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Agglomeration and chain formation in ferrofluids: Two-dimensional x-ray scattering
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(Received 29 July 2002; published 21 March 2003

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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[. INTRODUCTION to-tail manner. When an external magnetic field is applied,

ferrofluids develop anisotropic properties, e.g., dieletirit
The material parameters of heterogeneous materials d@r optical”*®anisotropy. It is evident that this must be due to
pend on the properties of their components as well as oA field-induced anisotropic microstructure, i.e., due to the

their microstructure. This holds for quantities such as elasPresence of nonspherical unigsarticles or clustejshaving

ticity, thermal and electrical conductivity, permittivity, per- an orientation parallel to the applied magnetic field. Their

meability, etc. For the correct interpretation of macroscopicShape anisotropy has been investigated in ionic ferrofluids

measurements or for tailoring composite materials it is therex > 9 optical- and x-ray-scattering technigaanisometric

fore indi ble o k h lation betw ruct aggregates have been also detected in ferronematics, i.e., in
oré indispensable to know he correlation between struclurgy, iy crystals doped with ferrofluids, which were exposed to

and gﬁective_ properties. Exact solutions o_f the so-calleq,niform magnetic field®2* or magnetic field gradiert®(so-
e_ffectlve-medlum _problem have been achieved only for.gjieq primary and secondary aggregation or chaining pro-
simple systems like perfectly ordered arrangements ofesses However, the microscopic process of cluster forma-
equally sized spherestor the permittivity see Refs. 1 and tjon is not yet clear. Various microscopic changes might
2.) However, real systems show more complicated random ogause anisotropy(i) formerly well-separated particles form
nonrandom spatial arrangements that depend on the degregains or elongated clusters parallel to the applied figily,

of particle agglomeration. For example, it has been showspherical clusters become nonspherical and elongébex
that the permittivity of nanoparticles dispersed in a matrixparticle positions change or new particles join the clyster
depends systematically on the shape and size distribution @fii ) nonspherical particles undergo Brownian orientation, or
the particles as well as on their spatial distribution.In (iv) entire nonspherical clusters orient themselves along the
order to understand the above correlation it is of great interapplied field. Another open question is to what extent par-
est to study heterogeneous materials, the microstructure &tles of different sizes contribute to cluster formation:
which can be altered via an external parameter while comMonte Carlo simulations of monodisperse systems indicate
ponents and mixture ratio remain unchanged. This has motfhat agglomeration behavior strongly depends on the strength
vated our structural and dielectric study of ferrofiuids, theOf dipole-dipole interactioff and thus on particle size. Ac-
results of which are reported here. cordingly, in real polydisperse ferrofluids mainly larger par-

H 1
Ferrofluids are colloidal dispersions of magnetic mon-t'd:as ?]re exp;(acted toéorrp\ clfgsltdéf_‘sz.d 41 on of
odomain nanoparticles in a carrier liqid.In a magnetic n this work we study the field-induced formation of an-

field, the magnetic moments of the particles tend to orientSOLOPIC microstructure i ferroflwds_ by meg‘g‘s of two-
themselves parallel to the field direction following one of dimensional small-angle x-ray scatterif@AXS).™ We fo-
two mechanisms: either the particle rotates together with jt§yS on the question of how the anisometry of single part|.cles
magnetic momen{Brown orientatiofi) or the particle keeps and_ clustc_ars contnbptes to str_uctural anisotropy. Especially,
its orientation but the magnetic moment vector rotates with/e Investigate the size of particles taking part in cluster for-

respect to the crystal structurd@eel orientatiorl). Phase mation. In a ;econq contribution to fOIIOW’ we shall use
separation and permanent agglomeration are prevent onte Carlo S|_mulat!ons to evaluate the Size a_nd form of
through an organic surfactant layer covering the particle39 usters. In a third article we s_hall present dielectric measure-
Nevertheless, attractive dipole-dipole and van der Waals inments on the same _sam[_ﬁ%sm order to correlate micro-
teractions may lead to the formation of clusters. TheoreticaPtcture and dielectric anisotropy.

