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Agglomeration and chain formation in ferrofluids: Two-dimensional x-ray scattering

Tobias Kruse, Hans-Georg Krautha¨user,* Anna Spanoudaki,† and Rolf Pelster
II. Physikalisches Institut der Universita¨t zu Köln, Zülpicher Straße 77, 50937 Ko¨ln, Germany
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We present a comprehensive study of field-induced anisotropy in ferrofluids using two-dimensional small-
angle x-ray scattering. On application of a homogeneous magnetic field, magnetite particles form anisotropic
clusters with preferred orientation parallel to the field. The orientation of single nonspherical particles contrib-
utes little to structural anisotropy, since their effective axis ratio is only about 1.05. We determine the average
radius of particles in clusters to be of the order of the mean particle radius in the ferrofluid, i.e., 4–5 nm.
Therefore, particles of all sizes contribute to cluster formation. Since the thermal energy exceeds the magnetic
dipole-dipole interaction of small particles, thermally stable clusters cannot form without an additional inter-
action energy. We show that van der Waals interaction yields a significant contribution that cannot be neglected
in polydisperse systems.
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I. INTRODUCTION

The material parameters of heterogeneous materials
pend on the properties of their components as well as
their microstructure. This holds for quantities such as e
ticity, thermal and electrical conductivity, permittivity, pe
meability, etc. For the correct interpretation of macrosco
measurements or for tailoring composite materials it is the
fore indispensable to know the correlation between struc
and effective properties. Exact solutions of the so-cal
effective-medium problem have been achieved only
simple systems like perfectly ordered arrangements
equally sized spheres.~For the permittivity see Refs. 1 an
2.! However, real systems show more complicated random
nonrandom spatial arrangements that depend on the de
of particle agglomeration. For example, it has been sho
that the permittivity of nanoparticles dispersed in a mat
depends systematically on the shape and size distributio
the particles as well as on their spatial distribution.3–5 In
order to understand the above correlation it is of great in
est to study heterogeneous materials, the microstructur
which can be altered via an external parameter while co
ponents and mixture ratio remain unchanged. This has m
vated our structural and dielectric study of ferrofluids, t
results of which are reported here.

Ferrofluids are colloidal dispersions of magnetic mo
odomain nanoparticles in a carrier liquid.6,7 In a magnetic
field, the magnetic moments of the particles tend to ori
themselves parallel to the field direction following one
two mechanisms: either the particle rotates together with
magnetic moment~Brown orientation8! or the particle keeps
its orientation but the magnetic moment vector rotates w
respect to the crystal structure~Néel orientation9!. Phase
separation and permanent agglomeration are preve
through an organic surfactant layer covering the partic
Nevertheless, attractive dipole-dipole and van der Waals
teractions may lead to the formation of clusters. Theoret
investigations, treating ferrofluids as dipolar hard sph
liquids,10–14 predict that a strong dipole-dipole interactio
leads to the formation of chainlike or ringlike structures,
which the particle magnetic moments are aligned in a no
0163-1829/2003/67~9!/094206~10!/$20.00 67 0942
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to-tail manner. When an external magnetic field is appli
ferrofluids develop anisotropic properties, e.g., dielectric15,16

or optical17,18anisotropy. It is evident that this must be due
a field-induced anisotropic microstructure, i.e., due to
presence of nonspherical units~particles or clusters! having
an orientation parallel to the applied magnetic field. Th
shape anisotropy has been investigated in ionic ferroflu
using optical- and x-ray-scattering techniques.19 Anisometric
aggregates have been also detected in ferronematics, i.
liquid crystals doped with ferrofluids, which were exposed
uniform magnetic fields20,21or magnetic field gradients22 ~so-
called primary and secondary aggregation or chaining p
cesses!. However, the microscopic process of cluster form
tion is not yet clear. Various microscopic changes mig
cause anisotropy:~i! formerly well-separated particles form
chains or elongated clusters parallel to the applied field,~ii !
spherical clusters become nonspherical and elongated~the
particle positions change or new particles join the cluste!,
~iii ! nonspherical particles undergo Brownian orientation,
~iv! entire nonspherical clusters orient themselves along
applied field. Another open question is to what extent p
ticles of different sizes contribute to cluster formatio
Monte Carlo simulations of monodisperse systems indic
that agglomeration behavior strongly depends on the stre
of dipole-dipole interaction23 and thus on particle size. Ac
cordingly, in real polydisperse ferrofluids mainly larger pa
ticles are expected to form clusters.24,21

