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Field-induced pseudocrystalline ordering in concentrated ferrofluids
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Concentrated surfactant stabilized cobalt ferrofluids up to 6 vol % Co have been studied by small-angle
scattering using polarized neutrons and synchrotron x rays. The combination of these techniques allowed the
magnetic and nuclear form factors to be reliably separated from the structure factors. Above 1 vol % Co, inter
particle interactions are induced by an applied external magnetic field that gives rise to pseudocrystalline
ordering of cobalt core-shell particles. Particles are arranged in hexagonal planes, with the magnetic moments
aligned parallel to the@110# direction. Two types of equivalent textures were found to be present simulta-
neously, corresponding to a stacking of the hexagonal planes in horizontal and vertical direction. The in-plane
nearest-neighbor distance is almost independent of the concentration and temperatures, whereas the distance
between the neighboring planes,c, strongly varies from sample to sample. In addition, segments of chains of
particles with parallel moments are aligned along the magnetic field and frozen-in when the carrier liquid is
solidified. The field induced pseudocrystalline lamellar hexagonal particle arrangement, observed experimen-
tally in colloidal magnetic liquids, confirms predictions from molecular-dynamics and Monte Carlo simula-
tions.

DOI: 10.1103/PhysRevE.68.031203 PACS number~s!: 61.12.Ex, 61.10.Eq, 75.50.Mm
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I. INTRODUCTION

Ferrofluids ~FF! are stable magnetic colloids in whic
nanoscaled magnetic particles are stabilized against coa
tion either by electrostatic repulsion or by coating with o
ganic chain molecules acting as surfactants@1,2#. Renewed
interest of these materials is motivated by potential biome
cal applications@3# based on the superparamagnetic behav
of nanosized particles, which disappears when aggrega
takes place as a consequence of inefficient screening. W
currently performing a comprehensive investigation of d
sity, concentration, and magnetization fluctuations of new
by means of small-angle scattering~SAS! techniques. While
x-ray scattering~SAXS! probes mainly the particle core~due
to its high electron density!, neutron scattering~SANS! gives
access to the organic shell, the core, and the particle
ments. Recently we demonstrated that small-angle scatte
using polarized neutrons~SANSPOL! provide an additional
contrast variation for the magnetic core@4–7# and allow the
mesoscopic constituents of polydisperse FF to be identi
quantitatively @8–12#. In very diluted Co ferrofluids, we
were able to evaluate precisely the core-shell structure
size distribution of the nanoparticles. In more concentra
systems, the interaction potential should lead to correlati
between particles defined by a correlation functiong(R), the
Fourier transform of which is measured in scattering exp
ments as the so-called structure factorS(Q). In magnetic
colloids, the hard-core repulsion competes with van
Waals attraction and magnetic dipole-dipole interaction.
predicted by de Gennes and Pincus@13#, the latter should
give rise to a spontaneous arrangement of particles in ch
or rings with magnetic moments parallel to each other. In
external magnetic field, these chains are expected to
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aligned along the field direction that gives rise to anisotro
structure factors. The relative strength of the magnetic in
action, defined as the ratio between the dipole and ther
energy, is given by

g5
Msat

2 Vc
2m0

4pkBTs3
, ~1!

where Msat is the saturation magnetization of the partic
with a core volumeVc5 4

3 pRc
3 ands52(Rc1d) is the near-

est distance between neighboring composite particles wi
shell thicknessd. Due to the long-range nature of the repu
sive interaction between the induced magnetic dipoles
large values ofg, liquid-solid transitions have been pre
dicted from simulations. Ordered structures have been
served experimentally up to now only in dipolar system
with millimeter-sized particles@14,15#, while the particle ar-
rangement in nanosized FF is still controversial where i
tropic network structures@16# and anisotropic concentratio
fluctuations@17,18# have been reported.

Extraction of anisotropic structure factors from the SA
signal in polydisperse multiphase systems is a complica
task for which a precise knowledge of the scattering of
individual noninteracting particles alone is needed. The la
can be measured in very diluted samples or obtained f
modeling of the intensity at high values ofQ. We combined
SANS, SANSPOL, and synchrotron SAXS measurements
the same samples and analyzed the scattering in the
dimensional~2D! detector plane. The different contrasts
these techniques should allow magnetic and nonmagn
contributions to be separated and hence the anisotropic s
ture factors to be extracted reliably. Samples of different p
ticle concentrations were investigated in variable exter
magnetic fields applied in different directions parallel a
perpendicular to the incident neutron or photon beam.
©2003 The American Physical Society03-1
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II. SCATTERING CROSS SECTIONS

In polydisperse multiphase systems when different ty
of particles,j, of different shapeF j (QR) and size distribu-
tions Nj (R) are embedded in a homogeneous matrix,
intensity of the SAS signal is given by