investigations, treating ferrofluids as dipolar hard sphere Il SAMPLE CHARACTERIZATION

liquids 1%~ predict that a strong dipole-dipole interaction '

leads to the formation of chainlike or ringlike structures, in  The liquids studied were purchased from Ferrofluidics

which the particle magnetic moments are aligned in a nosecmbH (Nurtingen, Germany They contain magnetite
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TABLE |. Saturation magnetizatioM g, densityp,,, and vol- w(R)
ume fractionf of magnetite as determined by density measurements9 10* T —— T T T T T T
For comparison also the producer’s data for the volume fradtion ¢ ;5| El\hﬁ[gg(l)é ------ -
are shown. However, these values are too (see text 1o AL EMG801 - - |
Ferrofluid SamplegFerrofluidics Gmbb 610" .
Mg 510" —
Sample Mg (mT) f (%) fe= (%) ©om(g/cn?) »
Mpuik 4107 7
310" .
Isopar-m 0 0.0 0.0 0.78 5100k i
EMG 911 10 24 1.7 0.88 »
EMG 909 20 48 3.6 0.98 N P SN
1 1 1 1 1 T LSSk -
EMG 905 40 9.9 71 119 % 2 4 6 8 10 12 14 16 18 20
EMG 901a 60 15.0 10.7 1.42 Particle Radius R [nm]

FIG. 1. The size distribution of the magnetite particles. It has
been normalized, so that(R)dR equals the volume fraction of

(Fe;0,) particles of almost spherical sh&pavith a mean particles with radiuR

diameter of about 10 nnfFor details see below and Sec.)ll.

The surfactant layer is formed by spacer molecules of oleic )
acid with a chain length of about 2 nm: the carrier liquid is (S€€ Fig- 2 The energy of the beam was chosen tokbe

Isopar-m, an oil. The samples were of the nominal types-/-09 keV (0.174 nm with a half width of SE/E~10"*.

EMG 901, 905, 909, and 911. Some of their physical prop_This is just below thé absorption line of Fe, so that even at
erties are ,presénted,in Table I. The volume fracfiohmag- ~ Particle concentrations up to 15%, the scattered intensity was
netite particles has been calculated directly from density'dn €nough to be detected. The detector had linear dimen-
measurements. It varies between 0 and 15%. The saturatigi®s of 0.2 m and a resolution of 2%217 pixel. In order to

; -3
magnetizatiorM s (M = B— uoH) increases linearly with in-  COVer a range of scattering vectors from=10""to 3
creasing (see Table)t Mg=fM ,, with M, being the mean X 10 < nm each measurement was performed twice with dif-

magnetization of a magnetite particle. With our data we obferent sample-to-detector distances. The samples were placed

tain M,=0.4025 T. This value is considerably lower than in capillary tubes as described above. Using a specially de-

that for bulk magnetité,M,,=0.56 T. It has been already signed sample holder, measurements were conducted in mag-

pointed out that a reduction of magnetization in nanoparn€tiC inductionsB from 0 to 0.3 T. The magnetic field direc-

ticles may be due to either a nonmagnetizable surface?ayertion x was perpendicular to the beam directie, as shown
or to lattice tension&’ For easy reference we have also listedschematically in Fig. 2. All measurements were conducted at

the volume fraction specified by Ferrofluidids;, although room temperature. For more details we refer to Ref. 25.
these values are too low: they are calculated f&s Such two-dimensional measurements yield information

=Mg/M,,« neglecting the difference between bulk andon the microstructure of ferrofluids: The scattered intensity
nanoparticles. We have determined the size distribution of(h) at a scattering vectdr=(h,,h,) depends on the distri-
the particles via x-ray scattering, performed with a Kratky-bution of electron densitg(r) in the sample. Except for the
Camera at a wavelength of 0.145 1t@u K « line). Capillary

tubes with a diameter of 1 mm and a wall thickness of 0.01

mm were used as sample holders. The samples were dilute

to a magnetite volume concentration of ca. 0.2%. This results

in an increase of particle distances, so that interference ef

fects are minimized. To process the data we have employer

the structure interference meth®f! For all ferrofluids we ~ Primary beam
obtain a rather broad size distribution with a maximum at a
radius of about 4.5-5 nm and a half width of about 4—5 nm
(see Fig. 1L We do not interpret the small secondary peak at
13-14 nm, since it is not clear whether it is an inherent
feature of the size distribution or an artifact due to residual
interparticle interference.

detector

sample

i =h(coso,sing )

IIl. TWO-DIMENSIONAL SAXS:

PARTICLE SHAPE AND CLUSTER FORMATION FIG. 2. The geometry of the two-dimensional SAXS measure-
] ments, where the samples are exposed to a homogeneous magnetic
The SAXS experiments took place at the JUSIFA beamfield. The scattered intensity(h) is function of scattering vector

line at Hazylab, DEZY, Hamburd. The bright synchrotron h=(h,,h,)=h(cosa, sina) and magnetic inductiom, . For the
radiation facilitates the use of a point collimation system andspatial coordinates we use both a Cartesian and a cylindrical system
thus allowed us to perform two-dimensional measurementg(x,y,z)— (x,p,®); see texk
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FIG. 3. Two-dimensional plot of the scattered intensity for the sample EMG 905 at different magnetic fields. The range of small
scattering vectors, where the intensity of the primary beam dominates, has bedn <@.{5 nm'1).

case of forward scattering,=h,=0, the intensity distribu- develops: The intensity parallel to the field=1(h,a=0)

tion can be written as =1(h,a=m) decreases, while it increases in the perpendicu-

lar direction, 1, =I(h,a==*/2), so thatl(h)<I, (h)

holds. This has also been observed in other studigsOur

measurements show that the process is fully reversible.
The observed behavior can be understood as follows: On

wherel . denotes the scattering intensity of a single eIeCtronappIication of a homogeneous magnetic fi@eB,, the
The so-called characteristic function or autocorrelation funcwparacteristic function is no longer isotropic, but (jxévelops a

tion y(r)=vy(—r)=Apq(r)*Ap.(—r) is the convolution of R : - . i
the electron density contrast, i.e., of the difference betwee[(%yl'ndncaI symmetry along the field axis That is, chang

local electron density at a poimtand its volume average: N9 from Cartesian to cylindrical goordinate%,z;,c} where
Ao.=04(f)— e Since the variation ob(r) in space is P~ VY +Z and tanp=zly; see Fig. 2Eq. (1) reads
mainly due to the strong contrast between the electron den-
sities of magnetite and carrier liquig; and thus the mea-
sure_d intensity reflect the mi(_:rostrqcture of the sample. N |B-h¢o(h):|ef y(X,p)cog h,X)

Figure 3 shows the two-dimensional scattered intensities ’
at different magnetic fields for the sample EMG 905, repre-
sentatively for all the samples. The intensity at scattering X
vectors|h|<0.15 nm'! is not shown, since this region is
dominated by the primary beam. FB=0 the intensity pat-
tern is isotropic: It does not depend on the directionhof :ZwIeJ' ¥e(X,p)coghyx)Jo(hyp)dxpdp,
=(hy,hy)=(hcosa,hsina), i.e., on the anglex (see Fig. 2:
tana=hy /h,). With increasing magnetic field an anisotropy (2)

|h¢0(h):|ef y(r)cogh,x)coghyy)dV, 1)

27 \
J coghyp cos¢)de |dxpdp
0
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I(h=const) (arb.units) that would contribute to field-induced structural anisotropy: a

" " "Rit *+ EMG905 —' portion of these nonspherical particles will tend to orient

1000 M themselves with their longest axis parallel to the direction of
./\_/\ an applied magnetic fiel@rownian orientation; see Intro-

] duction. Of course, thermal motion as well as the interaction

between the magnetic moments of the particles prevents a
perfect alignment. In addition, a fraction of small particles
does not orient themselves at all since it follows theeNe

! ! ! . . . . mechanism of magnetic relaxation. In order to give a micro-
0 50 100 150 200 250 300 35 scopic interpretation of field-induced anisotropic properties

o () of ferrofluids, the above partial orientation has to be distin-

uished from structural changes like cluster or chain forma-
on.

100

FIG. 4. The angle dependence of the scattered intensity for th%

sample EMG 905 at B0.3 T. We present the measured datan- . . . .
tinuous line$ for scattering vectorgfrom top to bottom h=0.2, In general, both the scattering of single particles and in-

0.3, 0.4, 0.5, and 0.6 ni, as well as the fitting results according terpartlcle interference effects contrlbute_to the mea_sured in-
to Eq. (4) for the first and the last caser(. tensity I(h). The latter are due to mul_tlple scattering be-
tween particles and thus reflect the spatial arrangement of the

wherelJ, is the Bessel function of the first kind of order zero. Particles. In the limit of large scattering vectdns though,

written in the form scattering, a process that depends on the shape of the par-

ticles. The interparticle interference effects can be neglected.