In this work we study the field-induced formation of a
isotropic microstructure in ferrofluids by means of tw
dimensional small-angle x-ray scattering~SAXS!.25 We fo-
cus on the question of how the anisometry of single partic
and clusters contributes to structural anisotropy. Especia
we investigate the size of particles taking part in cluster f
mation. In a second contribution to follow, we shall u
Monte Carlo simulations to evaluate the size and form
clusters. In a third article we shall present dielectric measu
ments on the same samples26 in order to correlate micro-
structure and dielectric anisotropy.

II. SAMPLE CHARACTERIZATION

The liquids studied were purchased from Ferrofluid
GmbH ~Nürtingen, Germany!. They contain magnetite
©2003 The American Physical Society06-1
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(Fe3O4) particles of almost spherical shape27 with a mean
diameter of about 10 nm.~For details see below and Sec. III!
The surfactant layer is formed by spacer molecules of o
acid with a chain length of about 2 nm; the carrier liquid
Isopar-m, an oil. The samples were of the nominal typ
EMG 901, 905, 909, and 911. Some of their physical pr
erties are presented in Table I. The volume fractionf of mag-
netite particles has been calculated directly from den
measurements. It varies between 0 and 15%. The satur
magnetizationMS (M5B2m0H) increases linearly with in-
creasingf ~see Table I!: MS5 f M p , with M p being the mean
magnetization of a magnetite particle. With our data we
tain M p50.4025 T. This value is considerably lower tha
that for bulk magnetite,6 Mbulk50.56 T. It has been alread
pointed out that a reduction of magnetization in nanop
ticles may be due to either a nonmagnetizable surface lay28

or to lattice tensions.29 For easy reference we have also list
the volume fraction specified by Ferrofluidics,f F , although
these values are too low: they are calculated asf F
5MS /Mbulk neglecting the difference between bulk a
nanoparticles. We have determined the size distribution
the particles via x-ray scattering, performed with a Kratk
Camera at a wavelength of 0.145 nm~Cu Ka line!. Capillary
tubes with a diameter of 1 mm and a wall thickness of 0
mm were used as sample holders. The samples were di
to a magnetite volume concentration of ca. 0.2%. This res
in an increase of particle distances, so that interference
fects are minimized. To process the data we have emplo
the structure interference method.30,31 For all ferrofluids we
obtain a rather broad size distribution with a maximum a
radius of about 4.5–5 nm and a half width of about 4–5
~see Fig. 1!. We do not interpret the small secondary peak
13–14 nm, since it is not clear whether it is an inhere
feature of the size distribution or an artifact due to resid
interparticle interference.

III. TWO-DIMENSIONAL SAXS:
PARTICLE SHAPE AND CLUSTER FORMATION

The SAXS experiments took place at the JUSIFA bea
line at Hazylab, DEZY, Hamburg.32 The bright synchrotron
radiation facilitates the use of a point collimation system a
thus allowed us to perform two-dimensional measureme

TABLE I. Saturation magnetizationMS , density%m , and vol-
ume fractionf of magnetite as determined by density measureme
For comparison also the producer’s data for the volume fractionf F

are shown. However, these values are too low~see text!.

Ferrofluid Samples~Ferrofluidics GmbH!

