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Small-angle neutron scattering is used to measure the two-dimensional diffraction pattern of a monophasic
magnetic colloid, under an applied magnetic field. This dipolar system presents in zero field a fluidlike
structure. It is well characterized by an interaction paramiéfeproportional to the second virial coefficient,
which is here positive, expressing a repulsion of characteristic Iergﬁh Under the field a strong anisotropy
is observed at the loweg} vectors. The Iengthcg1 remains isotropic, but the interaction paramefer
becomes anisotropic due to the long-range dipolar interaction. However, the system remains stable, the inter-
action being repulsive in all directions. Thuge do not observe any chainingf the nanoparticles under
magnetic field. On the contrary, the revealed structure of our anisotropic colloitbvgeaing of the concen-
tration fluctuations along the field/hile the fluidlike structure observed without field, is roughly preserved
perpendicularly to the fieldt expresses a strong anisotropy of the Brownian motion of the nanoparticles in the
solution under applied field.
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[. INTRODUCTION acteristics. First there is the strong influencek®f and sec-
ond the existence, in addition to dipolar interactions, of two
Magnetic fluids(MF) or ferrofluids(FF) [1-3] are colloi-  isotropic interactions, that are the repulsion necessary for the

dal suspensions in a liquid carrier of nanoparticles bearing stabilization of the solution and the van der Waals attraction.
giant magnetic momengi of the order of 16 Bohr magne- ~ Several recent numerical simulations that take into account

tons. Under an applied magnetic figl] thanks to the inter- isotropic interactions show that the structure depends on the
' relative weight of isotropic and anisotropic contributions

action betweerH and the momenji of each particle and g 9] A dominating anisotropic dipolar interaction would
because of the dipolar magnetic interaction between pafpad to a chain formation as suggested by de Gennes and
ticles, a ferrofluid becomes an anisotropic magnetic mediumpincus, whereas a dominating isotropic attraction would lead
The present paper addresses the question of the structure 1gf gas-liquid-like phase separations as observd@1r-23.
such a ferrofluid at rest under a constant magnetic field. A large community is interested in the nature of such phase
From the theoretical point of viewhe structure of dipolar transitions in MF[3,11,24—-27.
systems, both without and with magnetic field, has been From the experimental point of vieweveral points have
widely treated in literature. The pioneering paper by deto be mentioned. Firstly, an applied magnetic field can in-
Gennes and Pincugt], written 30 years ago, proposed a duce a separation of the sample in two phases. The fact that
chaining of magnetic particles due to the dipolar magnetiche observed system is really stable under field is often am-
interaction. Later on, such a chaining was seen in numericddiguous, or not clearly established, in scattering experiments
simulations[5-10] and considered theoreticalpl1]. This  [28—33. The risk is to study a phase-separated system of
chaining has been observed experimentally in fluids involvdroplets, not a colloidal suspension. Secondly, an applied
ing an additional larger mesoscopic scale of the order of théield can induce an anisotropy of the system at different lev-
micron: in emulsions of oily FF droplets in water or in dis- els: an anisotropy of the structure, of the dynamical behavior,
persions of nonmagnetic colloids in HA2-18. Such a and of the orientation of the magnetic moments. This last
chaining, associated with a large distribution of characteristi¢magneti¢ anisotropy can be studied using small-angle neu-
times, has been suggested by magneto-rheological measuteen scattering(SANS). SANS gives both a nuclear and a
ments on pure FIF19,20. magnetic scattered intensit$4,35, the proportion of which
Contrary to the modelization of magneto-rheological flu-depends on the experimental conditions. Thus, for a ferrof-
ids, a modelization accounting for the nanoparticles and theiluid under field, an anisotropic scattering pattern can be ob-
interactions appears at once highly complicated by two charserved even with a quasi-isotropic struct[88]. We are here
not interested in this magnetic contribution, which will be
analyzed in details in a forthcoming pagd&6].
*Also at UFR de Physique Paris 7, 2, Place Jussieu, 75252 Paris Experimentally, the fact that the structure factor of a mag-

cedex 05, France. netic colloid under field can be anisotropic was demonstrated
TCorresponding author. FAX+33-1-44-27-38-54. Email address: 20 years ago in pioneering static works by small-angle x-ray
rperz@ccr.jussieu.fr scattering(SAXS) [28,29, and also recently32]. However,
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no theoretical or definitive physical explanation of this an- 2
isotropy has been given until now. On the contrary, from a
dynamical point of viewthe anisotropy of the Brownian dif-
fusion in a magnetic fluid under field, demonstrated experi-
mentally at short scales by QEXS2] and at larger scales in

a forced Rayleigh scattering experim¢B8%,38, is theoreti-
cally modelized in37,3§.

In the present paper we aim to attain the clearest situation
for a study of the structure of ferrofluids under a static mag-
netic field using SANS. The colloidal stability of the samples
is clearly establishe(Sec. 1). The magnetic contribution to
the scattering is negligible: our data correspond to the
nuclear scattering only and thus to the correlations of the
particles spatial positions. After an analysis of the zero field
results(Sec. Ill), we present our experiment under field and |} S S R S S
modelize this situation along the lines of thought of Refs. 0 1 2 3 4 5
[37,38. This allows us to correlate the SANS anisotropic [cit], . (107 mol1™)
pattern, associated with the fluctuations of concentration in
the magnetic colloid, with the anisotropy of the long-range FIG. 1. Superficial density of electrostatic chabyef the nano-

dipole-dipole interactions between particles. particles dispersed in water @H=7 as a function of the free
citrate concentratiolcit J4ce-
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Il. FERROFLUID SAMPLES ) .
B. Colloidal stability

A. Characteristics of the ionic ferrofluids . . . . .
An important requirement for understanding anisotropic

The ferrofluid solutions probed here are ionic ones. Thenteractions is that the studied sample remains a monophasic
nanoparticles are chemically synthesized in aqueous alkalingispersion, even under an applied magnetic fiakere up to
media according to Massart's meth@89]. They are then, 68 kAm™%). Detailed studies on the colloidal stability of
thanks to a coating of citrate ligands, dispersed either in wachemically synthesized ionic ferrofluid89] have been re-
ter atpH=7 or in glycerin. The nanoparticles are made ofcently performed[23,42—44. In particular, for y-Fe,0s
cobalt ferrite (CoFg0,). They have a density=5 gcm ° nanoparticles, the interparticle interactions have been pre-
and their volume fractiod is determined by chemical titra- cisely quantified through a measurement of the second virial
tion of iron. As CoFgQ, is ferromagnetic at room tempera- coefficientA, of the osmotic pressure and correlated both
ture, they bear a permanent magnetic momentts modu-  to the chemical characteristics of the colloids and to their
lus is constant and equal ta=mg7d%/6, mg being the experimental colloidal phase diagrdma versus®) [21-23.
magnetization of the nanoparticle mateffken equal to its  Although the material is slightly different, the studied cobalt
bulk valuems=4x10° Am~*1) andd being the diameter of ferrite nanoparticles are comparable 46Fe,0; nanopar-
the ordered magnetic core of the particle, here of the order dicles for the chargéi.e., the electrostatic repulsiprfor the
10 nm. van der Waals attraction and for the dipolar interaction. The

Let us comment that the diametgof the magnetic core phase diagram in zero fielghlotted in Fig. 2 is thus of the
is slightly smaller(10% at mostthan the physical diameter same kind: the samples are monophasic for high pressures
of the particle. There are two reasons for that—the layer otind separate into a “liquid” plus a “gas” phases for pres-
fluctuating disordered spirjg0,41] present at the surface of sures lower than the critical point.
the magnetically ordered core inside the nanocrystal and the The colloidal stability of our ionic ferrofluids has also
layer of citrate species adsorbed on the nanocrystal. Thiseen explored under aexternal magnetic field42,43.
thickness of each of these layers is a few angstroms. Three different situations may be encountered for an initially