I ~Q!5(
j
E F j

2~QR!Nj~R!Sj~Q!dR, ~2!

whereNj (R) dR is the incremental number density of pa
ticles of typej in the radius interval betweenR andR1dR
@19#. F j (QR)5DhVpf (QR) is the ‘‘form factor’’ of a par-
ticle with volume Vp , where f (QR) depends only on the
shape of the particle.Dh is the contrast between scatterin
length densities of particle and matrix, i.e.,Dh5hp
2hmatrix . For SANS the scattering length densitiesh are
defined by

hN5(
cjbj

V j
,

hM5
e2g

2mc2 (
cjM j

'

V j
~3!

for nuclear and magnetic scattering, respectively.bj is the
nuclear scattering length andMj

' is the projection of the
magnetic moment onto a plane perpendicular to the sca
ing vectorQ @with uQu5(4p/l)sinQ, wherel is the wave-
length and 2Q is the scattering angle#. cj and V j are the
concentration and atomic volume of the speciesj, respec-
tively. For SAXS, bj has to be replaced in Eq.~3! by the
complex atomic form factorf j (Q). Interparticle correlations
are taken into account in Eq.~2! via the partial structure
factorsSj (Q) of all particles of typej. While analytical so-
lutions are available only for monodisperse systems for
general case of Eq.~2!, several approximations have bee
proposed@20–22#. A total structure factorS(Q) is experi-
mentally derived by dividing the measured scattering int
sities by the normalized intensities of very diluted samp
whereS(Q) is assumed to be unity and where only the fo
factors contribute to the scattering. Instead of the ‘‘very
luted’’ limit the intensities calculated from fits of the high-Q
range can be used provided that the scattering contribut
from form factors and the structure factor can be relia
separated.

For polarized neutrons where the neutron spins
aligned antiparallel (1) or parallel (2) to the magnetic-field
vectorH, the scattering cross sections depend on the po
ization P of the incident neutrons, respectively@23,24#. For
the present case where the polarization of the scattered
trons is not analyzed~denoted here as SANSPOL!, the scat-
tering intensities have been derived in Refs.@6–8# using the
formalism presented in Refs.@24–26#. Depending on the po
larization state of the incident neutrons, two different scat
ing signals are observed when magnetic particles are pre
When single domain particles of saturation magnetizat
Ms

p are embedded in a nonmagnetic matrix, the two
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SANSPOL cross sectionsI 1(Q,a) and I 2(Q,a) at a scat-
tering vectorQ, forming an anglea with the external mag-
netic fieldH, are derived as

I 7~Q,a!5$@FM
2 L2~x!62FMFNL~x!#sin2a1FN

2 %

* S~Q,a!1FM
2 F2

L~x!

x
2sin2aS L2~x!2113

L~x!

x D G ,
~4!

where I 2 refers to the positive sign in the first term of E
~4!. In Eq. ~4!, nonperfect alignment of the superparama
netic moments is taken into account by the Langevin sta
tics L(x)5coth(x)2(1/x), wherex5M (R)(He f f /kBT). The
total particle moment,M (R)5 4

3 pR3m0V, depends on the
radiusR of the particles, wherem0 is the magnetic momen
per atom. The intensitiesI 1(Q,a) and I 2(Q,a) are differ-
ent for the two polarization states for any anglea except for
a50, where the scattering vectors is parallel toH and where
Eq. ~4! simplifies to

I 6~QiH !5FN
2 S~QiH !12FM

2 L~x!

x
. ~5a!

While the first term results from nuclear correlations, t
second term of Eq.~5a! is due to nonperfect alignment of th
particle moment alongH and vanishes in saturation whe
(L(x)/x)50. The intensity difference between the two p
larization states is given by

I 2~Q,a!2I 1~Q,a!54FNFML~x!S~Q,a!sin2a, ~5b!

which is linear in the nuclear and magnetic amplitudes. T
cross term allows the structure factorS(Q,a) for any direc-
tion a.0 to be precisely determined beside the field var
tion of the magnetic moment according to the Langevin s
tistics. Note that in Eq.~5a!, interparticle correlations paralle
to the field affect only the nuclear term, while correlations
all other directions influence nuclear, magnetic, and cr
terms. As will be shown later, this feature of Eq.~5a! helps to
distinguish between interparticle correlations and particu
form factors, which both may give rise to characteris
peaks in the SANS curves at lowQ.