Sample MS ~mT! f ~%! fF5
MS

Mbulk
~%! %m (g/cm3)

Isopar-m 0 0.0 0.0 0.78
EMG 911 10 2.4 1.7 0.88
EMG 909 20 4.8 3.6 0.98
EMG 905 40 9.9 7.1 1.19
EMG 901a 60 15.0 10.7 1.42
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~see Fig. 2!. The energy of the beam was chosen to beE
57.09 keV ~0.174 nm! with a half width of dE/E'1024.
This is just below theK absorption line of Fe, so that even
particle concentrations up to 15%, the scattered intensity
high enough to be detected. The detector had linear dim
sions of 0.2 m and a resolution of 2173217 pixel. In order to
cover a range of scattering vectors fromh51023 to 3
31022 nm each measurement was performed twice with d
ferent sample-to-detector distances. The samples were pl
in capillary tubes as described above. Using a specially
signed sample holder, measurements were conducted in m
netic inductionsB from 0 to 0.3 T. The magnetic field direc
tion x̂ was perpendicular to the beam direction2 ẑ, as shown
schematically in Fig. 2. All measurements were conducte
room temperature. For more details we refer to Ref. 25.

Such two-dimensional measurements yield informat
on the microstructure of ferrofluids: The scattered intens
I (h) at a scattering vectorh5(hx ,hy) depends on the distri
bution of electron density%e(r ) in the sample. Except for the

s.

FIG. 1. The size distribution of the magnetite particles. It h
been normalized, so thatw(R)dR equals the volume fraction o
particles with radiusR.

FIG. 2. The geometry of the two-dimensional SAXS measu
ments, where the samples are exposed to a homogeneous ma
field. The scattered intensityI B(h) is function of scattering vector
h5(hx ,hy)5h(cosa, sina) and magnetic inductionBx . For the
spatial coordinates we use both a Cartesian and a cylindrical sy
@(x,y,z)→(x,r,F); see text#.
6-2
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FIG. 3. Two-dimensional plot of the scattered intensity for the sample EMG 905 at different magnetic fields. The range o
scattering vectors, where the intensity of the primary beam dominates, has been cut (uhu,0.15 nm21).
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case of forward scattering,hx5hy50, the intensity distribu-
tion can be written as

I hÞ0~h!5I eE g~r !cos~hxx!cos~hyy!dV, ~1!

whereI e denotes the scattering intensity of a single electr
The so-called characteristic function or autocorrelation fu
tion g(r )5g(2r )5D%e(r )* D%e(2r ) is the convolution of
the electron density contrast, i.e., of the difference betw
local electron density at a pointr and its volume average
D%e5%e(r )2% ē. Since the variation of%e(r ) in space is
mainly due to the strong contrast between the electron d
sities of magnetite and carrier liquid,g and thus the mea
sured intensity reflect the microstructure of the sample.

Figure 3 shows the two-dimensional scattered intensi
at different magnetic fields for the sample EMG 905, rep
sentatively for all the samples. The intensity at scatter
vectors uhu,0.15 nm21 is not shown, since this region i
dominated by the primary beam. ForB50 the intensity pat-
tern is isotropic: It does not depend on the direction oh
5(hx ,hy)5(h cosa,hsina), i.e., on the anglea ~see Fig. 2:
tana5hy /hx). With increasing magnetic field an anisotrop
09420
.
-
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n-

s
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develops: The intensity parallel to the field,I i5I (h,a50)
5I (h,a5p) decreases, while it increases in the perpendi
lar direction, I'5I (h,a56p/2), so that I i(h),I'(h)
holds. This has also been observed in other studies.19,33 Our
measurements show that the process is fully reversible.

The observed behavior can be understood as follows:
application of a homogeneous magnetic fieldB5Bx , the
characteristic function is no longer isotropic, but develop
cylindrical symmetry along the field axisx̂. That is, chang-
ing from Cartesian to cylindrical coordinates (x̂,r̂,f̂ where
r5Ay21z2 and tanf5z/y; see Fig. 2! Eq. ~1! reads

I B;hÞ0~h!5I eE gB~x,r!cos~hxx!

3S E
0

2p

cos~hyr cosf!df D dxrdr

52pI eE gB~x,r!cos~hxx!J0~hyr!dxrdr,

~2!
6-3
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whereJ0 is the Bessel function of the first kind of order zer
Using the above-defined anglea ~see Fig. 2!, this can be also
written in the form

I B;hÞ0~h,a!52pI eE gB~x,r!cos~h cosa•x!

3J0~h sina•r!dxrdr. ~3!