For example, a polydisperse system of spherical particles
'B:h?ﬁO(h*“):ZT"eJ va(X,p)cogh cosa:x) with radii R; exhibits an isotropic intensity pattern, even in
the presence of field-induced anisotropic clusters. According
XJo(hsina-p)dxpdp. () to Ref. 34,
Since both the cosine and the Bessel function are even func- )
tions, the intensity pattern exhibits a periodicityh, ) 1V @5 (MR D) avg )
=I(h,a= ). This is shown in Fig. 4, where we display the
measured angle dependen¢h,«) atB=0.3 T. For a given —\2 9 for hR. .>1 ®)
value ofh the scattered intensity oscillates betwegim) and P (hRavg)4 e

[, (h). Our data can be well fitted by a function of the form . .
1 () y holds, whereV,, is the total volume of all particles, the

|(h,a)=Io(h){1+A(h)(Sin2a—0.5)}, (4) brackets(--~>avg denote the ensemble average, and the
function® is the so-called form factor of a sphere. This is an
oscillating function in monodisperse systems, but in polydis-
1L (h)+1y(h) perse system_s the zeros average out and only an envelope
lo(h)= — (5)  remains defining an average radRg, .
If there were nonspherical particles, the aforementioned
and partial orientation would result in an anisotropic intensity
pattern. In order to describe this effect, we consider a poly-
I (h)=1y(h) disperse system of ellipsoidal particles with semiaxes of
m' (6) lengthR;, R;, andk;-R; (kj=1). The intensity scattered by
) ) ) a single ellipsoid depends on its extension in the direction of
A is a measure of anisotropy and dependsBosummariz- ¢ gcattering vector but the form factor keeps its functional
ing, the two-dimensional2D) intensity pattern is fully de-  5rm 34 |n other words, Eq(7) remains valid replacing; by

termined by the two profiles parallel and perpendicular to thg- _ o JSi?0,+Kco®,, where®, is the angle between
1 1 1 (8] 1

Tli,lv?naxl,?,g ng]()e atociyn: ()toars]glc)b\ShtL:tt ﬁ; iagé\zlélgéh%g'sureghe scattering vectoh and the long axis of the ellipsoid
mentg in a ma gnetig field give us information on a possible 00VIOUSIY RI<E;<kiR; holds. Now the ensemble average
A 9 . give | PO includes not only the size and shape of the particles but also
field-induced orientation of particles as well as on their spa;, .~ " . . _ : .
. their orientation with respect tb=h(cosq, sina) (see Fig.
tial arrangement.

2), so that Eq(8) becomes

wherely(h) denotes the radial mean value

A(h)=2

A. Field-induced orientation of nonspherical particles

9
Previous transmission electron microscdp¥M) studies I(h,a)=Vp: w for hEzg(@)>1. (9
have revealed that the particles are of almost spherical avg
shape®’ On the other hand, measurements of optical birefrin-The average particle extension parallel and perpendicular to
gence in an ionic ferrofluid revealed a shape anisotropy oén applied magnetic field is given W§=E,,4(«=0) and
about 5% for single particle€’S.Also for the surfacted ferrof- E, =Eag(@=m/2). These quantities determine the mea-
luid under study we cannot exclude a restricted asphericitgured anisotropy, i.e., the above-defined profileand|, :

094206-4



AGGLOMERATION AND CHAIN FORMATION IN. ..

A(h) A(h)

12 — —r : 12 — e ;
EMGO1l —— EMGO1l ——
EMGO09  ------- s EMGO09  -------

1F EMG905 ----- - 1R EMG905 -----

EMG90la *° - EMG90la * - -

08 | 4 osk:

06 F 4 o6

04 -'-: leo mT — 04

0.2

PHYSICAL REVIEW B 67, 094206 (2003

FIG. 5. The anisotropy-related
function A according to Eq(6) vs
scattering vector for different
magnetic inductionsB. For h

) 05 E] 2 0 >1nm! only single-particle
h [1/nm] scattering contributes to the mea-
Ach) A( sured intensity and thu#\ be-
12 = T T 12 [ T T .
EMGO1l —— . EMGO1l —— comes mdependent_ctxf(see text _
EMG909 -+ b EMG909 - The plateau value increases with
1~ EMG905 ~~~7- ] TR EMG905 ~~~°°

increasing magnetic inductioB

: EMG90la ~ "~ \ EMG901a =~~~ , e )
\ until saturation is obtained B
08 =0.3 7).
0.6 -
04
0.2
0
1 1 B
|me |Locm_ (10) keff=Es1.05 for B=Bsg. (12
| L

As mentioned above, this is a measure for both the particle
orientation and the asphericity. For randomly oriented ellip-
soids or spherek.¢;=1 would hold, whereage =Ky, 4 for
completely oriented ellipsoids. Thus either the particles have
a shape very close to spherical, in accordance with the TEM
results, or their mean orientation is weak, so that they con-
tribute little to the measured anisotropy. We shall use this
important piece of information later in the interpretation of
dielectric measurements.