The particles also bear a superficial negative density ofnonophasic ionic FF.
charges® coming from the citrate ligands adsorbed at their (i) The interparticle repulsion is so strong that an applied
surface. In such solutions the adsorbed species are alwaysfield has no effect either on the colloidal stability or on the
equilibrium with free species. Thu¥ is a function of structure factor of the colloif21,22]. This would correspond
[citrate]tee, the concentration of free citratesee Fig. 1for  to very high osmotic pressures.
aqueous solutions gH=7 [22,42. In the present aqueous (ii) The interparticle repulsion is weak, making an applied
samples, > is always at saturation, as we roughly fix field (in the same way as does a temperature decredre
[citrate];,ee~0.5P molL™1: 3 is always of the order of 1.7 to induce a colloidal phase separat[@8)]. This leads then to
electronic charges per rfras| citrate];,q. varies from~3.5  elongated needle®f typical size 10Qum) of a concentrated
X103 moll~! at ®=0.7% up to~0.1 moll'* at ® of the  liquid phase in coexistence with a dilute one—this behavior
order of 20%. For the samples in glycerin the curve of Fig. lis observed with ionic FF but also with oily on¢45,44|.
is qualitatively similar but shifted toward lowgcitratels,..  This would correspond to pressures close to the two-phases
concentrations. In our conditions the charge is also at satwarea, whereA,<0 in Fig. 2 (equivalentlyK;<0; see be-
ration in glycerin. low).
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2 use, in a mean field approximatioan effective field model
[ / and the magnetization then writg3)

sk / M=omglL (&) @
:f; [ / with &, given by the self-consistent equation
s K '°>0
£, / T £a= £+ N PL (L), 3
B -
e / =" where\ is the effective field constant angis the dipolar
; 7 ko< interaction parameter.

4 T If the effective field constant is null, we recover expres-
sions(1) without interparticle interactions. The classical Lor-
entz valug49] of \ is 0.33. In[37,3§, a valuex =0.22 has

B been found for ferrofluid solutions.

The dipolar interaction parametery writes vy
= uo(u?/r3kT) wherer is the mean interparticle distance.
This parametety is the ratio of the energy of dipolar inter-
FIG. 2. DiagramwV,, versus volume fractionb. Full lines:  action to the thermal enerdyT, for two aligned dipoles. It
equations of state of samples(l) and B(CJ) as calculated from can be rewritten as
the present SANS results. Dashed line: equation of state of perfect

gas K%=0). Dotted line: guide for the eye of the phase diagram 2 md® ®

(small dot$ from Ref.[23] obtained for citrated ionic ferrofluids Y= HoMs— ™ 17 ()
based ony-Fe,0; nanoparticles. Dotted rectangle: critical area as

evidenced i{43,44|. Thus, in the whole range of volume fractiong is propor-

tional to ®. The quantityy/® is a constantcharacteristic of

(i) An intermediate possibility, investigated in the the nanoparticles anddependent ofb which can be easily
present paper, is that the balance of the interparticle interagletermined frommeasurements at low volume fractionfs
tions is globally repulsive in zero field\,>0) and remains ® <1, thené.~¢ andy is simply related to the initial mag-
globally repulsive under the applied magnetic field. In prac-netic susceptibilityxo=M/H through the Langevin expres-
tice, the colloidal dispersions studied here remain monophasion (1): it writes y=3x, thus y/®=3x,/P.
sic in our range of applied field and temperature, owing to Table | gives the value of the constaptd =3x, /P ob-
their chemical characteristics. This point is checked by lightained for each sample from)a measurement at low. In

scattering and optical microscopy observation. this work, @ ranges between 1% and 19%ee Table), thus
the maximum value o¥ is here= 8. Thesey andy/® values
C. Magnetic properties are compatible with the colloidal stability of the sample un-

i _ ) der field. To establish that, let us consider the mean field
The magnetic moment of the nanoparticles is of the ordeferiyation[3] of the phase separation which defines, in the
of 10° Bohr magnetons and can be here considered agamework of a cgs unit system, a threshold value for the
blocked in the particle along the easy direction of mag”et"parametemzld3kT ranging from 4.08(zero field to 3.375
zation[47]. Thanks to the rotational degrees of freedom ofxfinite field). Returning to SI this parameter becomes
the nanoparticles in the I|qU|dﬁcarr|er, the resulting med'um,uo(,uzld3kT) with threshold values 4.0847 and 3.375
behaves, under an applied fi¢t like a giant paramagnetic x4+, This leads heréin Sl) to y/® = (6/1) wo( w2/d3kT)
material[1]. =98 in zero field and 81 in infinite field. Our samples have
In the dilute regimewhere theinterparticle interaction is  sjgnificantly lowery/® values(see Table)lwhich are a war-
negligible [48] (P<1%), the magnetization curvM(H)  rant for stability. Table Il details the FF solutions studied
can be described by a Langevin formalism under applied magnetic field, recalling in each situation the
. _ values of the parametessandé. In the present experiments
M=m®L(¢) with L(¢)=cothé)—¢ 7, @ under magnetic field, the magnetization is never fully satu-
rated. In the largest fieldyl reaches at most 75% of its satu-
L(&) being the Langevin function ané= uq(u«H/KT) the  ration value.
Langevin argument withuy the vacuum permeabilitk the
Boltzmann constant, antithe temperature is particle size IIl. SANS IN ZERO MAGNETIC EIELD
dependent. Assuming a log-normal distribution of diameters
P(d)=(1/\V27od)exp[In¥(d/dy)/202]}, M(H) measure-
ments[48] can be adjusted to determine a mean magnetic The scattering experiments are performed in the Labora-
sized,=exp(In d)) and a standard deviatian Table | gives  toire Leon Brillouin (LLB) Saclay, on the PAXE and PAXY
do and o for the two present samples. spectrometer of the LLBCEA-CNRS in the reactor Orphe
At finite concentrationin order to take into account the (CE-Saclay, FrangeThe neutron wavelength ls=10 A the
magnetic interparticle interaction under the applied field wedetector distance is 3.2 m, leading to a scattering vegtor

A. Experimental conditions
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TABLE |. Characteristics of the ferrofluid solutional® is the  of the scattered neutrons is recorded on a plane as a function
nuclear contrast of the nanoparticles with respect to the liquid carof the scattering vectof. A data treatment is applied in
rier. @ is the volume fraction of the nanoparticles obtained from agrder to subtract the Scattering from the solvent and the
chemical titration of iron. The mean diamety and the standard  quartz cell. In all the figures the error bars on the scattered
deviation o of the log-normal distribution are deduced from the jntensity are smaller than the symbols.
magnetization measurements at lov (see texl)t The weight- As pointed out previously, the scattering of neutrons by a
averaged diametet,; " and the gyration radiuRg™° are calculated magnetic colloid may have two different origins: either
from the Tag”etic size characteristidg and 0. The parameters ,qjear interactions with all nuclei of the sample, or mag-
d.W’ Ry, KT’.andA2 are deduced from SANS measurements in 2erop o interaction between neutron spins and local fields. The
field [see Figs. @) and ab)]. The dipolar interaction parameter magnetic cross section, proportionalitd and to the number
vI® is deduced experimentally from initial susceptibility measure-of particle per volume l,mit can be evaluated from the mag
mentsat low ®. e P e . )

netizationM of our cobalt ferrite particle$50]. If the par-
ticles are dispersed in a hydrogenated solvent, the magnetic

