing the diffusive motion in optically opaque suspensions of
rodlike hematite particles parallel to the direction of the scattering vector Q. Choosing Q parallel or
perpendicular to the direction of an external magnetic field H the direction dependent intermediate
scattering function is measured by means of x-ray photon correlation spectroscopy. From the intermediate
scattering function in both directions the principal diffusion constants D and D are determined. The
ratio Dy;/D increases with increasing aspect ratio of the particles and can be described via a rescaled

theoretical approach for prolate ellipsoids of revolution.
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In recent decades, suspensions consisting of colloidal
particles attracted a lot of interest as model systems for
condensed matter at enlarged scales of space and time
compared to molecular systems [1]. Due to the accessibil-
ity of highly defined spherical particles of both charged
particles and hard sphere systems a variety of structural
and dynamic phenomena resulting from the self-
organization of such particles have been investigated
[2,3]. However, because of the limited access to well
defined anisotropic particles with a tunable aspect ratio
only a few systems consisting of such particles have been
investigated. Anisotropic particles, however, should give
rise to a phase behavior with enhanced complexity com-
pared to spherical particles due to the orientational degree
of freedom [4-10]. Because of particle interactions or
interactions with an external field such systems are
expected to form analogs to liquid crystalline, i.e., nematic
or smectic phases. While most of the existing studies
address structural properties, less is known about the dy-
namic behavior of anisotropic particles. Several studies
combining polarized and depolarized light scattering are
published that give access both to the averaged transla-
tional and to rotational diffusion coefficients [11-15]. For
ellipsoids and spherocylinders, with the averaged transla-
tional and rotational diffusion coefficients, the principal
components Dy and D of the translational diffusion ten-
sor can be calculated. The aim of this contribution is to
investigate the translational diffusion coefficients D) and
D | from particles aligned in an external field by directly
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probing the diffusive motion parallel and perpendicular to
the particle axis.

Ozaki et al. [16] describe a method to produce spindle-
shaped particles consisting of hematite («-Fe,03) with a
tunable aspect ratio. The resulting particles are single
crystals with the long axis parallel to the trigonal axis of
the hematite structure. Because of their canted antiferro-
magnetism the magnetic susceptibility of those particles is
larger in the direction perpendicular than parallel to the
trigonal axis resulting in a negative anisotropy of the
magnetic susceptibility tensor with Ay = y; — x. <O0.
In moderate magnetic fields with flux densities in the order
of some 1072 T these particles align with the long axis
perpendicular to the direction of the external field [17].

X-ray photon correlation spectroscopy (XPCS) using the
partial coherence of radiation emitted by third generation
synchrotron sources is a powerful method to investigate
slow processes in soft matter such as colloidal suspensions
[18-20], gels [21,22], or polymers [23-25]. XPCS is not
affected by multiple scattering or opacity for visible light.
For magnetic particles with a strong absorption for optical
wavelengths, XPCS is the only method to access the slow
diffusive motion of such particles [26-28]. Because x-ray
wavelengths are several orders of magnitude smaller than
that of visible light, there is practically no limitation for the
maximum accessible scattering vector (Qna.x = 47/ A),
and, in addition, relevant length scales for colloidal sys-
tems can be probed by small scattering angles in the range
less than 1 degree. In such a small-angle scattering
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geometry, the scattering vector is practically perpendicular
to the primary beam. With a magnetic field perpendicular
to the primary beam, a field in and perpendicular to the
direction of the scattering vector can easily be applied.

In the absence of particle interactions and a drift induced
by external fields, for anisotropic particles the diffusive
motion can be described by the Fokker-Planck equation as

VDV, P 1) — %P(r, 9 (1

with D denoting the diffusion tensor of a particle and
P(r, 1) the normalized probability density to find a parti-
cle’s center of mass at the time 7 at the position r. In highly
dilute suspensions without particle interactions D equals
the Stokes-Einstein self-diffusion tensor. If the particle is a
body of revolution, this diffusion tensor reads as

D,
D= D, (2)
Dy

for a particle with the axis of revolution parallel to the
z direction. In Fourier space Eq. (1) can be written as

~0Q" D-QPQN = PQYH ()

with the unit vector Q denoting the orientation of the
scattering vector to the particles’ axis of revolution.

For an ensemble of particles with an orientational
distribution function (ODF) f(ii) the Fokker-Planck equa-
tion reads

1 9

57 5:PQ ) = LQPQ 4)

with £ (Q) denoting the average diffusion coefficient over
all orientations @ with respect to the z direction of the
laboratory coordinate system weighted by the ODF f(i1).