III. EXPERIMENT

Samples of Co ferrofluids have been prepared by Be
Heart AG applying decomposition of cobalt octacarbonyl u
ing different types and concentrations of surfactants as st
lizers @27,28#. In a previous series of very low concentratio
MF-56, pure oleoylsarcosine, C212H392NO3, has been
used as surfactant to coat the Co nanoparticles. In the s
denoted as MF-239, beside C212H392NO3, mixtures of two
additional surfactants have been used in excess in orde
prepare and stabilize the Co particles in fully deuterated to
ene with nominal Co concentrations of about 1 vol %~D1!
and 5 vol % ~D5!. In a second series, MF-254, a slight
different preparation technique has been applied resultin
larger Co particles~D3a and D5a!. In a third series, MF-256,
samples with nominal Co concentrations of 1%, 2%, 3
3-2
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TABLE I. Co ferrofluids investigated by small-angle scattering and the resulting structural parameters: Average core radius^Rcore&
5A3 (1/N)*N(R)R3 dR, shell thickness d, core volume fractionf andQ values are given, where intensity maxima occurred.

Sample H range Field direction with SAS technique ^Rcore& d f Positions of maxima
~preparation! respect to neutron beam Q1 Q2 Q3

~T! ~nm! ~nm! ~vol %! (nm21)

~MF-239!
D1 0–1 H'n SANSPOL 3.75 2.3 0.6
D5 SANSPOL 3.75 2.4 3.2 0.33
~MF-254!
D3a 0–00.3 Hin SANSPOL, 300 K 5.4 1.9 2.2 0.08

Hin SANSPOL, 260 K 0.08
Hin SANSPOL, 110 K 0.08
Hin SANSPOL, 30 K 0.1

D3a 1 H'n SANS, 300K 5.4 1.9 2.2 0.32
D5a 3 Hin SANS 3.5 0.21
~MF-256!
DS1 0–1 H'n SANSPOL, SAXS 3.8 1.9 1
DS2 0–1 H'n SANSPOL, SAXS 2 0.34 0.57 0.26

1 H'n SANSPOL, 30 K 0.34 0.27

DS3 0–1 H'n SANSPOL, SAXS 3 0.32 0.57 0.24
DS4 0–1 H'n SANSPOL, SAXS 4 0.32 0.57 0.23
DS6 0–1 H'n SANSPOL, SAXS 6 0.324 0.57 0.25
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4%, and 6%~denoted as DS1 to DS6! have been prepared i
toluene. The toluene carrier liquid was exchanged by deu
ated toluene using dialysis technique. The preparation of
cores by decomposition of cobalt octacarbonyl inside sur
tant spheres yields particles with narrow size distribution.
samples were handled and sealed under argon gas an
mained single-phase dispersions even under an applied
of up to 3 T. SANSPOL measurements were performed
the instrumentV4 @4,5# installed at the BERII reactor o
HMI, Berlin and SAXS experiments on the anomalous sc
tering beam-line ID01 at synchrotron ESRF in Grenob
France. Samples of the series DS1-DS6 were placed
horizontal magnetic field of strength up to 1.0 T, appli
perpendicular to the incoming neutrons or x-ray photons
addition, samples D3a and D5a were measured at diffe
temperatures between 300 K and 30 K by SANSPOL whe
magnetic field was applied parallel to the incoming neut
beam. Since sample specific differences were expected
the different preparation conditions, the structure parame
of all samples had to be evaluated by SANSPOL. The res
are reported in Table I.

IV. RESULTS AND DISCUSSION

In previous studies of very diluted Co ferrofluids,0.5
vol % @6#, we were able to evaluate precisely the core-sh
structure of the nanoparticles by a simultaneous fit of
scattering curvesI 6(Q'H), FM

2 , and FN
2 . A sharp

lognormal-type size distribution corresponding to a volu
weighted average of the core radius of^R8&53.7 nm and a
constant thickness of the shell ofd52.3 nm was derived
The shell formed by the organic surfactant was found to
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nearly impenetrable for the solvent. The magnetic momen
the coreM (H) follows a Langevin function as expected fo
superparamagnetic behavior of noninteracting single dom
Co particles@7#. The same structural features were derived
case of the differently prepared samples D1 and D5~Table I!.
An additional isotropic nonmagnetic scattering contributi
is superimposed toI 1 and I 2 at highQ corresponding to a
small amount~1–5 vol %! of spherical particles withR
'1.8 nm, which might result from excess surfactant m
ecules still present in the solutions@9#. The difference curves
I 2(Q'H)2I 1(Q'H) have been fitted according to Eq
~5b! using a new algorithm described elsewhere@29,30#.
Since all nonmagnetic contributions are canceled, the res
ing structure parameters are obtained much more preci
using this technique. While for the diluted sample D1
change of the particle arrangement is detected in an exte
field, in the concentrated sample D5 a pronounced peak
curs for both polarization states atQ150.32 nm21 when the
magnetic field is turned on. In the first approach, we ha
analyzed the data in terms of a Percus-Yevick’s model@20#,
corresponding to volume fractionh50.3 of hard spheres
with a radiusRhc58.65 nm @9#. The same structure facto
S(Q) could be used in horizontal and vertical direction
which implied a rather dense packing of the particles.
order to clarify the nature of the field-induced correlation
we investigated carefully the whole 2D-scattering pattern
a function of the particle concentration, the strength, and
orientation of the applied magnetic field and of the tempe
ture.