Since both the cosine and the Bessel function are even f
tions, the intensity pattern exhibits a periodicityI (h,a)
5I (h,a6p). This is shown in Fig. 4, where we display th
measured angle dependenceI (h,a) at B50.3 T. For a given
value ofh the scattered intensity oscillates betweenI i(h) and
I'(h). Our data can be well fitted by a function of the for

I ~h,a!5I 0~h!$11A~h!~sin2a20.5!%, ~4!

whereI 0(h) denotes the radial mean value

I 0~h!5
I'~h!1I i~h!

2
~5!

and

A~h!52
I'~h!2I i~h!

I'~h!1I i~h!
. ~6!

A is a measure of anisotropy and depends onB. Summariz-
ing, the two-dimensional~2D! intensity pattern is fully de-
termined by the two profiles parallel and perpendicular to
field axis,I i(h) at a50 andI'(h) at a56p/2. In the fol-
lowing we are going to show that the above 2D measu
ments in a magnetic field give us information on a possi
field-induced orientation of particles as well as on their s
tial arrangement.

A. Field-induced orientation of nonspherical particles

Previous transmission electron microscopy~TEM! studies
have revealed that the particles are of almost spher
shape.27 On the other hand, measurements of optical birefr
gence in an ionic ferrofluid revealed a shape anisotropy
about 5% for single particles.19 Also for the surfacted ferrof-
luid under study we cannot exclude a restricted aspheri

FIG. 4. The angle dependence of the scattered intensity for
sample EMG 905 at B50.3 T. We present the measured data~con-
tinuous lines! for scattering vectors~from top to bottom! h50.2,
0.3, 0.4, 0.5, and 0.6 nm21, as well as the fitting results accordin
to Eq. ~4! for the first and the last case (1).
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that would contribute to field-induced structural anisotropy
portion of these nonspherical particles will tend to orie
themselves with their longest axis parallel to the direction
an applied magnetic field~Brownian orientation; see Intro
duction!. Of course, thermal motion as well as the interacti
between the magnetic moments of the particles preven
perfect alignment. In addition, a fraction of small particl
does not orient themselves at all since it follows the N´el
mechanism of magnetic relaxation. In order to give a mic
scopic interpretation of field-induced anisotropic propert
of ferrofluids, the above partial orientation has to be dist
guished from structural changes like cluster or chain form
tion.

In general, both the scattering of single particles and
terparticle interference effects contribute to the measured
tensity I (h). The latter are due to multiple scattering b
tween particles and thus reflect the spatial arrangement o
particles. In the limit of large scattering vectorsh, though,
the intensity pattern is solely determined by single-parti
scattering, a process that depends on the shape of the
ticles. The interparticle interference effects can be neglec
For example, a polydisperse system of spherical partic
with radii Ri exhibits an isotropic intensity pattern, even
the presence of field-induced anisotropic clusters. Accord
to Ref. 34,

I}Vp
2^F2~hRi !&avg ~7!

5Vp
2 9

~hRavg!4
for hRavg@1 ~8!

holds, whereVp is the total volume of all particles, the
brackets ^•••&avg denote the ensemble average, and
functionF is the so-called form factor of a sphere. This is
oscillating function in monodisperse systems, but in polyd
perse systems the zeros average out and only an enve
remains defining an average radiusRavg .

If there were nonspherical particles, the aforemention
partial orientation would result in an anisotropic intens
pattern. In order to describe this effect, we consider a po
disperse system of ellipsoidal particles with semiaxes
lengthRi , Ri , andki•Ri (ki>1). The intensity scattered b
a single ellipsoid depends on its extension in the direction
the scattering vector but the form factor keeps its functio
form.34 In other words, Eq.~7! remains valid replacingRi by
Ei5RiAsin2 Qi1ki

2 cos2 Qi, whereQ i is the angle between
the scattering vectorh and the long axis of the ellipsoid
~obviouslyRi<Ei<kiRi holds!. Now the ensemble averag
includes not only the size and shape of the particles but
their orientation with respect toh5h(cosa, sina) ~see Fig.
2!, so that Eq.~8! becomes

I ~h,a!}Vp
2
•

9

$hEavg~a!%4
for hEavg~a!@1. ~9!