Sample A B . . . .
scattering is less than 2% of the total cross section. This
Liquid carrier water glycerine point is experimentally confirmed by a polarization analysis
Al? (cm™% 4.53x 107 3.12x 107 performed with the spin-echo diffractometer of Laboratoire
dg (nm) 9.5 6.8 Leon Brillouin (CEA-CNRS in the reactor Orphe (CE-
o 0.3 0.4 Saclay, Franog 36,42. We therefore neglect magnetic scat-
d,, (nm) 14.0 15.3 tering and are just left with scattering by nuclei.
d< (nm) 14.2 14 The respective scattering length densities of Galze
Ry (nm) 8.1 8.8 water, and glycerin are 6210°cm 2, 0.614
RS (nm) 89 10.4 X 10 cm™2, and —0.53x 10'° cm™2. Table | gives the re-
KO 13.8 9.1 sulfting contrast betwe_en the particles and the two s_olvents,
A, (molcnfg?) 3%10°7 1.6x10°7 Whl_ch are e_quwalent in this respect._They most!y differ in
/D 49+1 39+ 2 their viscosity; however, from the static point of view of the
0z .
® 0.7%. 2.3%, 3.3% 0.7%, present study, this has no effect.
5.1%, 6.4%, 9.4%, 5%,
19% 19% B. Theoretical background

Although the scattering of a usual dispersion of particles
is well known, we recall here the main formulas for a clear
ranging from 0.01 to 0.07 AL. The fluid dispersion is intro- definition of coefficients before adding a new term, the con-
duced between two quartz disks separated by an annulibution coming from the applied field. We start from the
spacer, the thickness of which lies between 0.1 and 1 mn§cattered intensity (cm™) of a colloidal dispersion of

depending on the volume fraction of particles. The intensitySPherical and solid magnetic particles in mutual interaction.
It may be written in zero magnetic field as
TABLE Il. Measurements under applied field—sample charac-

teristics. The dipolar interaction parameteis deduced from Table 1(q,®)=AI?®dV,F(q)S(q,P). 5)
I. The Langevin parametef is evaluated withé=yH/m¢® using
yI®=41 andm=4Xx10° Am™L. whereAl? is the squared difference of scattering length den-
sities (in cm™*) between the nanoparticles and the solvent
Sample ® v H (kAm™b 3 carrier, ® the volume fraction of nanoparticled/, their
A 07% 03 68 6.9 weight average volumes(q) the partlcl_e form factor, and
A 6.4% e 68 6.9 _S(q{dJ_) the s_tructure. factor_ of the solution. Here the scatter-
ing is isotropic. The intensity, the form factor, and the struc-
ture factor depend on the scattering vector only through its
A 19% 8.0+.2 28.4 2.9 modulus q=|d.
40.8 4.2 d : i : :
: : Theform factorof isolated spherical particles can be writ-
68 6.9 ten in the lowq limit as
B 0.7% 0.2 27.2 2.8 1 22 .
F(g)~expg — 34 Ry| if qRy=1, (6)
B 5% 1.90.1 9.6 1
16.4 1.7 whereRy is the radius of gyration of the nanoparticles.
27.2 2.8 Thestructure factor $q,®P) expresses the structure of the
colloid, that is the spatial distribution of the centers of mass
B 19% 7.4:0.4 8 0.8 of the nanoparticles under their mutual interactions. In the
16.4 1.7 high g limit, it is independent ofj and® and it is equal to 1.
27.2 28 In the small but finiteq limit, the structure factor can be

expanded irg?, as we will see now.
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Let us develop the free energy dendityf the solution as
a Ginzburg-Landau expansi¢fl] in ® andV®. The varia-
tion of f, up to the second order term in concentration fluc-
tuations, can be written as

1 om bo
—52f >3 aq)(b‘CI))er?(V(éd)))z, (7)

where is the osmotic pressure of the solution. This energy
functional describes the concentration fluctuations in the
continuum limit. The second term is the energy cost
associated with their spatial inhomogeneities. Expressing
the free energy through Fourier componen&dg
=(1\V) [ 5D exp(q-f)dV of the concentration quctuatrons

the structure factor of the solution at smaltan be written
as

T .
PVy V[ dm [ \ ®) ]
i PVw 400 1
[ \ H=
We see from Eq(8) that in the limitq— 0, S(q,®P) is pro- 300 . A
portional to the osmotic compressibility of the solution. [ I “
dmlo® is usually written at lowd as a virial development, = : .". . \
200 [ feta il
am _ 1 2 = xx+.,.-' a, i\
%ZkT V—W+2P AN, |, 9 0.0";:,:_'_ . \P\.
100 o Bag e Xxr 2, %
p being the particle densityd, the second virial coefficient ! “=;°.”;;+‘.‘\'-
of the osmotic pressure, amd, the Avogadro number. Com- Voo “n';,:;;‘. ‘e&._
bining Egs.(8) and(9) we obtain obooe Vg, DOER 805 048
1 0 5 o 0 001 0.02 003 004 005 006 0.07
S(q,®) "=1+K;P(1—q°kg ) q@h

where (10 FIG. 3. Sample A in zero applied fielé) Isotropic 2D scatter-

ing pattern atb =19%. The contour lines are isointensity profiles.
KO=2,2A V. N. and —KOx-2= boVu (b) In_tensityl averaged on rings at co_nstant scattering vegtas a
1= 4P M2VwiNa T"0 kT function of q at various volume fractionffrom top to bottom®d
=19% (@); 9.4%(A); 6.4% (+); 5.1%(X); 3.3%(<); 2.3% (0);
ko ' being a characteristic length. Here the interparticle po-and 0.7%(V)]. The dashed line corresponds to the computed inten-
tential is repulsiveK? is positive, andy, is negative. In this ~ Sity F*(q,®=19%).
situation, atg— 0, there is no correlation domain associated
to the fluctuations of concentration, see Appendiihfe op- Thus we can write<52=2- A-Ki’z, where theA; are co-
posite case would correspond to large scales fluctuations f@fficients, respectively, depending on the characteristics of
a system close to a phase separafts®). The fluctuations interactioni (i=HS, VdW, el, or dip. In all casesxk,® is
of position of the particles are here individual fluctuationscharacteristic of the range of the interactions between par-
associated with a correlation hole of ordey*. ticles; however, simple limits only can be written easily.
Let us now focus on the signification of this lengtf . First, if the salt concentration is I0W<eI dominates. Be-
For that purpose, we introduce the direct correlation functiorcause of the finite size of the particles, . is not exactly the
C(q)=(Vy/®)[1-S Y(q,®)]. C(q) is the Fourier trans- Debye length but depends on it. Second, if the salt concen-
form of C(r), which is related to the interparticle potential tration is high,Agecis negligible. If Ayqy and Ay, are neg-
V(r): as a first approximationC(r)=—V(r)/kT [53]. If  ligible compared toA.s then x, * reduces tok,,s=D//10
V(r) exp(—KOr)/r with a potential rangec; *, thenC(q) (D being the hard sphere diameteat the level of the second
-V, KY(1- g%k, ?). However, the potential between the virial approximation.
cobalt ferrite nanopatrticles is more complicated for different
reasons: the scattering objects are not points, they have a
spatial extension and the finite size of the particles cannot be C. Results