A. Concentration and field dependence

The two-dimensional SANS pattern for nonpolarized ne
trons of samples of the series DS1-DS6 measured in a h
3-3
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WIEDENMANN et al. PHYSICAL REVIEW E 68, 031203 ~2003!
zontal magnetic field of 1.1 T perpendicular to the incide
beam is shown in Fig. 1. All samples with Co concentratio
above 1 vol % exhibit pronounced peaks at lowQ, which
disappear in zero field. As a typical example, the 2D SA
SPOL intensitiesI 2 and I 1 for neutron spins parallel an
antiparallel, respectively, are shown in Fig. 2 for the D

FIG. 1. ~Color! 2D isointensity SANS pattern of Co-FF sampl
DS1, DS2, DS3, and DS6 for nonpolarized neutrons measured
horizontal magnetic field ofH51.1 T, applied perpendicular to th
incident neutrons.

FIG. 2. ~Color! 2D-SANSPOL intensities for 2 vol % Co-FF
sample in horizontal magnetic field of 1 T withI 1 for neutron spin
antiparallel toH andI 2 for neutron spin parallel toH. The average
@ I 11I 2#/2 corresponds to the pattern of nonpolarized neutro
and the difference patternI 12I 2 represents the nuclear-magne
cross term for one and the same particle. The interparticle cor
tion effect is clearly revealed in the appearance of pronoun
peaks corresponding to hexagonal symmetry.
03120
t
s
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sample. The average (I 21I 1)/2 corresponds to the scatte
ing pattern of nonpolarized neutrons, while the differen
patternI 12I 2 of Fig. 2 reflects the nuclear-magnetic cro
term resulting solely from magnetic particles. From Figs
and 2, four peaks are clearly distinguished at scattering v
tors with constant lengths corresponding toQ150.33 nm21

and forming angles of630° with the horizontal direction of
the applied magnetic field. Two additional peaks appea
Q250.57 nm21 in the horizontal direction.

Figure 2 shows instructively how the different contras
for I 1 and I 2 or for nonpolarized neutrons affect the pea
differently: since reflections atQ2 appear in directions par
allel to H, their intensity must result from purely nuclea
contrast and hence is equal for both neutron polariza
states and disappears completely in the cross term. The
SANSPOL intensitiesI 1 andI 2 were averaged over azimut
angles ofDa510° and plotted in Fig. 3 for the sample wit
3 vol % Co ~DS3! for four sectorsa. The scattering cross
section in the high-Q part shows the characteristics of cor
shell particles as observed in the diluted systems@6,8#, i.e.,
crossover of the intensitiesI 2(Q'H) and I 1(Q'H) at Q
50.7 nm21 and a shoulder aroundQ50.9 nm21, which re-
sult from the form factors for polarized neutrons. While f
the sector witha530° the intensity is clearly peaked atQ1
for both polarization states, the curveI 2 for the sector at 60°
is continuously increasing with decreasingQ, whereasI 1

still reveals a maximum atQ2. In the horizontal sector with
a50° where the intensities were found to be independen
the neutron polarization, an additional peak is observed
Q2. In the vertical sector (a590°) where the magnetic con
tribution is maximum, we find a strong and sharp peak
Q350.24 nm21 and an inflection point around 0.3 nm21.
The total structure factorsS(Q,a) for a given orientation are
accessible from the corresponding angle sectors accordin
Eq. ~4! i.e., by dividing the measured intensitiesI 6(Q,a) by
those calculated using the structure data as obtained fro
fit at high-Q values, whereS(Q,a)51. We note that using
the two curvesI 1 and I 2 allows us to distinguish more re
liably between the modulations resulting from the structu
factor and those from the form factors. On the other hand,
the sectors witha530°, 60°, and 90°, it is more convenien
to use the difference patternI 12I 2 for the evaluation of
S(Q,a) which scale at highQ according to the sin2a factor
of Eq. ~5b! @29#. The resulting structure factorsS(Q,a) are
plotted in Fig. 4 for the four sectors. The position of th
observed peaks clearly suggests a hexagonal arrangeme
the particles in planes aligned along the magnetic field. T
peaks atQ1 are identified as reflections of a hexagonal latt
with the Miller’s indices ~100!, (2100), ~010!, (0210),
while Q2 corresponds to the reflections~110! and (21
210). The observed ratio ofQ2 /Q151.73 corresponds pre
cisely toA3 as expected for hexagonal symmetry. The ba
plane must be oriented perpendicular to the direction of
incoming neutrons with the@110# direction aligned preferen
tially along the magnetic field. The magnetic moments of
particles are aligned alongH. For the hexagonal symmetr
two additional reflections (1210) and (2110) at Q1 are
expected to appear in the vertical direction. The inflect