Summarizing, the 2D intensity pattern of polydisperse ellip-
soids with semiaxisR; ,R; ,k;R;) can be described using the
effective semiaxist| and E, : if the particles were com-
pletely orientedE, =R,y and Ej=kg,4- Ra,q Would hold,
whereas a random orientation would yi&g=E, . Thus the
effective axis ratioke¢;=E|/E, is a measure for both the
particle orientation and the asphericityskcti<K,,g. The
experimental data allow us to determine this ratio. Using Eq
(10) as well as the functio defined in Eq.(6) we obtain

1/4
| )

E” B. Cluster formation
Ketf(B)= E "

1/4
) for hE,>1. Before analyzing experimental data, we want to illustrate
(11)  our previous statement that the characteristic funcion)
contains the complete structural information of a 2D-
The effective value oE, is of the order of the mean radius scattering experimenteqg. (2)]. As a simple model for an
of the magnetite particles, i.e., in our case ca. 5(se® Fig. anisotropic cluster system we choose a single dimer consist-

1). Thus Eq.(11) should hold forh>5/R=1 nm*. Indeed, ng of two spheres of radiuR at a distancedc=2(R+5s)
above this limit the anisotropy related functidx(h) does from center to centefIn our examples=0.2R.) In the case
not depend anymore on the scattering ve¢sere Fig. 5 At of ferrofluids, the parametarcorresponds to the thickness of
low B there is no particle orientation, so that=0 for h the surfactant layer. The dimer is oriented parallel to the
>1 nm ! and thusk.;((B=0)=1. Increasing the magnetic magnetic field axix. We have calculated numerically the
field the anisotropy becomes visible. At 300 mT saturation isconvolutiony(r) =Ap.(r)* Ap.(—r) and display the result
achieved B=Bg) and for large scattering vecto’s<0.1  in Fig. 6(b) using cylindrical coordinates as defined above
holds. According to Eq(11) we obtain for the effective axis [see Eq(3) and Fig. 2. v is the sum of an isotropic and of
ratio an anisotropic term. The first one contributes equally in all

1+A/2
1-A/2
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g [ ¥(x,p) [arb.units]

- YOO T T T T T T T T T ]

6 [ /l/!' [arb. units]
4 r Z il 4r .
2 r ! 3 ,/' b i
0 r SL i
4 kS ]

0 PR R R RN S
- 0051 152 253 35 445 5
x/R 4 x/R
(a) (b) (0

FIG. 6. (&) Two spheres of radiuR forming a dimer with orientation parallel to thxeaxis. The center-to-center distancelis=2.4R. (b)
Characteristic function of the oriented dimer. For the coordinatesd p we refer to Fig. 2 and Ed23). (c) Anisotropic contribution ofy
in field direction according to Eq14). There is maximum autocorrelation xatd .

directions while the second one yields no contribution inisotropic contribution, we show in the following field-

directions perpendicular to the field axis: induced changes, i.gsee Eq(13)],
Y(X,p) = ¥SUXZ+ p?) + 29 x, p), Avyp(X,p)=v8(X,p) = vB=0(X,p)
with ,}/aniSO(O’p):OI (13) { iso__ ,ygsoo}+ ’yamSO(X p)

— |so 2 2 aniso
430 gives rise to the symmetric peak in the center and is due =878 (VX+ %)+ yg " (X0p),
to single-particle scattering, while the two smaller peaks aniso
(y2"'s%) are caused by interparticle interference: They are with 75 ™"(0,0)=0. (15)
located at %,p)=(=dc,0); i.e., they reflect the orientation Note thaty andA y only differ in their isotropic ternfcom-
and extension of the cluster and thus the complete structurglare Egs.(13) and (15)]. The above quantity is evaluated
information. For a randomly oriented dimer, the interparticleby inverting the difference of the measured scattered inten-
interference would contribute equally in all directions, form- sities with and without applied field, for which according to
ing a ring around the central peak. So one way to extracEq. (2)
information about structural anisotropy frois to evaluate
the contributiony?™s° [see Eq.(13)]. This implies identifi- _ _ j
cation and subtraction of the 2D functigf°. But the posi- 's(h)~l-o(h)=27lc | A¥g(x.p)cothex)
tion of the anisotropy related peaks can also be determined

directly in an easy way. According to E(.3) the anisotropic X Jo(hyp)dxpdp (16)
contribution in the field direction is holds. For the inversion, we use a two-dimensional equidis-
tant discretization of theX(p) space. Figure 7 displays the
Y2189(x,0) = y(x,0) — y(0X); (14) result of such an inversion for sample EMG 901 Bt