The average particle extension parallel and perpendicula
an applied magnetic field is given byEi5Eavg(a50) and
E'5Eavg(a5p/2). These quantities determine the me
sured anisotropy, i.e., the above-defined profilesI i and I' :

e

6-4
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FIG. 5. The anisotropy-related
functionA according to Eq.~6! vs
scattering vector for different
magnetic inductionsB. For h
.1 nm21 only single-particle
scattering contributes to the mea
sured intensity and thusA be-
comes independent ofh ~see text!.
The plateau value increases wit
increasing magnetic inductionB
until saturation is obtained (B
>0.3 T).
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~hEi!
4

and I'}
1

~hE'!4
. ~10!

Summarizing, the 2D intensity pattern of polydisperse ell
soids with semiaxis (Ri ,Ri ,kiRi) can be described using th
effective semiaxisEi and E' : if the particles were com-
pletely oriented,E'5Ravg and Ei5kavg•Ravg would hold,
whereas a random orientation would yieldEi5E' . Thus the
effective axis ratioke f f5Ei /E' is a measure for both th
particle orientation and the asphericity: 1<ke f f<kavg . The
experimental data allow us to determine this ratio. Using
~10! as well as the functionA defined in Eq.~6! we obtain

ke f f~B!5
Ei

E'

5S I'

I i
D 1/4

5S 11A/2

12A/2D
1/4

for hE'@1.

~11!

The effective value ofE' is of the order of the mean radiu
of the magnetite particles, i.e., in our case ca. 5 nm~see Fig.
1!. Thus Eq.~11! should hold forh.5/R̄51 nm21. Indeed,
above this limit the anisotropy related functionA(h) does
not depend anymore on the scattering vector~see Fig. 5!. At
low B there is no particle orientation, so thatA.0 for h
.1 nm21 and thuske f f(B50)51. Increasing the magneti
field the anisotropy becomes visible. At 300 mT saturation
achieved (B5BS) and for large scattering vectorsA<0.1
holds. According to Eq.~11! we obtain for the effective axis
ratio
09420
-

.

s

ke f f5
Ei

E'

<1.05 for B>BS . ~12!

As mentioned above, this is a measure for both the part
orientation and the asphericity. For randomly oriented ell
soids or sphereske f f51 would hold, whereaske f f5kavg for
completely oriented ellipsoids. Thus either the particles h
a shape very close to spherical, in accordance with the T
results, or their mean orientation is weak, so that they c
tribute little to the measured anisotropy. We shall use t
important piece of information later in the interpretation
dielectric measurements.

B. Cluster formation

Before analyzing experimental data, we want to illustra
our previous statement that the characteristic functiong(r )
contains the complete structural information of a 2
scattering experiment@Eq. ~2!#. As a simple model for an
anisotropic cluster system we choose a single dimer con
ing of two spheres of radiusR at a distancedC52(R1s)
from center to center.~In our examples50.2R.! In the case
of ferrofluids, the parameters corresponds to the thickness o
the surfactant layer. The dimer is oriented parallel to
magnetic field axisx̂. We have calculated numerically th
convolutiong(r )5D%e(r )* D%e(Àr ) and display the resul
in Fig. 6~b! using cylindrical coordinates as defined abo
@see Eq.~3! and Fig. 2#. g is the sum of an isotropic and o
an anisotropic term. The first one contributes equally in
6-5
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FIG. 6. ~a! Two spheres of radiusR forming a dimer with orientation parallel to thex axis. The center-to-center distance isdC52.4R. ~b!
Characteristic function of the oriented dimer. For the coordinatesx andr we refer to Fig. 2 and Eq.~3!. ~c! Anisotropic contribution ofg
in field direction according to Eq.~14!. There is maximum autocorrelation atx5dC .
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directions while the second one yields no contribution
directions perpendicular to the field axis:

g~x,r!5g iso~Ax21r2!1ganiso~x,r!,

with ganiso~0,r!50. ~13!