This leads to the intermediate scattering function

P(Q. 1) = P(Q. 0) exp[—0*L(Q)1]. (5)
The average diffusion coefficient £(Q) is given by

L(Q) = (fW[R(-d)- QI -D-[R(~8)- Qg (6)

Here, the quantity R(—1) is a matrix that rotates the
scattering unit vector Q by —i. This corresponds to the
rotation of the particle by @ within the coordinate system
defined by the unit scattering vector Q. The rotation matrix
R(ii) = R(Y, ¢) = ®(¢p) - O(}) combined of a rotation
by ¥ around the x direction and a second rotation by ¢
around the z direction reads as

cosg costt —sing cose sind
R(9, ¢) = | sinpcosd cos? singsind |. (7)
— sind 0 costt

In the absence of an external magnetic field, in dilute
suspensions, the orientation of the particles is random. In
this case, the ODF is given by

1
[, ¢) = yp ®)
T
leading to the average diffusion coefficient
A 1 2
LQ=3Dy+3D. ©)

for arbitrary orientations of the unit scattering vector 0
with respect to the laboratory coordinate system. Already
for moderate flux densities in the range of several tens
of militesla the particles are completely aligned perpen-
dicular to the field direction corresponding to a delta-
shaped ODF

1 T

1. 0)=5-3(9-7) (10)
with respect to the direction of the magnetic field
(z direction in the laboratory coordinate system) [17].
Now the quantity £(Q) differs for unit scattering vectors
parallel (Q”ﬁ) and perpendicular (Q i) to the field direc-
tion given by

R 0 . cosg
Qn = (0> Q= (Siﬂsﬂ) (11)
1 0

with ¥ = 0 and ¢ = 7/2, respectively. With the delta
shaped ODF Egq. (10) we obtain

L(Qu) =Dy (12)

L@, = %D” —l—%DL. (13)
As a consequence, for scattering vectors parallel to the
field direction, the diffusion coefficient is D | ; for scatter-
ing vectors perpendicular to the field direction the average
diffusion coefficient (D + D )/2 can be observed.

In the absence of particle interactions, i.e., in highly
dilute suspensions with large interparticle distances, the
field autocorrelation function g,(Q, ) can be, in the limit
of Gaussian diffusion, expressed as

81(Q. 1) = {exp{—1Q - [r;() = r;(0O)]}),  (14)

which is, for ergodic systems, connected to the inten-
sity autocorrelation function g,(Q,7) via the Siegert
relation [29]

£2(Q. 1) — 1>‘/2
a(Q) ’
where «(Q) denotes the contrast that is influenced by the

coherence properties of the incident radiation and the
geometry of the scattering experiment.

21(Q, 1) = ( (15)
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Colloidal hematite particles are prepared according to
the method described by Ozaki et al. [16]. The resulting
spindle-shaped particles are characterized via transmission
electron microscopy (Fig. 1) and small-angle x-ray scat-
tering under a variation of an external magnetic field.
These experiments, carried out at the high brilliance
beam line ID0O2 of the European Synchrotron Radiation
Facility (ESRF; Grenoble, France), show an orientation of
the particles perpendicular to an external magnetic field
due to their negative anisotropy of the magnetic suscepti-
bility already at moderate flux densities in the range of
several 10 mT [17]. In highly dilute samples with a volume
fraction ¢ =~ 1073 containing 103 mol L~! KClI to screen
surface charges, particle—particle interactions are not
observed; i.e., the mesoscale structure of the colloidal
system is the one of an ideal gas with S(Q) = 1. Under
these conditions free Gaussian diffusion takes place.

The XPCS experiments are carried out at the beam line
ID10A (ESRF) with a beam focused to the sample position
by beryllium lenses at a fixed incident energy of 8 keV.
Higher harmonics of the undulator are cut off using a
mirror. The beam size is 10 X 10 wm?. As a detector an
avalanche photo diode with an aperture of 50 X 50 wm? at
a distance of 2.20 m to the sample is used resulting in
typical contrast values of about 0.10 to 0.15. In this con-
figuration, a speckle size of approximately 30 um is
achieved. Both the scattered signal and the monitor signal
are correlated employing a FLEX correlator. The samples,
sealed in 0.7 mm quartz capillaries, are positioned in a cell
equipped with two rare earth permanent magnets with a
pole size of 60 X 37 mm? and a pole distance of 65 mm.

FIG. 1. Transmission electron micrograph of spindle-shaped
hematite particles with an aspect ratio of v = 5.2 = 0.9. The
mean equatorial diameter is (o) = (80 = 1) nm with a polydis-
persity of p, = 0.12 = 0.04.

With this setup a highly homogenous magnetic field with a
flux density of By = 0.12 T is achieved. In the presence
of this external magnetic field correlation functions are
measured in a range of 9.3 X 1073 nm~! < Q0 <2.8 X
1072 nm~! in the directions Q || H and Q L H. To elimi-
nate correlations resulting from the time structure of the
incident beam, the intensity correlation function of the
scattered signal is divided by that of the monitor.