neglected. The potential is a combination of hard sphere re- Whatever the sample and the volume fraction of the solu-
pulsion (HS), van der Waals attractioVdW), electrostatic tion, the neutron scattering in zero field is isotrofgee Fig.
repulsion(eleg, and dipolar interactioridip). 3(8@]. The intensityl (q,®) obtained for samplé\ after av-
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eraging on a ring at constantis given in Fig. 3b). The
scattered intensity is at lowp a monotonously decreasing (a)
function ofg and presents at the largeta small bump at an \
an increasing function ob.
A closer look at lowq shows, whileq decreases, an in- Sample A
crease of intensity for the largest sample concentrations: this | H=0
could be possibly explained by an agglomeration of the
not concerned by such a process, let us take the cade of
=19% and compare in Fig. (B) the intensity I(q,® 10 \\<
=19%) to the quantitf* (q,®)=P[AI?V,,F(q)] [taken at
®=19% and wheré(q), theform factorof the particles is
deduced from the lowb measurements by an extrapolation 0 2 4 6 8
scattered intensity in the absence of interparticle interactions.
In Fig. 3b), F*(q,®=19%) is forq<3x10 2 A~ clearly
larger thanl (q,®=19%). This inequality is true for all the (b)/
other ® values. It is the proof that the increase of intensity
not be explained by an agglomeration of the nanoparticles as 4
@ increases. This process would indeed have induced an /
increase of the volum¥,, of the scattering entities and thus
a scattered intensity larger th&t (q,®). On the contrary Sample A
has to be addressed to a structure factor smaller than 1 at low
g and larged [see expressiofb)]. The upturn forg—0 (at
large®) of 1o« ®F(q)S(qg,P) is the result of the product of a
function continuously decreasing with ®F(q), by a non-

intermediate scattering vectqr Whateverg, the intensity is

nanoparticles a® increases. In order to check that we are \
at =0 of the ratiol(q,®)/®]. F*(q,®) would be the q* (10 A%
observed at lowg for the largest sample concentrations can- /
the difference betweeR* (q,®=19%) andl(q,P=19%) 2 / H=0
monotonous function af, S(q,®), which remains constant.

0 5 10 15 20
. : . . ) @ (%)
1. Particle size characteristics and interaction parametef K

FIG. 4. Sample A in zero applied fielda) Guinier plot of
Al?V,,F(q) as a function ofg?. The full line corresponds t&,
=81 A. (b) Plot of ®/1 atq=0q,,;;=7%10 3 A~ as a function of
®. The full line corresponds t&%=13.8.

This section is based upon expressidhsand (10). As
said aboveAl?V,F(q) is deduced from a linear extrapola-
tion at®=0 of the ratiol (q,®)/P. As shown in Fig. 4a)
for sampleA, a semilogarithmic plot ofAI2V,,F(q) versus
g® provides via a linear fit to expressid®) the radius of
gyrationRy; radii for samplesA andB are given in Table . 2. Structure factor and characteristic correlation lengthy *

We also extractAl?V,, and K7 from the data afg—0 The structure factoS(q,®) of the FF solutions is de-
using expression (10. A linear adjustment of duced froml(q,®), knowingF(q). We show it in Fig. 5 for
[®/1(q,®)]q-q,,, as a function of®, is made forqm,  sampleA at various®. For the largest volume fractioh
=102 A~! [see Figure t)]. Here[®/1(q,®)]q—q_ isas-  =19%, the structure factor exhibits a distinctive maximum
similated to lim_o[®/1(q,®)]=(L/AI?V,)S }(q=0@), at a scattering vectogymy=4.3x 10"2 A~ This corre-
as forq—0 F(q) reduces to 1. KnowinghI?, we can then ~SPONdS t0 & diStand@pymy= 27/ Gpum;= 145 A very close to
compare for the two samples, the two particle siggs and ~ the mean interparticle distanai{m/60)™" (= 145 A) de-
d,,=(6V,, /7)Y determined by neutron scattering to the duced from the volume fraction of the solution.

ones expected from the magnetic size distributids,54  FromS(q,®), we can also, agj—0, determine the coef-
(Table ). They are in reasonable agreement. ficient b, of the fluctuation term in the free energy develop-

The coefficientk? is indeed found here positive and of Ment(7) [or equivalently the characteristic lengtg * of Eq.
the order of 10 for both samples. It expresses that, on avef10)]- The quantity (10)[S(q,®) *—1]=—C(q)/V,, can
age, the total interparticle interaction is repulsive. The secbe plotted as a function of* as shown in Fig. @) for
ond virial coefficient of the osmotic pressur,, which is ~ Sample A atb=5.1%. 'gt lowq, —C(q)/Vy, decreaoses lin-
proportional tok?, is also positive and here of the order of a €arly as a function ofy”, starting from the valu&s atq
few 1077 cm? g~ mol. Knowing A,, we calculate the os- =0, and with a slope equal tm,V,,/kT=—K%x, * [see ex-
motic pressurer of each of our FF solutions and can locate pression(10)]. From Fig. a) we obtain for sample A a®
those samples on the phase diagram of Fig. 2 described m5.1%: K$=14, byV, /kT=—3.2x10* A2, leading to
Sec. IIB. ko '=48A andby/kT=—-2.2x10"2 A1,
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FIG. 5. Structure facto8(q,H=0) versus the scattering vector Safnple A (b)
g for sample A atH=0 for various volume fractionsb [same 08 Lo NS
symbols as in Fig. ®)]. Inset: S(q,H=0) as a function of the ’ ¥aRS, %o
reduced parameteyx, *. S
. 0.6 3
This lengthx, * allows us to rescale the structure factors ; N
S(q,P): plotted versusq;<51, the different curves all snip T 0.4 »
together and the intersection point correspondgag*~1 i o
and S(q,d)~1 [see the inset of Fig.(8)]. Moreover, the o1 o
plot of — C(q,®)/K3V,, versusy®«, ? leads whateved to a 0.2 pu— .
linear master curve in the range@ «, '<1 [see Fig. 6b)]. Ne®
These two representations express that the development of 0
expression10) is valid up tog= kg, i.e., forq larger than 0 0.2 0.4 0.6 0.8 1
expected, and validates the experimental determination of ‘12“0'2
-1
KO . B
Whatever the sample and the volume fractibg,is here FIG. 6. Sample AaH=0. (a Plot of[S(q,H=0)"'~1]/® as

negative K2>0, andx, ! is defined. The range, * of the 2 function ofg? at ®=5.1% andq<2.2<102 A1, The full line
L L . . . . O_ 71
interparticle potential is plotted in Fig. 7 as a functinit is 'f;g; b'latSt fit of th% dﬁta by \Eq%l?)TXVEhs g;}é‘?'& angxlg_
a decreasing function ob. The samples are prepared by r;ct co.rrelgg;? Sfﬂﬁr;tizn ier:ea&:(édﬁced_re résentaﬂi .IE|—O)I-/
diluting the most concentrated one with pure water; the ionic 0 ) 0 pre ) mﬂ’z -
strength in our samples is proportionaldo —VuK7=[S(q,H=0) "~ 1]/K® as a function oy, °. Same
. S . . symbols as in Fig. @). The full line corresponds to E@10).
For the highestb the ionic strength is high[ €itrat€]ee

~0.1moll""), the electrostatic repulsion is screened, andnagnetic fieldfi=HHR, K being the unit vector along the
this sample may exhibit a behavior close to that of a hardie|d direction. It is applied in the plane of the sample cell
sphere systertsee Sec. lll B. Itis indeed what we observe. (je. perpendicular to the neutron fiiand ranges between 0
Let us consider a hard sphere diameter of 100 A, we obtaigng 680 kA/m(see the summary in Table)ll
Kkus~32A. It is close to the experimental value af* Under applied field, the scattering becomes anisotropic, as
obtained atb =19%. can be seen by various representations of the intensity.
For lower®, the lower ionic strength makes the range of (i) 2D patterndFig. 8@a)] of equal intensity contours.
the repulsion larger and contributes to increagé, which (i) By plotting the counting along a ring as a function of
becomes larger than for hard spheres. Note that extra expefhe angled=(g,h) between the scattering vector and the
ments, not presented here and performed at constant ionjq [Fig. 8b)]. The anisotropy of the pattern is strong at
strength with other samples, lead to a value #Qr that is  Jow q (along a circle of radius aj=0.02 A~1 the intensity
independent ofp. varies sinusoidally with¢; such that | y./Imin~2) and
smooths out progressively asincreasegalong a circle at

- _1 . : : .