g iso gives rise to the symmetric peak in the center and is
to single-particle scattering, while the two smaller pea
(ganiso) are caused by interparticle interference: They
located at (x,r)5(6dC,0); i.e., they reflect the orientatio
and extension of the cluster and thus the complete struc
information. For a randomly oriented dimer, the interparti
interference would contribute equally in all directions, form
ing a ring around the central peak. So one way to extr
information about structural anisotropy fromg is to evaluate
the contributionganiso @see Eq.~13!#. This implies identifi-
cation and subtraction of the 2D functiong iso. But the posi-
tion of the anisotropy related peaks can also be determ
directly in an easy way. According to Eq.~13! the anisotropic
contribution in the field direction is

ganiso~x,0!5g~x,0!2g~0,x!; ~14!

i.e., it can be evaluated calculating the difference ofg along
the axes parallel and perpendicular to the field axis. T
yields a one-dimensional function with maxima atx56dC
@see Fig. 6~c!#.

In the above example, isotropic and anisotropic contri
tions are well separated and can be easily distinguished@see
Fig. 6~b!#. This is much more difficult in real systems such
ferrofluids having complex field-dependent microstructu
Already at B50, where ferrofluids are isotropic (gB50

aniso

50), there exist clusters of magnetite particles separate
oleic acid spacer molecules. Therefore single-particle sca
ing and interference between particles in a cluster as we
interference between different clusters will contribute
g iso. ~Note that the latter contribution did not enter the abo
calculation for a single dimer.! The isotropic contribution
results in a broad center peak that can easily mask
smaller side peaks, which form with increasing anisotro
i.e., with increasing magnetic field. In order to reduce
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isotropic contribution, we show in the following field
induced changes, i.e.@see Eq.~13!#,

DgB~x,r!5gB~x,r!2gB50~x,r!

5$gB
iso2gB50

iso %1gB
aniso~x,r!

5DgB
iso~Ax21r2!1gB

aniso~x,r!,

with gB
aniso~0,r!50. ~15!

Note thatg andDg only differ in their isotropic term@com-
pare Eqs.~13! and ~15!#. The above quantity is evaluate
by inverting the difference of the measured scattered int
sities with and without applied field, for which according
Eq. ~2!

I B~h!2I B50~h!52pI eE DgB~x,r!cos~hxx!

3J0~hyr!dxrdr ~16!

holds. For the inversion, we use a two-dimensional equid
tant discretization of the (x̂,r̂) space. Figure 7 displays th
result of such an inversion for sample EMG 901 atB
50.3 T. There is no central peak atx5r50; i.e., obviously
ganiso dominates andDgB

iso gives only a small contribution
@see Eq.~15!#. The two peaks located on the field axisx̂

FIG. 7. Two-dimensional plot of the characteristic function af
subtraction of symmetric zero-field contributions,DgB5gB

2gB50 @see Eq.~15!#, for sample EMG 901 atB50.3 T.
6-6
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FIG. 8. The anisotropic contri-
bution to the characteristic func
tion along the field axis,
gB

aniso(x,0) vs x, according to Eq.
~17!.
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clearly indicate field-induced anisotropy. In order to obta
information on field-induced anisotropy, we have to get
of remaining symmetric contributions (DgB

isoÞ0). We there-
fore calculate the anisotropic contribution along the fie
axis. According to Eq.~15!

gB
aniso~x,0!5DgB~x,0!2DgB~0,x!5gB~x,0!2gB~0,x!

~17!

holds @for the second equality see Eq.~14!#. So either the
difference ofDgB along thex andr axis or that ofgB can be
used for the evaluation.@This is due to the fact thatg andDg
exhibit the same anisotropic term; see Eqs.~14! and ~15.#
The result is displayed in Fig. 8. We find for all sampl
~filling factors! and field strengths a characteristic peak ax
.10 nm. In contrast to the simple model we have discus
at the beginning of this section, this peak does not neces
ily indicate the existence of oriented dimers, but more g
erally of nonspherical clusters having a preferred orienta
parallel to the applied field. What we observe is maximu
anisotropic autocorrelation at a distance of 10 nm. Ferro
ids exhibit a disordered microstructure where the autoco
lation of next neighbors dominates. Therefore, we can in
pret the above value as the mean center-to-center par
distance in oriented clusters:

dC̄.10 nm. ~18!