A typical set of intensity correlation functions versus the
modulus of the scattering vector Q is displayed in Fig. 2
together with fits of the relaxation rates assuming a single
exponential decay for the aspect ratio of v = 5.2 = 0.9
without external field.

As the particles align with the long axis perpendicular to
an external field, the diffusive motion in field direction is
determined by D, . Because of a free rotation around the
short particle axis, for a motion perpendicular to the field
an average (D + D,)/2 is observed: the probability of
finding a particle with its long axis parallel to the scattering
vectors equals that of finding a particle with the long
axis perpendicular to the scattering vector. With D | and
(Dy + D, )/2 both components of the diffusion tensor D
are known.

In Figs. 3 and 4 the first cumulants of the field autocor-
relation functions are displayed versus Q. The slope of the
line of best fit equals the averaged Einstein diffusion
coefficient for a motion parallel to the direction of Q.
The averaged diffusion coefficients without field are

°Q=1.12x10"2nm!
40 =149%x102nm!
o vQ=1.87x10"2nm™!
00 =224x10"2nm™!
8Q=2.61x10"2nm!
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FIG. 2. Intensity autocorrelation functions obtained for parti-

cles with » = 5.2 = 0.9 without external field normalized to the
autocorrelation function of the monitor channel for increasing
scattering vectors. The solid lines are fits of a single exponential
decay.
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FIG. 3. First cumulants of the field autocorrelation function for
hematite spindles with an aspect ratio » = 5.2 = 0.9 versus O
without external field (circles) and in the presence (triangles) of
an external field. Because the particles are aligned with the long
axis perpendicular to the field, in this direction the diffusion
coefficient given by the slope of the curve (A) is smaller than in
the orthogonal direction (V).

similar to the ones for ellipsoidal particles of comparable
size found in the literature [14,15].

With increasing aspect ratio the ratio Djj/D increases,
too. The friction coefficients for ellipsoids are derived by
Perrin [30] and further developed by Shimizu [31]. For
prolate ellipsoids of revolution with the aspect ratio v this
quantity can be expressed as
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FIG. 4. First cumulants of the field autocorrelation function for
hematite spindles with an aspect ratio » = 4.0 = 0.5 versus Q°
without external field (circles) and in the presence (triangles) of
an external field.

D|| (21/2 - 1)S(V) —2v

R() = D, @i =380 +2v (16)

with

S(v) = In[v + (»* — 1)V/2]. (17)

2
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In Fig. 5 the experimental ratios Dy/D for several aspect
ratios are compared to the theoretical prediction for ellip-
soids by Perrin. For spindle-shaped particles as studied
here, an increased diffusion coefficient D can be expected
due to a smaller surface than an ellipsoid of revolution with
the same equatorial diameter and aspect ratio. The ratio
Dy /D increases faster than predicted for prolate ellip-
soids of revolution. The dashed line is a rescaled Perrin
approach according to 1+ (1.78 = 0.09)[R(v) — 1] that
very well describes the data within the experimental
accuracy.

If anisotropic particles such as prolate or oblate ellip-
soids or spherocylinders carry a magnetic moment or
exhibit an anisotropic magnetic susceptibility, an external
magnetic field is well suited to manipulate the orientation
of such particles. In case of charged particles, due to the
electric double layer, an electrostatic field can be used
instead. In such cases, by appropriate choice of the scat-
tering vectors Q with respect to the direction of an external
field, direction dependent translational diffusion coeffi-
cients can directly be measured. The small-angle scatter-
ing geometry used to probe characteristic colloidal length
scales easily allows us to realize sample environments to
apply external magnetic or electric fields parallel and
perpendicular to the scattering vector Q. For light scatter-
ing experiments such a sample environment is difficult to
realize due to the large scattering angles required to probe
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FIG. 5. Ratio of diffusion coefficients D|;/D in dependence
on the aspect ratio determined by transmission electron micros-
copy. The theoretical result for prolate ellipsoids of revolution is
displayed by the solid line. The dashed line represents a rescaled
version of this theoretical approach. This rescaled theory very
well describes the diffusive behavior of spindles.
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characteristic colloidal length scales. An additional advan-
tage of XPCS is the applicability for optically opaque
samples, where the opacity either results from multiple
scattering or strong absorption for visible light as is the
case for magnetic materials.

The diffusion tensor for anisotropic particles and the
related friction coefficients are important to understand
the rheological properties of colloidal suspensions consist-
ing of anisotropic particles. By aligning anisotropic parti-
cles in an external field, the macroscopic, rheological
properties of such suspensions will also change.

The difference D — D induces a coupling between
translational and rotational diffusion [32] that needs to be
considered for depolarized light scattering experiments.
Employing XPCS, the translational diffusion coefficients
D) and D, of aligned particles can directly be probed
without the influence of the coupling of translational and
rotational motion.
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