a

s,

a-
d
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FIG. 3. ~Color online! SANSPOL intensitiesI 1 ~solid symbols! and I 2 ~open symbols! compared to SAXS results for the Co 3 vol %
sample averaged over azimuth angles of 10° and 15° for SAXS, respectively, with sector centers at 90° ('H), 60°, 30°, and 0° (iH). The
magnetic field of 1 T~0.3 T! was applied perpendicular to the incident neutron beam. Note the perfect agreement in the peak posit
the shape of the curves in both techniques.
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FIG. 4. ~Color online! Anisotropic structure factors for Co 3%
FF for H perpendicular to the incident neutrons for the sectors w
a50° ~1!, 30° ~2!, 60° ~3!, and 90°~4! ~ordinates fora560°, 30°,
and 0° were shifted by21, 22, and 23 units, respectively!.
Pseudocrystalline texture peaks corresponding toQ1 occur in sec-
tors at 30° and 90°, forQ2 in sector at 0°, andQ3 in 90° only.
Residual diffuse intensity observed in the sector of 0° atQx

50.29 nm21 results from chain segments aligned parallel to
magnetic field.
03120
point observed in the 90° sector aroundQ50.3 nm21 indi-
cates effectively the presence of these peaks which
masked by a strong reflection atQ350.24 nm21. In fact, the
peaks observed atQ3 can be assigned to a second type
preferred orientation which is present simultaneously w
that defined by the reflections atQ1 and Q2: Particles are
still arranged in hexagonal planes with the@110# orientation
parallel toH, but the planes must be aligned parallel to t
neutron beam, i.e., with@001# direction vertically. For this
second type of texture, we expect then~001! and (0021)
reflections to appear in the detector plane vertically and~110!
and (21210) reflections horizontally, while all reflection
at Q1 are out of the detector plane. The observed 2D patt
is in fact a superposition of both textures where the~110!
reflections atQ2 occur at the same position. The partic
arrangement in both textures is represented in Fig. 5,
gether with the reciprocal lattice points observed in the
tector plane. Both textures are fully equivalent and should
equally probable. However, the large difference between
intensities of the reflectionsQ3 andQ1 , Q2 shows that type
II texture seems to be favored in the present case. When
samples are rotated around the vertical axis in the horizo
field by 625°, no change of the peak position is detect
This shows that the hexagonal particle arrangement is fi
to the actual direction of the magnetic field. It is instructi
to note thatS(Q,a,90°) is always lower than unity below
Q1, which is characteristic for the excluded volume effe
However, for the sector ata590° we observeS(Q,a
590°).1 which increases belowQ3 roughly withQ21 ~see
also Fig. 3, sectora590°). Such aQ dependence is charac
teristic for the scattering of cylindrical objects@31# where the
long axis is perpendicular to the incident neutrons and p
pendicular to the scattering vectorQ. In addition, diffuse
residual intensities are observed in planes perpendicula
the magnetic field atQx50 andQx560.29 nm21 ~clearly

h

3-5
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FIG. 5. ~Color! Schematic representation of particle arrangements in hexagonal symmetry in textures of type I~top! and type II~bottom!,
and the corresponding reciprocal lattice points observed in the detector plane. The horizontal magnetic field is perpendicular to th
beam.
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visible for Co 1% in Fig. 1, inI~2! of Fig. 2, and in the
sector witha50° of Fig. 4! which strongly indicates the
presence of chainlike aggregates of particles. The magn
dipoles of these particles are arranged in the attractive h
to-tail configuration which are aligned along the magne
field. The nearest-neighbor distance inside the chains is
mated froma52p/Qx to a521.5 nm.

SANS and SANSPOL results are fully confirmed by
small-angle synchrotron x-ray scattering study performed
the same samples~DS1-DS6!. The experiment is describe
in detail elsewhere@32#. As a typical example, we present 2
patterns of the 3 vol % DS3 sample in Fig. 6 measured i
horizontal magnetic field of 0.0 T, 0.065 T, and 0.53 T, a
plied perpendicular to the incident beam. Due to the h
spatial resolution of the synchrotron instrument, we obse
the setup of narrow peaks with increasing field and wh
disappear when the field is switched off. As with the ne
trons, four well-resolved peaks correspond to the hexago
in-plane reflections atQ1 of type I texture and two reflec
tions in vertical direction to type II. The cut along the ver
cal direction, plotted in Fig. 7, shows clearly the strong pe
at Q3, as well as a shoulder corresponding to a scatte
vector Q1. SAXS intensities averaged over azimuth ang
of 15° in the four sectors are included in Fig. 3. We note
perfect agreement in the peak positions and the shape o
curves in both techniques. BelowQ3 the intensity in the
sector witha590° is found to increase continuously accor
ing to Q21, which confirms the presence of chain segme
aligned alongH. Since for x rays no orientation-depende
magnetic contribution is superimposed, all six$100% peaks
are expected with equal intensities, which is effectively o
served. The position of the SAXS peak atQ150.324 nm21