IV. SANS UNDER APPLIED MAGNETIC FIELD q= 0.0(_3 AL 'Fhe intensity does not vary with, thus is ba-
sically isotropig.

A. Experimental scattered intensity: overview of its (i) By radial averaging of the intensity in sectors of

anisotropic character +15° along the directions perpendicular to the fieffl f)

Using the same spectrometer configuration as describeahd parallel to it ¢lih), leading respectively td, (q) and
above in Sec. lll, the experiment is now performed under d,(q) as shown in Fig. 9. If we compare with the radially
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FIG. 9. Sample A atb=19%. A comparison among the scat-
tered intensityl (q) at H=0 averaged on rings at constaptopen
symbols; the anisotropic intensities &t=68 kA m™! averaged on
a sector of+=15° along the field directiorfl, for 6=0: M) and
perpendicular to the field directiofi, for ==/2: @®); and the
quantity F* (q,®=19%) determined in zero fiel@lashed ling

FIG. 7. Plot ofxgl as a function ofb for samples A®) and B
(A). The dashed line is a guide for the eye.

averaged intensity,,—o(q) at H=0, we note the following:

(i) At low g, compared tdy-o(q), |, (g) shows an excess
of scattering, whilel,(q) shows a deficiencyii) For pro-
gressively increasing, the order , (qQ)=1x-o(q)>1,(q) is
kept; however, this hierarchy progressively vanishes until the
largestq are reached, theh (q)=1y-o(q)=1,(q).

In the same way that we have checked for the absence of
particle agglomeration without applied magnetic field, we
can check it now under field. Sinde (q) never reaches
F*(gq,»=19%), the intensity expected for noninteracting
particles(see Fig. 9; curve foF* is a dotted ling, agglom-
eration is absent. In other words, an applied field does not
affect V,, and F(q), therefore, does not produce a phase
separation.

Let us also note thdt(q) andl, (q) are not proportional:

I, (q) is monotonically decreasing wittpwhile 1,(q) is not

w0 monotonic. The anisotropy ¢{q) under field has then to be
300 | « related to an anisotropy of the structure factor which has to
b ¢ % e be written asS(g,®) or S(q, 6,P).
250 ogs O.O:O oo°° o0 % o
= 200 L° ° % ° °°.oo ° °.°o ° B. Analysis of the experimental structure factor
ki *’ .0. . '.. 1. Direct observation
~ (]
= 150 Ko L i oo e Assuming thus that the form factéi(q) is the same as in
I e i" zero field, we deduce from the average of the scattered in-
r‘l=°~°6 tensity on+15° sectors(see Fig. 9 S,(q,®) at #=0 and
50 | S (q,®) at 6= =/2. They are plotted on Fig. 10 for sample
pomdoengunttngtodtdesnoRennuxtinnncd Aat®=19% andH =68 kA m™’. They are compared to the
0 1 isotropic structure factoB,_q(q,P=19%) obtained previ-

0 50 100 150 200 250 300 350

8 (deg) ously atH=0. We observe the following.

(i) The maximum ofS,_o atq=gpymy= 102 A~ 1 is pre-
FIG. 8. Sample A atb=19%. (a) Anisotropic 2D scattering Served forS, , and even slightly enhanced.

pattern under a horizontal field=68 kA m™ 1. (b) Angular depen- (i) This bump is completely smoothed out frwhich is
dence of the scattered intensltgt two different scattering vectors almost flat forq=3.8x10"2 A1,

(q=2%x10"2 A 1 and 6x10 2 A1) in zero field(open symbols (iii) At small g, the anisotropy ofS(q) is more pro-

and undeH =68 kA m™! (full symbols. nounced. It can be understood as an anisotropy of compress-
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FIG. 10. Sample A atb =19%. Comparison between tlgede- ®)
pendencies of the zero field structure facg¢g,H=0) and of the . R .
anisotropic oneS(q,H,#) underH=68 kAm 1 for =0 (GlIH) '°°01. P S e s -
and@= /2 (L H). Same symbols as Fig. 9. Inset: Angular depen- .‘:"—
dence ofS(q,H,0) atq=2x10"2 A~! andH=68 kAm™ 1. =~ 002 N
;3 \\ Sample A
ibility and of the spatial fluctuations of concentration. g I O=19%
(iv) At small g, the variations o5(q) as a function of the 2 -0.03 ik Sy
angle ¢ at constaniy are well fitted by a linear function of e~
cos(6) (see the inset of Fig. 10 0.04 =i
2. Anisotropic structure factor coefficients
-0.05
In a first step we analyze the lowresults in a phenom- 0 10 20 30 40 50 60 70 80
enological way, in terms of an anisotropic coefficient H (kA m™)
K+(H,#) which controls the global interaction armdH, 0) 80
which controls the spatial inhomogeneities of the fluctuations ©
of ®. Transposing the zero-field expressidBs and(10) to
the under-field situation the structure factor then writes 6
H,0,®) 1=1+K(H,0)d Sample A
S(q.H,60,®) 1(H.6) 2 ample /
2 g
+(Vy/kT)b(H,0)Pqg” at low & and q. . 40 P gy e s i g gt P
(11) N Y ® ®
Further on, we use the superscrifftand_L, respectively, 2
for 6=0 andfd= /2. Still for sample A atb =19%, Fig. 11
presents for the two directions the variationskof and b
. . . . ” . . 0
v_wth the _appllled fieldH. In Fig. 1_](a), K5 increases with the o 1020 30 40 50 6 70 80
field, while KT decreases. In Fig. 14), the variations ob H (kA m™)

are oppositeb' decreases with the applied field whibe
increases. This suggests a proportionality betwignand
—b. It can be seen in Fig. 14) which plots for sample A at
®=19% the ratioy(—b/kT)(V,,/Kt) as a function oH. It
is roughly a constant equal tq}l whatever the directiohor
L. Figure 12a) shows that the variations of the ratikis/K}
andb'/b' for samples A and B roughly superimpose as

function of H (note that these ratios go as low as 0.2 at 6

kAm™Y). Experimental data thus support the relation

V,,b(H,0)