=0.3 T. There is no central peakyat p=0; i.e., obviously
e., it can be evaluated calculating the differenceyaflong ~ y2"s° dominates and\ y;° gives only a small contribution
the axes parallel and perpendicular to the field axis. Th|s§see Eqg.(15)]. The two peaks located on the field axXs
yields a one-dimensional function with maximaxat +d¢ )
[see Fig. 60)]. Ay [arb. units]

In the above example, isotropic and anisotropic contribu- 0.002
tions are well separated and can be easily distinguifbee Obog(l)i
Fig. 6(b)]. This is much more difficult in real systems such as 0‘(;005
ferrofluids having complex field-dependent microstructure. 0
Already at B=0, where ferrofluids are isotropicyf™s° -0.0005
=0), there exist clusters of magnetite particles separated by -0.001 -
oleic acid spacer molecules. Therefore single-particle scatter- 40
ing and interference between particles in a cluster as well as 20
interference between different clusters will contribute to 40 5 5 _200 pnm]

¥'S°. (Note that the latter contribution did not enter the above -40

calculation for a single dimer.The isotropic contribution

results in a broad center peak that can easily mask the FIG. 7. Two-dimensional plot of the characteristic function after
smaller side peaks, which form with increasing anisotropysubtraction of symmetric zero-field contributions\ yg=yg
i.e., with increasing magnetic field. In order to reduce the— yg_, [see Eq(15)], for sample EMG 901 aB=0.3 T.

094206-6



AGGLOMERATION AND CHAIN FORMATION IN.. .. PHYSICAL REVIEW B 67, 094206 (2003

y A0S0 (x,0) T T T T T T T v AMS0(x,0)
10mT ——
[arb. units] [ ~ 25mT ----- | [arb. units]
a0 g
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00015 L N 300mT = = 0002
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-0.0010 % 1'0 1'5 2'0 2'5 3'0 3'5 20 -0.00150 5'0 1'0 1'5 2'0 2'5 3'0 3'5 20 FIG. 8. The anisotropic contri-
) ) ) ) ) . ) ) bution to the characteristic func-
X[nm] x[nm] . . .
aniso (x 0) YANISO(x () tion along the field axis,
K ’ T omT —— ’ Lt Tt ot — ¥3"'*%x,0) vsx, according to Eq.
. uni A 25mT - b. unit .
[arb. units] P %(S)$T soo- | [arb. units] (17).
Ty \ 150mT 7
. 300mT — —
0.001 - 4 .=~ A - 0.001
.y \ “\
LA\’ EMG 905
0.0005 - 1, - R 0.0005
0 0
_00005 1 1 1 1 1 1 1 _00005 1 1 1 1 1 1 1
0 5 10 15 20 25 30 35 40 0 5 10 15 20 25 30 35 40
x[nml] x[nm]

clearly indicate field-induced anisotropy. In order to obtainform (shape anisotropywe would have to analyze not only
information on field-induced anisotropy, we have to get ridthe main peak positions, but the complete form of the char-
of remaining symmetric contributiona(yg °#0). We there-  acteristic function displayed in Figs. 7 and 8. This might be
fore calculate the anisotropic contribution along the fieldpossible in diluted systems, whefecan be interpreted and

axis. According to Eq(15) modeled as an intracluster autocorrelation function. In our
aniso B B systems with filling factors from 2.4% to 15%, however, in-
ve (%,0)=Ayg(X,00~Ayg(0X)=y8(X,0)~ 78(0X) terference between different clusters cannot be neglected and

17) thus any further analysis would require a rather sophisticated
holds [for the second equality see E(l4)]. So either the modelization. For this reason we also do without an approxi-
difference ofA yg along thex andp axis or that ofyg can be  mative evaluation of the cluster form via a Guinier analysis
used for the evaluatiofiThis is due to the fact that andAy  of scattering curvegas has been done, for example, for an
exhibit the same anisotropic term; see E(s) and (15]  jonic ferrofluid revealing bundlelike aggregates; see Ref. 19

The result is displayed in Fig. 8. We find for all sampleswe shall address this open question in a second study using
(filling factors) and field strengths a characteristic peak at ponte Carlo simulations.