was found to be nearly independent of the concentrat
while the peak width decreases and the position forQ3 varies
from 0.22 to 0.27 nm21 in the concentration range betwee
2 vol % and 6 vol %.

In the whole series of concentration above 1 vol %, th
are highly ordered regions of particles arranged with a h
agonal symmetry with a particular preferential orientation
@110# along the magnetic field, which give rise to these tw
kinds of textures. The actual values ofQ1 and Q2 were
found to be nearly independent of the concentration
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H51 T. The peak positions corresponding toQ1 andQ2 do
not change significantly with the strength of the applied fie
The corresponding hexagonal ‘‘lattice constant’’ is calcula
from Q(hk)52pA4(h21k21hk)/3a2, leading to

FIG. 6. ~Color! SAXS pattern of 3 vol % Co in a horizonta
magnetic field of 0.0 T~left!, 0.065 T~center!, and 0.57 T~right!,
applied perpendicular to the photon beam which shows the setu
the pseudocrystalline texture with increasing field. When the fiel
switched off, the texture relaxes back to full disorder. The sam
tube axis formed an angle of about 35° with the field direction.
3-6
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FIELD-INDUCED PSEUDOCRYSTALLINE ORDERING IN . . . PHYSICAL REVIEW E68, 031203 ~2003!
ahex521.34 nm. The average distance of particles in
basal plane therefore is found to be independent of the c
centration and similar to that in the chain segments. FromQ3
we estimate the ‘‘lattice constant’’ in c-direction toc
5(2p/Q3), which varies between 23 nm and 31 nm in t
DS2 to DS6 samples. The fact that only one peak cente
aroundQ1 had been observed before in the structure fac
of the D5 sample must be ascribed to a less pronoun
ordering in this sample in textures of type I, resulting from
broader size distribution of the particles and to a larger
terplane distancec ~see below!.

The structural arrangement perpendicular to the ba
planes has been investigated on two samples D3a and D

FIG. 7. Slice of Fig. 6 at 0.57 T along 0° reveals clearly t
shoulder corresponding to hexagonal in-plane peaks atQ1 beside
the peak atQ3 of texture II and theQ21 behavior at lowQ, corre-
sponding to the particle chaining.
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a horizontal cryomagnet where the field up to 4 T w
aligned parallel to the incoming neutrons. In this configu
tion, Q is always perpendicular to the moment directio
Since sin2a is unity for all values ofQ, fully isotropic pat-
terns are expected from Eq.~4! for SANS and SANSPOL as
long asS(Q,a590°) is isotropic. In the present case, stac
ing of the planes in both textures should be observable
Fig. 8~a!, the SANS pattern of the D3a~3%! sample aver-
aged in sectors of 10° width are plotted for the sectors w
f50° and 90°, respectively. When the magnetic field
switched to 1 T, a diffuse ring is observed atQ350.08
20.1 nm21 for D3a ~3%!, which is assigned to the~001!
‘‘powder’’ reflection. The maximum of the diffuse intensit
is slightly enhanced in vertical directionf590° with respect
to f50°, which proves the presence of some texture wit
slight preference of type II. The radial averaged SANSP
intensities, shown in Fig. 8~b!, confirmed these results. N
further peak is detected, indicating that the correlations p
pendicular to the magnetic field are less pronounced, i.e.,
stacking of hexagonal planes is less well established in
sample.

In Co 5 vol % D5a sample, the diffuse peak appeared
Q350.2120.23 nm21. The large difference between 3%
and 5% samples indicates effectively that with increas
particle concentration the average distance between hex
nal layers decreases fromc(D3a)578 nm to c(D5a)
531 nm in 5% sample, which is much larger than the~con-
centration independent! in-plane distance of ahex
521.34 nm. The discrepancy in the layer spacingc between
the DS3 and D3a samples is attributed to a much lower
fective concentration~of about 2.1% from data fitting and
from magnetic measurements! and to the larger size of the
particles with average radiusRc1d57.2 nm of the D3a
sample.

The observed well-defined Bragg peaks clearly indic
that particles are aligned in an external magnetic field
pseudocrystalline ordered domains of hexagonal symme
The size of these domains can be estimated from the widt
c-

d
.