Here we content ourselves with an approximative picture
chainlike structures~dimers, trimers, etc.!. In order to get
more detailed information about field-induced cluster form
tion, such as cluster size~number of particles! and cluster
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form ~shape anisotropy!, we would have to analyze not onl
the main peak positions, but the complete form of the ch
acteristic function displayed in Figs. 7 and 8. This might
possible in diluted systems, whereg can be interpreted and
modeled as an intracluster autocorrelation function. In
systems with filling factors from 2.4% to 15%, however, i
terference between different clusters cannot be neglected
thus any further analysis would require a rather sophistica
modelization. For this reason we also do without an appro
mative evaluation of the cluster form via a Guinier analy
of scattering curves~as has been done, for example, for
ionic ferrofluid revealing bundlelike aggregates; see Ref. 1!.
We shall address this open question in a second study u
Monte Carlo simulations.

Instead of this, we shall now use the above result,
~18!, to estimate the mean size of the particles that take
in the field-induced formation or orientation of anisomet
clusters. In a cluster neighboring particles are separated
their surface layers of oleic acid spacer molecules havin
chain length of 2 nm. But the effective length can be w
lower than that.35 Furthermore, the inverted micelle structu
in which the oleic acid molecules are organized leav
enough free volume for a partial interpenetration of adjac
layers. TEM studies of ferrofluids show that in clusters
magnetite particles, the surface-to-surface distances can
small as 0.7 nm~Ref. 27! since, at least after removal of th
carrier liquid, the surfactant chains can be tilted or entang
Therefore, the distance 2s between the particle surfaces lie
in the range 0.7–4 nm. Using Eq.~18! we obtain a mean
radiusRC̄ of the particles taking part in cluster formation:
6-7
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KRUSE, KRAUTHÄUSER, SPANOUDAKI, AND PELSTER PHYSICAL REVIEW B67, 094206 ~2003!
RC̄5
dC̄22s

2
.3.0–4.7 nm. ~19!

The above values ofdC andRC are independent of both th
filling factor and the strength of the applied magnetic fie
~see Fig. 8!. Summarizing, we have two main results.

~i! The average particle radius in oriented anisome
clusters is of the order of the mean particle radiusR̄
.4 –5 nm of the ferrofluid~see Fig. 1!. At first glance this
seems surprising, since bigger particles with a higher m
netic dipole-dipole interaction should have an enhan
probability to form aggregates~see below!. But obviously
particles of all sizes contribute to cluster formation; i.e., t
polydisperse system does not split up into smaller single
ticles and larger agglomerating particles.

~ii ! Although structural anisotropy develops with increa
ing magnetic field~see Figs. 3 and 8!, the average particle
radius in oriented anisometric clusters remains constant.
ther the applied field mainly induces orientation of alrea
existing aggregates or at every stage of cluster forma
small and large particles are involved.

C. Interaction energies and microstructure

Interaction energies in ferrofluids depend on both the p
ticle distances and on their radii. In general, the long-ra
magnetic dipole-dipole interaction is thought to be resp
sible for the formation of clusters. Let us consider partic
with parallel magnetic dipole moments, e.g., at saturat
magnetization. For two particles of radiusR1 and R2 at a
center-to-center distancedC , the interaction energy is

Ei
dd522

m0

4p

m1m2

dC
3

}S R1R2

dC
D 3

, ~20!

wherem i5
4
3 p(M p /m0)Ri

3 denotes the magnetic dipole mo
ment of particlei and M p its saturation magnetization. Fo
small particles the dipole-dipole interaction is less import
and thus larger particles should have a stronger tendenc
form clusters.21 The agglomeration behavior is often chara
terized in terms of an aggregation parameterl, i.e., the ratio
of the magnetic dipole-dipole interaction of two particles a
their thermal energy:

l5
1

2

uEi
ddu

kBT
. ~21!

For example, Monte Carlo simulations of monodisperse s
tems show a transition in the agglomeration behavior w
increasingl, i.e., with decreasing temperature or increas
particle size~see, e.g., Ref. 23!.