=10 nm. In contrast to the simple model we have discussed |nstead of this, we shall now use the above result, Eq.

at the beginning of this section, this peak does not necessatg), to estimate the mean size of the particles that take part
ily indicate the existence of oriented dimers, but more genj, the field-induced formation or orientation of anisometric
erally of nonspherical clusters having a preferred orientationyysters. In a cluster neighboring particles are separated by
parallel to the applied field. What we observe is maximumineir surface layers of oleic acid spacer molecules having a
anisotropic autocorrelation at a distance of 10 nm. Ferroflugnain length of 2 nm. But the effective length can be well
ids exhibit a disordered microstructure where the autocorrepwer than thaf® Furthermore, the inverted micelle structure
lation of next neighbors dominates. Therefore, we can intef, \which the oleic acid molecules are organized leaves

pret the above value as the mean center-to-center particig,ough free volume for a partial interpenetration of adjacent

distance in oriented clusters: layers. TEM studies of ferrofluids show that in clusters of
- magnetite particles, the surface-to-surface distances can be as
dc=10 nm. (18 small as 0.7 nnfRef. 27 since, at least after removal of the

Here we content ourselves with an approximative picture ofarrier liquid, the surfactant chains can be tilted or entangled.
chainlike structuregdimers, trimers, etg. In order to get Therefore, the distancesbetween the particle surfaces lies

more detailed information about field-induced cluster formain the range 0.7—4 nm. Using E¢18) we obtain a mean
tion, such as cluster sizewumber of particlesand cluster radiusRc of the particles taking part in cluster formation:
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dc—2s
RC= 2

This is less than the thermal energy at room temperature,
=3.0-4.7 nm. (19 kgT=0.025 eV. Obviously, a dipole-dipole interaction
would not be sufficient to achieve a thermally stable cluster.
In terms of the above aggregation parameter this reads

The above values al: andR¢ are independent of both the
filling factor and the strength of the applied magnetic field N=0.37. (23)
(see Fig. 8 Summarizing, we have two main results.

(i) The average particle radius in oriented anisometric Nérmal stability requires at least=1. As a consequence,
such small particles can only form aggregates with big par-

ticles. In order to estimate down to which particle size this is
gpossible, we rewrite Eq21) as

clusters is of the order of the mean particle radis
=4-5 nm of the ferrofluidsee Fig. 1 At first glance this
seems surprising, since bigger particles with a higher ma

netic dipole-dipole interaction should have an enhanced R: Ry\®
probability to form aggregate&see beloyw. But obviously - Rimit dc/ (24)
particles of all sizes contribute to cluster formation; i.e., the
polydisperse system does not split up into smaller single paly_vhere
ticles and larger agglomerating particles. 1o9KaT 3

(i) Although structural anisotropy develops with increas- limit = > (25
ing magnetic field(see Figs. 3 and)8the average particle 4TMy

radius in oriented anisometric clusters remains constant. Ein our caseR;;,;;=2.8 nm holds at room temperature. Small
ther the applied field mainly induces orientation of alreadyparticles withR;<Rj;;; can never form a cluster with
existing aggregates or at every stage of cluster formatios-1, whatever the size of the second particl§¢ R /do<1

small and large particles are involved. in Eq. (24)]. The higher we set the criterion for thermal sta-
bility, the larger the portion of particles that can never
C. Interaction energies and microstructure achieve the required dipole-dipole interactiore., all par-

. o . ticles with R;<\*R;,,;;). Now let us consider a typical
Interaction energies in ferrofluids depend on both the par- . imit)- yp

ticle distances and on their radii. In general, the long-rang@&ticle with radiusR,=R=4.5 nm. In order to achievk
magnetic dipole-dipole interaction is thought to be respon?l it has to come sulfficiently close to a second particle with
sible for the formation of clusters. Let us consider particledX2>9 nm, forA=4 evenR,>440 nm (for our surfacted
with parallel magnetic dipole moments, e.g., at saturatiorP@rticles we have selc=R; +R,+1 nm). According to the
magnetization. For two particles of radi®g and R, at a measured size distributiofFig. 1) such an interaction can

center-to-center distanak:, the interaction energy is only be obt_ained with a sma_ll portion of particles; i.e., most
of the particles would not find a partner to form a stable