-

-

d

l

FIG. 8. ~Color online! Tem-
perature variation of the cross se
tions of 3 vol % Co-FF D3a
sample in a magnetic field applie
parallel to the incident neutrons
~a! The SANS signals atH50
and H51 T, averaged over sec
tors of 10° in horizontal~open
symbols! and vertical directions
~solid symbols!, reveal the onset
of field-induced correlations and
some preferred orientation in tex
ture of type II. ~b! Radial aver-
aged SANSPOL intensitiesI 1 and
I 2 at 270 K and 110 K measure
at H50.3 T. The solid lines rep-
resent the high-Q fit correspond-
ing to noninteracting core-shel
particles.
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the peaks in Figs. 3, 4, and 9. Comparing the SANS
SAXS data~Fig. 3!, very similar values of the full width a
half maximum~FWHM! are observed despite the very d
ferent instrumental resolution of both techniques~which, for
SAXS is by two orders of magnitude smaller than in SANS!.
The line broadening must therefore be largely dominated
the finite size of the ordered domains. When the instrume
resolution is neglected from the actual value of FWH
(DQ'0.07 nm21), we can estimate a lower limit for th
correlation lengthj52p/DQ'90 nm.

B. Temperature dependence

When the D3a sample was cooled in an external field o
T, applied parallel to the incident neutrons, the total scat
ing intensity at first increased continuously and showed
abrupt jump between 190 and 170 K, below which it r
mained constant. The process was found to be fully rev
ible, i.e., heating up to 300 K recovered exactly the origi
scattering pattern. The jump aroundTf5185 K indicates
freezing of the matrix. The SANS curves as shown in F
8~a! for horizontal and vertical directions reflect an increa
of the anisotropy~i.e., increasing texture!, while the position
of the maximum remains nearly unchanged at the freez
temperature. A quantitative evaluation of the SANPOL d
was performed using the structural model derived for
diluted Co-FF. The fitted curves plotted in Fig. 8~b! as solid
lines show the perfect agreement with the experimental d
at high Q. The actual values of number densityNp(T) and
contrastsDh between matrix and shell are strongly tempe
ture dependent due to the high thermal expansion coeffic
of toluene as carrier liquid.Np was found to increase by 18%
andDh by 30% between 280 K and 110 K, which is in goo
agreement with the density variation of the solvent in liqu
and solid states. The structure factorS(Q,a590°) is now

FIG. 9. Structure factorS(Q,a590°) of the sample D3a at 28
K and 110 K as derived from Fig. 8~b!.
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derived by dividing the experimental curvesI 1 and I 2 by
the corresponding functions calculated with the parame
as obtained from the model fits in the highQ. By this analy-
sis the same structure factor was obtained fromI 1 and I 2,
which showed thatS(Q,a) is really independent of the neu
tron polarization, as implicitly assumed in Eq.~4!. The re-
sultingS(Q,a590°), shown in Fig. 9, is found to be almos
unchanged between 270 K and 110 K. Again, from t
FWHM of the peak in Fig. 9, we derive a correlation leng
of the order of 90 nm. WhenS(Q,a590°) as obtained from
Fig. 9 ~D3a sample! is compared to that of Fig. 4~DS3
sample!, beside the sample specific difference in the pe
intensities and positions ofQ3, we note the absence of th
Q21 tail in Fig. 9, whereS(Q),1 for Q,Q3. In fact, when
the presumed chain segments are aligned parallel to the
cident neutrons (iH), the scattering contribution from th
long axis of cylindrical objects must be absent in this sc
tering geometry. The freezing transition was followed on t
2 vol % DS2 sample when the magnetic field was appl
perpendicular to the incident neutrons. The evolution is b
seen in the nuclear-magnetic cross terms since all nonm
netic contributions are totally eliminated. The differenc
I 12I 2 plotted in Fig. 10 for the sectors at 90° and 3
reveal again maxima at Q350.27 nm21 and Q1
50.34 nm21, respectively. It turned out that the positions
the peaks were not changed significantly at the freezing t
sition but the intensity of theQ3 peak ~type II texture! in-
creased at the expense of theQ1 peak corresponding to th
type I texture. An additional contribution with the characte
istic Q21 dependency occurs belowTf5185 K, which im-
plies in fact the freezing-in of uncorrelated chains align
along the magnetic field.