T =—K1(H,0)k, 2,

12

a
8

FIG. 11. Sample A atb=19%. Under field anisotropy of the
experimental coefficient&; (a) andb/kT (b). Field independence
of the potential range<51= V(—=b/kT)(Vy/Kt) (c). Symbols:l
for §iiH; @ for dLﬁ. The dashed lines are deduced from the ex-
pressions(11), (12), and (14), a, /® and B, /® being calculated
from the expressionéB4) and (B11) with y/®=41 and\ =0.22.
(The fit gives her&k9=15.6 andx, %/V,,=10 3 A1)

where the characteristic Iengt&'g1 remains independent of
H and 6. Note that Eq.(12) reduces toV,bqy/kT=
—K%%k, 2 in zero field[Eq. (10)]. It is then possible to re-
write the structure factor as
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1.2 the dipole-dipole pair potential at the microscopic level. The
@) resulting anisotropy of the fluctuations under field can be
Ta . determined from the development of the free energy of the
- “ ® =19% system. The formalism used and presented hereafter is based
= . .
3 08 [ \ 1 on the same gr(_)und asa model previously developed_ in Refs.
2 o\ [37,38 to describe the field dependence of the massic diffu-
<706 o \ ] sion coefficient of FF as measured at very Iqun a forced
_: AR Rayleigh scattering experiment. In this experiment an anisot-
=04 ° \&_‘ ] ropy of the diffusion coefficienD is observed under field. As
SR __ & on thermodynamic baseB, is inversely proportional to the
02} = TTH structure factor of the solution gt=0 (and also to the fric-
tion coefficien}, the anisotropy oD and that ofS(q=0) are
090 20 30 40 50 6 70 naturally linked[S5]. .
H (kA/m) Our theoretical derivation consists of the sngléxpan-
1 sion of the free energfexpression7)] in the framework of
o (b) our model[37,38. As derived in Appendix B the effect of
= 08f the magnetic field on the interaction parame{g(H, 6) of
:, e ) expression(13) can be written as
= -]
M 0.6
> RN Kr(H,0)=Ko—| X prcos 0 (14
= ¢ 0 P (i)
& 04l e ¢
f,_ Sample A ;
T o2l eo=19% o This expression contains three terms. The zero-field Iéﬁe,
is isotropic and includes all the interactions nondependent on
0 ) ) ) ) H. There are two contributions coming from the magnetic
0 0.2 04 , 06 0.8 1 dipolar interaction under field, and thus dependentorti)
1%, A mean field contributionHsotropic and basically

ractive—rel hemean local fiel ff -
FIG. 12. (a) Comparison of the magnetic field dependence oftheatt active—related to themean local fields effectdt ac

aos 1K, (l ymbol andb. . Open symbolor samges o= " (1 STOt1a00° aspect of e magnetc dpoer
A (M, O) and B(®, O) at ®=19%. The dashed line is deduced : P b

from the expressiondll), (12), and(14) (as in Fig. 1). (b) Sample !?:.addto theamspt.mplcﬁﬂucma;'.oﬂs. of the ma%rOSCOpIC flefldh
A at ®=19% under various applied fieldsC(q,H,6)/ IS demagnetizing effect, which increases the energy of the

—V,K+(H,0) =[S X(q,H,0) — 1]/®K(H,6) as a function of system,' accounts for the long-range aspects of the magnetic
o2k, % [H=0: (®); H=205kAM %, 6=0: (0), 6=m/2: (m); ~ dipolar interaction.

H=41kAm, 6=0: (A), 6=m/2: (A); H=68KAm 1 The details of the calculations ef a, /® and g, cog6/®
6=0:(0), 6=/2: (#)]. The full line corresponds to Eq13). are given in Appendix B. Let us point out the following.
(i) The two contributions- a, /® and 3, cos6/® can be
i 2 2 expressed as a function of the effective field paramefeee
S(Q.H,6,®) =1+ K+(H, 0)P(1-d%%0 ) Eqg. (3); here taken equal to 0.22 like [87,39] as well as of
at low ® and q. (13)  yandé [thus ¢ through Eq.(3)].

(i) They saturate in high fields; «) /® tends toward
The low q anisotropy of the structure factor reduces to an—M,/® (here=9) andB, /® tends towardy/® (here~41).
anisotropy of macroscopic compressibilftyr of the interac- (ii )OThe absolute value of a, /@ is always smaller here
tion parameteK(H, 6)] which varies linearly with cd® at ~ thanK7/2. ThusKr(H, 6) cannot become negativeven for
constant fieldsee the inset of Fig. 20The validity of such  #=7/2) and the dipole-dipole interaction is not able to de-
a deve|opment up td=19% andq: Ko is also supported stabilize the pl’esent colloidr to induce its partiCle aggre-
by Fig. 12b), which plots the direct correlation function gation
C(q,H,6,®) as a function 0fq2;<52 for both /=0 and @
= 7/2: the master curve obtz_amed_feran_dH expresses that D. Comparison between theory and experiment
the development of expressigh3) is valid up tog= «g. ) )

Figure 11a) appears thus as an experimental plot of

C. Theoretical derivation of the structure factor ~ B

a -
. . KI=k%2——=+=2 for qlh,
How should we interpret those observations? Let us note T e @ al

that here the scattering is dominantly nuclear, thus the mag- (15)
netic moment orientation induced by the magnetic field is not
detected. As there is not any macroscopic phase separation
here, the principal effect then comes from a modification of

a >
Ky=K9— EA for GLh
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35 N(v/®P)=9 and toy/P~41 (see Appendix B this satura-
30 .- tion is not fully reached here experimentally for an applied
i a) field H=68 KAm™ ™.
25 P e ¢ In conclusion, in a monophasic FF under magnetic field,
n S there are fluctuations of macroscopic fields, which are differ-
g 2 i* ent in the directions parallel and normal to the applied field.
o 5 KA The diffusion becomes anisotropic as it introduces a supple-
," o mentary dispersive force centered along the field and varying
10 o linearly with cog6. This anisotropic dispersive force
s o [=(B,/®)cog d] is coming from the long-range effect of
‘9 the dipolar magnetic interactiofthe demagnetizing effect
Oae It is here much stronger than thshort-rangg mean-field
0 20 o (kA/:l;' 80 100 averaged dipolar interactior<(— «, /®). The combination
of those two contributions results in an anisotropy of the
0 Brownian motion of the nanoparticles under field and cor-
".*: o7 g rectly describes the anisotropy of structure factor under field.
& :"‘ S 4 (b)
< -5 Nan M . V. DISCUSSION
Sl Y,
' Bt R It is common sense to expect that the SANS observation
of FF under field would give anisotropic scattering. How-
-10 0 %0 m p = 20 T00 ever, we would like to stress the many unexpected aspects of

H (k/m) it o . .
(1) The most usual signal in a magnetic system under field

FIG. 13. Field dependence of the coefficiefgs/® (a) and  (e.g., ferromagnetic steels “eightlike” patterns oriented
—a, /P, (b) as deduced from the SANS data and expressipfls  perpendicular to the fieli35,56. The reason is that mag-
and(17)—sample A atb=19% (M), at > =6.4% (A) and sample  netic scattering is null wheqis parallel to the field. Here we
B at®=19% (0), at®=5% (A); from the forced Rayleigh scat- observe rather similar patterns, but the magnetic scattering is
tering experiment of Refd37,38 performed with a FF based on negligible. We have only nuclear scattering, revealing the
maghemite particle@®); and from theoretical expressiofB84) and positions of the particles.

(B11) with /® =41 and\ =0.22 (dashed ling (2) If we focus on spatial positions, we could meet a
second well-known expectation, following de Gennes and
as a function of the applied field. The field dependence opjncus, namely chaining of particles along the field. In prin-
—a,/® and B,/® can then be either calculated from the ciple, such chaining should producs the scale of the diam-
characteristics of the colloidsee Appendix Bin order to fit  eter of particles a pronounced maximum of the structure fac-
the data in Figs. 1&), 11(b), and 12a), using expressions tor [S,(q)] in the direction parallel tdH, corresponding to
(B4) and (B11) from Appendix B[and expressioil2) to  the first neighbors along the chain as predicteB4]. How-
deduceb'/kT andb*/kT as a function ofx, /® and B, /®]  ever, in our system we observe just the oppogitith the
or deduced from the experimental field dependencdﬁpf maximum and the zerq limit are stronger in the perpen-
and K# since we know from Eq(15) that dicular direction. This is correctly accounted for by our pro-
posed derivation of the scattering, and therefore explained.