3 cluster. Therefore, we would expect to find more likely big
' (20) particles in a cluster. In addition, the dependence of ag-
glomeration behavior observed in Monte Carlo simulations
. 3 o of monodisperse systems has led to the idea that a polydis-
whereu;=37(Mp/uo) R denotes the magnetic dipole mo- perse system can be divided into two parts, i.e., into small
ment of particlei and M, its saturation magnetization. For single particles and larger particles forming definitely
small particles the dipole-dipole interaction is less importaniaggregateé® But our experimental result indicates that par-
and thus larger particles should have a stronger tendency tfzles of all sizes contribute to the formation of clusters. Ob-
form clusters: The agglomeration behavior is often CharaC-Vious|y’ the above energy criterion based solely on the
terized in terms of an aggregation parametei.e., the ratio  dipole-dipole interactiofiEq. (21)] is too simple, at least for
of the magnetic dipole-dipole interaction of two particles andsuch a polydisperse system. Another mechanism has to pro-
their thermal energy: vide additional bonding energy:
In clusters with short surface-to-surface distances (2

g pH0 M_gzx(_
47 dg

_ E |Eﬁd| 21 =dc—R;—R,) the van der Waals interaction can be much
2 kgT* (21) stronger than the magnetic dipole-dipole interaction and
For example, Monte Carlo simulations of monodisperse sys- Ay 2R1R, N 2R1R,

tems show a transition in the agglomeration behavior with Epaw=— 6
increasing\, i.e., with decreasing temperature or increasing

particle size(see, e.g., Ref. 23 | (dé_(RlJr R,)?

d2—(Ry+Ry)? di—(Ry—Ry)?

Above we have shown that the average radius of particles R — } (26)
in oriented clusters roughly equals the mean particle radius de—(Ri—Ryp)
of the ferrofluid(4—5 nm). For a pair of such small particles 54536 whereas the Hamaker consta has a value in the
(Ri=R,=4.5 nm) at a distancdc=10 nm we obtain with  range from 3 10°2° J to 3x10 °J, i.e., from 0.19 eV to

M,=0.4025 T(see Sec. )i 1.9 eV®"® As in the above example, E¢22), we consider
. particles of typical sizeR;=R,=R=4.5nm and d¢
dd
|EH |~3%10"#3~0.019 eV. (22 =10 nm. WithAy=0.19 eV we obtain
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|E,qwl=4.5x10 21=0.028 eV (270 geneous magnetic field, the scattering pattern becomes aniso-

tropic. The orientation of nonspherical particles yields only a

dd -
so that|E,qw|>[E[| holds [see Eq.(22)]. Agglomeration g ai contribution. We have determined an effective axis ra-
behavior depends on the total interaction energy, i.e., herg Ke=1.05 atB=Bg; i.e., either the mean orientation is

dd . .
|Evawt Ej |_>d(_)'047 e;]/. NO‘IN thg_l_generahzed aggregation ek or the particle shape is close to the spherical one. Field-
parameter indicates thermal stability even at room temperggy,ceq structural anisotropy is mainly due to the formation

ture: and/or orientation of elongated clusters with preferred align-
|E, qw+ Eﬁd| ment parallel to the field. We have determined the mean in-
)\totm:va:l. (28)  terparticle distance in these clusters, which was found to be

B

ca. 10 nm, independent of filling factor and magnetic field.
M iotal Still depends on particle sizex{,,>1 for big par- Thus, the average radius of particles taking part in cluster
ticles), but now also clusters consisting of smaller particlesformation is of the order of the mean radius of all particles
can achieve a sufficient thermal stability. (4-5 nm. This indicates that particles of all sizes contribute
Summarizing, thermal energy and dipole-dipole interacto cluster formation, although the thermal energy exceeds the
tions govern the microstructure of ferrofluids at long particlemagnetic dipole-dipole interaction of small particles. We
distances, i.e., at the first stage of cluster formation. Onceonclude that although the long-range dipole-dipole interac-
small particles come closer, they can only form a thermallytion is responsible for the particles approaching each other in
stable cluster if there is an additional interaction energy. Wehe initial stage of cluster formation, an additional interaction
have shown that the van der Waals interaction can yield & necessary to achieve thermally stable clusters. We have
significant contribution. Of course, the stability of aggregatesshown that the van der Waals interaction gives a significant
may also depend on microscopic processes such as the erentribution that should not be neglected in theoretical mod-
tanglement of spacer molecules, so that particle coating anels or computer simulations describing the agglomeration be-
carrier liquid can be important parameters. Our experimentbavior of polydisperse systems.
do not allow us to develop a comprehensive microscopic
model for the agglomeration process. Therefore, we content
ourselves with the statement that at least the van der Waals ACKNOWLEDGMENTS
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