Above we have shown that the average radius of parti
in oriented clusters roughly equals the mean particle rad
of the ferrofluid~4–5 nm!. For a pair of such small particle
(R15R254.5 nm) at a distancedC̄510 nm we obtain with
M p50.4025 T~see Sec. II!

uEi
ddu.3310221J.0.019 eV. ~22!
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This is less than the thermal energy at room temperat
kBT50.025 eV. Obviously, a dipole-dipole interactio
would not be sufficient to achieve a thermally stable clus
In terms of the above aggregation parameter this reads

l̄.0.37. ~23!

Thermal stability requires at leastl>1. As a consequence
such small particles can only form aggregates with big p
ticles. In order to estimate down to which particle size this
possible, we rewrite Eq.~21! as

l5S R1

Rlimit

R2

dC
D 3

, ~24!

where

Rlimit5S m09kBT

4pM p
2 D 1/3

. ~25!

In our caseRlimit52.8 nm holds at room temperature. Sm
particles withR1<Rlimit can never form a cluster withl
>1, whatever the size of the second particle is@R2 /dC,1
in Eq. ~24!#. The higher we set the criterion for thermal st
bility, the larger the portion of particles that can nev
achieve the required dipole-dipole interaction~i.e., all par-
ticles with R1<l1/3Rlimit). Now let us consider a typica
particle with radiusR15R̄54.5 nm. In order to achievel
>1 it has to come sufficiently close to a second particle w
R2.9 nm, for l>4 evenR2.440 nm ~for our surfacted
particles we have setdC>R11R211 nm). According to the
measured size distribution~Fig. 1! such an interaction can
only be obtained with a small portion of particles; i.e., mo
of the particles would not find a partner to form a stab
cluster. Therefore, we would expect to find more likely b
particles in a cluster. In addition, thel dependence of ag
glomeration behavior observed in Monte Carlo simulatio
of monodisperse systems has led to the idea that a poly
perse system can be divided into two parts, i.e., into sm
single particles and larger particles forming definite
aggregates.21 But our experimental result indicates that pa
ticles of all sizes contribute to the formation of clusters. O
viously, the above energy criterion based solely on
dipole-dipole interaction@Eq. ~21!# is too simple, at least for
such a polydisperse system. Another mechanism has to
vide additional bonding energy:

In clusters with short surface-to-surface distances (s
5dC2R12R2) the van der Waals interaction can be mu
stronger than the magnetic dipole-dipole interaction and

EvdW52
AH

6 H 2R1R2

dC
2 2~R11R2!2

1
2R1R2

dC
2 2~R12R2!2

1 lnS dC
2 2~R11R2!2

dC
2 2~R12R2!2D J ~26!

holds,36 whereas the Hamaker constantAH has a value in the
range from 3310220 J to 3310219 J, i.e., from 0.19 eV to
1.9 eV.37,6 As in the above example, Eq.~22!, we consider
particles of typical size R15R25R̄54.5 nm and dC
510 nm. WithAH>0.19 eV we obtain
6-8
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uEvdWu>4.5310221J.0.028 eV ~27!

so that uEvdWu.uEi
ddu holds @see Eq.~22!#. Agglomeration

behavior depends on the total interaction energy, i.e., h
uEvdW1Ei

ddu>0.047 eV. Now the generalized aggregati
parameter indicates thermal stability even at room temp
ture:

l total5
uEvdW1Ei

ddu
2kBT

.1. ~28!

l total still depends on particle size (l total@1 for big par-
ticles!, but now also clusters consisting of smaller partic
can achieve a sufficient thermal stability.

Summarizing, thermal energy and dipole-dipole inter
tions govern the microstructure of ferrofluids at long parti
distances, i.e., at the first stage of cluster formation. O
small particles come closer, they can only form a therma
stable cluster if there is an additional interaction energy.
have shown that the van der Waals interaction can yiel
significant contribution. Of course, the stability of aggrega
may also depend on microscopic processes such as th
tanglement of spacer molecules, so that particle coating
carrier liquid can be important parameters. Our experime
do not allow us to develop a comprehensive microsco
model for the agglomeration process. Therefore, we con
ourselves with the statement that at least the van der W
interaction should not be neglected in theoretical models
computer simulations describing polydisperse systems.

IV. CONCLUSIONS

We have used two-dimensional SAXS to study the mic
structure of ferrofluids. On application of an external hom
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