By (3) Though our model gives a good description of the

Il 1
) Kr—Kz (16) patterns observed here in this paper, we want to stress the
fact that it can givequite different degree of anisotrope-
and pending on the system under study. ¢+ 0, the maximum
anisotropy of the pattern can be, for example, quantified by
a, e the ratio
D KT —K5. a7
By
- Ki-Ky @
As a, /® and B, /® are functions that are weakly depen- T T (18)
dent on®, we can present in the same Figs(dl3and 13b) Kt N
the theoretical variations af, /® and g, /® deduced from Ky— @

Appendix B and the experimental data using expressions

(16) and(17). They are also compared to the previous meawhich reaches here a value of the order of 4.3. Yet, experi-
surements ofa, /® and B, /P obtained in the Rayleigh mentally, the SANS pattern of a ferrofluid under magnetic
forced experiment37,38 with a sample of similar dipolar field is not always anisotropi¢42,43. In particular, the
characteristicsy/ ®=41. The agreement between the datasample A of Ref[22] (d,=7.1 nm; ¢=0.15; d,,= 8.3 nm)

and the model is reasonable. Note that althougtid and  does not present any anisotropy under a field of 68 kA/m at
B, /P are expected to saturate in high fields, respectively, t?b =11%. This point can be explained by a very different
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situation: in this colloid repulsion is very strong, such thatparallel to the field. It is those local fluctuations that render
K9=33 with y/® =11, which leads to a ratiod, /®)/[K?  the system macroscopically less compressible in the direc-
— (o, /®)] of the order of 5%. The field effect is then 100 tion parallel to the field than in the normal one. In real space,

times smaller than in the present work. the system looks like a gas in the direction parallel to the
field, while it keeps its fluid structure perpendicularly to the
A. Behavior at various scales field.
At large spatial scaledow scattering vectorsy< ), we We have seen that there is no real chaining, since the
extract the following from the experimental data: particles are not coming in static close contact to each other

(i) A length ko * characteristic of the range of the pair 10 produce compact elongated chains. This would be de-
potential which does not present any significant anisotropyected by the observation of a clear maximungg(f) in the

under field, up tod=19%. contact condition. However, the strong difference in fluctua-
(i) A strongly anisotropic compressibility felt under field tions of concentratiorfand of nanoparticle positiopglong
at a long spatial range. and perpendicular to the field can be phrased as creating a

(ili) An always positive interaction paramet&r(H, 6) kind of interaction chainingvia the structuration perpendicu-
whateverH and 6. Increasing even more the magnetic field lar to the field.
would not modify this point as, /® would saturate here at
a value\ (y/®)=9 still smaller tharK?. VI. SUMMARY AND PERSPECTIVES

(iv) An always negativéd, coefficient associated with the ) )
contribution of the spatial inhomogeneities of concentration e have studied experimentally the nuclear part of the
to the free energy. The fluctuations of position of individual SANS pattern, here only related to particle positions, of an
particles are associated with a correlation hole. Under fieldonic magnetic colloid far from the conditions of colloidal
those individual fluctuations of position are anisotropic. ~ destabilization.

If our model satisfactorily explains large spatial scale be- In zero fieldthe SANS pattern is isotropic. A fluidlike
haviors, a precise description of the detailed local structurstructure is found for the colloid: with large enough volume
of the ferrofluid under field is yet to be done. We have,fractions, a maximum of the structure factor is observed for
however, several indicators for this description from thethe mean interparticle distance. From a standard Landau-
structure factor af|= kg: Ginzburg free energy, we derive the structure factor at small

(i) The peak at high®, which is more pronounced in scattering vectorélarge distances Besides the particle size
l,(a) than inl, (q) under field, while it is the opposite for characteristics/,, and Ry, two quantities characterizing the
S(q), for which the maximum vanishes f&(q). In that  pair interparticle potential are measured at lquwthe inter-
direction the field seems to unstructure the fluid systemaction parameteK? (proportional to the second virial coef-
which looks like a “gas” in that direction with no local struc- ficient), which is found positive, meaning that the potential is
ture (the structure factor is flat at higty. globally repulsive, and its range, * of the order of 30 A at

(vi) The peak abscissa, which does not appear signifig, — 1995 The coefficienb, associated in the model to the
cantly modified with respect to its value in zero field, in the gpatia  inhomogeneities of concentration  fluctuations
direction normal to the applied field; in as much as it repreI_ 1

: ) . ; ) bo(V 8®)? in the free energlis always negative here,
sents an interparticle distan¢a the direct spade the latter bei;goéqual ?[o—(kT/V )KOK7291/ y g
w/INTRO -

does not seem to vary. However a serious account of the Under fieldthe SANS pattern is anisotropic. This anisot-

”?ea”ing of the pea_k, in _particular with reSp?Ct to the IoartiCleropy is coming from the structure factor of the solution and
size, would be easier with much less polydisperse samplesCan be analyzed at different scales

At low g the effective compressibility of the system is
found anisotropic: while the characteristic lengt§* re-

All this can be summarized in a handwaving explanation.mains isotropic under field, the interaction paramétgerand
Along the field because of the demagnetizing effect, spatialthe coefficient are both strongly anisotropic. A quantitative
inhomogeneities of magnetic field are expensive in energyanalysis shows that these layanisotropies are here due to
the system prefers to lower them, hence to lower the concerthe long range magnetic interaction. The interaction of the
tration fluctuations as much as possikilecreasing the fluc- medium with the magnetic field is introduced through two
tuations of position of the nanoparticjedleanwhilein the  contributions added to the zero-field description. The first
transverse directionthese demagnetizing field effects vanishone, isotropic, modelizes the local field effects. It corre-
[6=0 in Eqg.(14)]. However, in the transverse direction we sponds to an increased attraction of the pair potential when
only observe the other—isotropic—effect of the field: themagnetic moments are aligned along the field. The second
fluctuations of concentration are slightly larger than undemone, anisotropic, modelizes the long range demagnetizing
zero field because of the short range isotropic and attractivield effect, associated with the fluctuations of magnetization.
contribution of the (mean-field averagedinteraction be- It reduces any strong concentration fluctuations along the
tween magnetic dipoles, which slightly decreases the fluctudfield because they would provoke strong field gradients.
tions of position of the nanoparticles. At g larger thankg, we observe a smoothing of the struc-

Those anisotropic local fluctuations of nanoparticle positure factor in the direction parallel to the field while the
tions smooth down the maximum &(q) in the direction fluidlike zero-field structure is roughly preserved in the per-

B. Handwaving picture

031403-12



ANISOTROPY OF THE STRUCTURE FACTORMP. .. PHYSICAL REVIEW E 65 031403

pendicular directions. In the direction parallel to the field the _2 o ., @ Vyby @
system appears like a gas. & = —K3kg 17K% - kT 17K
All these results lead to the following interpretation—the T T

fluctuations of concentration in the system are smoothegg the quantity le$CI>
along the field—they are associated with fluctuations of po-.2 is of the same sign as,. We recall that this coefficierit,
sition of the particles, which are increased along the field angcd fined in Ea(7) and .I ted tk2 and k=1 by Eq.(10
decreased in the perpendicular directions. This means that %€ ed N a(7) and related td<; and x, ~ by Eq.(10),
the local Brownian motion of the nanoparticles is anisotropic kT
here. It also explains why we do not observe under field any bo=—7K5ko “.
close-contact chaining of the nanoparticles. On the contrary,
we could describe the observed uniaxial anisotropic structure 10 main opposite situations can be encountefédif

as that of a pseudo-one-dimensional gas along the fielg, interparticle potential is globally attractive th&9<0,
coupled to a more compressible fluidlike structure in the two 220, by>0, and§§>0. In that case the system presents

. . . « . K
perpendicular directions. We propose to call “interaction° . . . - .