FIG. 10. Differences of the SANSPOL intensitiesI 12I 2 for
DS2 sample~2 vol %! measured atH51 T applied perpendicular
to the incident neutrons in the liquid state~280 K; triangles! and in
the solid state below the freezing temperature~30 K; circles!. Two
sectors are plotted ata590° ~solid symbols! and 30°~open sym-
bols!, where the peaks atQ3 andQ1 appear.
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C. Texture in zero field in confined geometries

An interesting effect is observed when the samples
measured in thin tubes at different orientations. Then eve
‘‘zero field’’ the 2d patterns are anisotropic, showing
marked increase of the intensity perpendicular to the axi
the tube. In the SAXS experiment~Fig. 6!, the tube axis was
oriented at about 35° to the horizontal direction. When
strength of the magnetic field applied horizontally is i
creased, the anisotropy moves gradually from the direc
perpendicular to the tube axis towards the final direction
90°, when the ‘‘crystalline’’ peaks are fully established. T
anisotropy relaxes back to the original direction when
field is switched off. This anisotropy indicates some spon
neous formation of chain segments aligned along the t
axis. This could result from interactions of particles with t
quartz-glass container walls.

In this confined geometry, the texture of type II seems
be favored, which leads to a dominating peak intensity atQ3
in the vertical direction. This is in agreement with the SAX
data, where theQ3 peak is well established and where t
length of the vector depends again on the concentration

V. SUMMARY

Field-induced interparticle correlations in concentra
surfactant stabilized Co ferrofluids have been studied
combining SANS, SANSPOL, and synchrotron SAX
Samples of different particle concentrations of up to 6 vo
Co have been investigated in external magnetic fields app
parallel and perpendicular to the incident neutron or pho
beam. Above 1 vol % Co, interparticle interactions are
duced by an applied external magnetic field that gives ris
pseudocrystalline ordering of cobalt core-shell particles. T
particles are arranged in hexagonal planes, with the magn
moments parallel to the@110# direction. Two types of equiva
lent textures were found to be present simultaneously, co
sponding to a stacking of the hexagonal planes in the h
zontal or vertical direction. The average correlation length
the field-induced ordered domains corresponds to abou
nm. The in-plane nearest-neighbor distance ofahex
521.9 nm is almost independent of the concentration
temperatures, whereas the distance between the neighb
planes,c, strongly varies from sample to sample betweenc
570 nm and 25 nm. The ordering follows the direction
the applied field, i.e., the magnetic moments and the@110#
directions are always aligned along the magnetic field.
least for applied fields.0.2 T, no change of the peak pos
tions has been observed. In addition, segments of unco
lated chains where the particle moments are arranged in
attractive head-to-tail conformation and aligned along
magnetic field were found to be present and frozen-in w
the carrier liquid is solidified. TheQ21 behavior observed a
low scattering vectors in the direction perpendicular to
magnetic field agrees well with Monte Carlo simulatio
@16# of the structure factors.
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The pseudocrystalline lamellar hexagonal particle
rangement has never been observed experimentally befo
magnetic colloids. Instead, isotropic liquidlike structure fa
tors have been reported ing-Fe2O3 citrate FF with some
kind of a vitreous transition when at very high volume fra
tions the dipolar interaction parameter was of the order
g50.4 @33#. WhenS(Q) was interpreted as an isotropic liq
uidlike structure factor, the maximum observed atQ1 was
attributed to an average nearest-neighbor distance ofd(liq)
5(2p/Q1)518.4 nm, which is considerably shorter tha
that in the hexagonal layer (ahex521.9 nm). In fact,ahex is
much larger than the composite particle diameters52(Rc
1d), which ranges between 11.9 nm~in samples of series
DS! and 14.8 nm~in D3a, D5a! and exceeds even the hydro
dynamic diameter of the particle as experienced from fie
induced magnetoviscous damping@34#.

On the other hand, recent computer simulations and
oretical work on electric dipolar systems revealed long-ran
ferroelectric orientational order without positional ord
where hexagonal, fcc, and bct structures have been fo
@35#. Modeling of competing repulsive and attractive inte
actions by rescaled mean sphere approximation always
vors the formation of chains or chain segments at least
small values ofg @36#. Such spontaneous chaining in ze
field has recently been observed by high-resolution cr
genic electron microscopy@37#. However, interactions be
tween fluctuating parallel dipolar chains which are aligned
a magnetic field can lead to attractions perpendicular to
field direction. This lateral attraction could in fact give rise
the observed lamellar structures. Effectively, molecular
namics studies performed by Hess@38,39# have predicted
anisotropic structure factors when dipolar interaction exce
the excluded volume effect. Above a critical value of t
magnetic dipole moment a transition from the uniaxial to
lamellar, symmetry-breaking ordering should occur with
most close-packed in-plane structures. The results prese
here confirm experimentally the transition from field-induc
chainlike to lamellar ordering.

Simulations are currently performed in order to model t
observed hexagonal ordering for the present case of Co
rofluids, where the actual parameters of^Rc&53.6
25.4 nm, d52 nm, andMsat51450 kA/m correspond to
interaction constantg ranging from values between 1.4 an
8.
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