S o - concentration fluctuations with a characteristic correlation
chaining,” such a uniaxial structure coming from the trans-

verse fluidlike structuration. length &.. It tends to phase separate, see for example

As a future development of this work, we shall study how[44’58’59' (il) If the interparticle potential is globally repul-

0 -2 2 H
the diffraction pattern would be modified under rotation in S'Vfdth?nKJ>_|9r; Ko .>0’ bo=<0, la?.dgcjo' Thefleng}ﬂfﬁ 'St
order to analyze the local competition of the dipolar interac10t delin€d. 1here 1S no correiation domain 1or the fiuctua-
tion under field with the vorticity of the solid rotation. We tions of concentration. The individual fluctuations of position
shall then connect the direct observation of the local struc®f the particles are associated with a correlation hole of order
ture of the FF to magneto-rheological measurements as otfo + the spatial range of the pair potentiakpulsive on
tained in[19,20. average The system remains monophasic. It is the situation

Another interesting question to elucidate would be whatof the present work. , , o
happens if the colloid is in a less repulsive situation if it is NOt€ that experimentally, some intermediate situations
closer to the colloidal phase separation in zero field and thug'ay be observed iK1 andb, are small: they do not come to
has a reduced interaction parametdr? It is then possible 2€ro exactly together. Then E() has to be developed at a
to imagine a hybrid situation witK* <0 andk'>0; thatis ~ Nigher order in&p.

a system potentially unstable in the direction perpendicular
to the field remaining stable in the field direction. Note that APPENDIX B

some experimental observations come to support such a pos- |, the framework of our model, the effect of the magnetic
sibility: concentrated phase droplets a phase separated fig|q on the compressibility of the system is separated into
sample close to the thresholdbserved by optical micros- 1o contributions.

copy exhibit a strong anisotropy of surface tension, as is (i) An isotropic mean-field oneelated to theneanlocal

predicted by recent numerical simulatior$]. field, which modifies the zero field interaction parame<@r
entering in expressiofi7) [via Eqs.(9) and (10)]. On aver-
ACKNOWLEDGMENTS age, the dipolar interaction is globally attractive. It modifies
) i ) the zero-field chemical potential, and transforms it inp
We thank Sophie Neveu for the chemical synthesis of the_ ¢o+ ¢y . The additional termpy, has to take into account
ferrofluid samples, Annie Brulet for her help in the polariza-the effect of the applied field and that of the local field in-

tion analysis of the neutron scattering, Fabrice Cousin foly,.qq by the whole magnetic solution. In an effective field
showing us his not-yet-published results, and Pierre LeVit?nodel[see expression@) and (3)] it writes [3,37]
for helpful discussions. ’

(A2)

=limg_o(1/9) is always positive,

Sinf@e)) B1)

&e

Let us first come back to the development $(fq,?)  where the effective Langevin parametgr depends on the
written in Eq.(10). This development has to be distinguishedeffective field constank and on the dipolar interaction pa-

=—kTIn
APPENDIX A PH (

from the more classical following developmen8]: rametery [Eq. (4)]. As
1 Viwbo _2 2.2 Kozi i&_ﬂ-_ i):i%_i B2
Sq.d) kT Pée(Irate), (A1) T o \kTod V,) kT od @ (B2)

o . __ the interaction parameter then rewrites under field
which is meaningful near a second order phase transition

threshold. In Eq(Al), & corresponds to the characteristic 1 dp 1 o de  dog  deoy

length of the fluctuations of concentration, and diverges at KT:k_T 9D D W'thoﬁ): T (B3)
the critical point. The link between the two Iengtklg;1 and

., respectively, defined in Eq§10) and (A1) is Taking into account that
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(9(,00 kT 0
—5 = ¢ (1TK®)

1 oM G(gh)

Pt dtdn)
pne 0P g

6O (B8)

Ch qr
and from Eq.(B1) that
where IM/d® =mgL (&.)/[1—NyL'(&:)] as deduced from
Egs.(2) and(3).

oy " dEe KT NyL2(&) Thus the supplementary magnetic terpo(2) uy(SH)?
Eia TL(&e) Ib D 1-NyL' (&)’ in Eq. (7) of the free energy changes the probability of the
fluctuations of concentration. The mean value of the volume
it comes to fraction fluctuations becomes
Kr=Ko— 2 with ay=\ N (B4) kT
T e ML (|60 = YR (BY)
—+bdg?®+ (—) cog 6
keeping the same notatiom, as in[37,38. The reduction oP pnL \ 0P

ay /® of the interaction coefficient is null in zero field and
saturates ak y/® in high fields where all the magnetic mo-
ments are aligned along the field. Taking, aq 37,38, A
=0.22 for a rough evaluationy, /® is always smaller here
than K$/2. Thus hereK; cannot become negativ@or our
samples and whatever the magnetic field woulll be

(i) An anisotropic contributiorrelated to theluctuations
of macroscopic fieldlt leads to a supplementary magnetic

with (Gh)%/g?=co< 6. It leads[37,38 to a new term in the
development, at the first order mpand ®, of the structure
factor S(q,H, 6,®) [expressiong8) and(10)] which now is
written as

term in the expressiof¥) of the free energy S(q,H,0,®) *=1+KIP— a, + B, cos 6— \L_"fqqu
(B10)
Mo -
7/LNL( 8H)?, (BS)
with
unL=1+0dM/oH being the differential permeabilityhere
assumed isotropjcIn the framework of the linear response ,
M = xoH, wn. Would reduce to & yo. _Vw #o® (ﬂ)
This demagnetizing term exists only under applied field NOKT uy | 0P
H. It is due to the local inhomogeneities of magnetization in YL2(£,)
the medium. It grounds in the continuity conditionstéfat = (B11D)

the boundaries between the regions with different concentra- [1=A L (EI+ (1= ML (&)]

tions of magnetic nanopatrticles. They introduce anisotropic

gradients of macroscopic field, which lead to anisotropic ;g termB, co 6 expresses the existence of anisotropic

fluctuations of concentration and anisotropic diffusion. —g,,4,ations in the now anisotropic medium. It is proportional
dM/dH is obtained in the framework of the effective field . - .
to co ¢ and produces the anisotropy 8¢q). Null if G.Lh,

model from Eqgs(2) an ~

odel fro Gs(2) and(3), this term is maximum foglih. The gaing, co< 6/® of the
interaction coefficient is null in zero field and saturates at
y cog AP in high fields where all the magnetic moments are
aligned along the field.

Combining the two contribution§) and (ii), the aniso-

. tropic interaction parameteK;(H,#) of expression(13)
The magnetic field strengthH in the perturbed state is writes as

obtained from the continuity equation of the perturbed mag-
netic induction,

1+ (1ML (&)
ENCTTT OO (&)

(B6)

) B)\ CO§ (7

KT(H,6)=K$—$ 5

N (B12)
MNLdiv(&ﬁ)z—div(&T)&D). (B7)

It is also expressiofil4). This macroscopic term, calculated

It comes by Fourier transformatioh] andH being colin-
ear to the unit vectoh,

in the thermodynamic limit, is only relevant in the limit of
small q vectors.
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