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Rk~umd. Un nt>u~cJu liLiitlc niJgndiiquc ,iii,otrope. ,ippeld terra,iiiectique, e,i ohienu lot,que

lit>Li, Liiili,mi, tin f'errt>l'lLiitle, c e,i-;i-dire tine ,u,pen,ion ct>lloitl;ile de particule, niagiidtique, tie

trifle iifdricure au micron, c<>untie ct>nipi>,ant tlan, la tJbricatit>n tl'une ph~i,e ,nicctiqLic tic

nieiiibi,lie, lluitle,. Cc, pha,e, alli>pleat tic, compt>rteiiient, ,pdcilique, ,<>Li, chaiiip iiiagndtitjLie.

et ii<>u, prd,eiiti>n, ici Line dtLitle tie I',iii,otrt>pie tie (cur,Li,ccptihilitd niJgndti~ue en li>nctii>n tic la

ci>ncentr,rut>n en ji,irticule,. N<>u, interprdt<>n, le, rd,ult,it, i>htenu, pal un nidcaiii,nie iiiicrt>,ct>pi-

tjue ha,d ,Lii l'e,i,fence tl'une gone ,tdiitjue entie iiieiihi,lie, et p;irticule,.

Ah,tra;t. A new inn,t>ir<>pie iii,ignetic [(tilt(, c,illetl feint>,iiectic, i, <>bt,iiietl ~hen u,ing,i
ct>lit>ill,il ,u,pen,it>n t>I ,uhiiiiLit>me ni,ignciiL ji,iiticle, lleiit>lluitll. ,i, ,i ct>iiijit>iient iii ,i ,iiiet.tic

phJ,e iii l'luitl nieiiibi,ine,. The,e I,inicllJr ph;i,e, pie,eat ,pecific iii,igiictic prt>pertic,. The

ml,t>trt>py iii their iu,ignetic ,Li,ceptibilitie, ii, ii lunctit>n iii p,irticlc, ct>ncentr,rut>n i, ,tutlietf ,intl

intcrpretetl ,i iiiici t>,copic nicch;ini,iii in~ t>l~ ing ,i ,tonic hintlr,lace between p,irticle, ,intl

nieiiibrane, i, u,etl tt> untfei,t,intf the e~periiiientJl re,Lilt,.

Introduction.

Ferro,niectic phJ,e, are hybriLl ,y,teni, con,tituteLl Lit'l;tyer, t>f organic f'errt>f'luiLl ,epm.ateLl by
,Lirfhctmit ,beet, they are obtJineLl hy tli,per,rig ferriniagnetic particle, into it lyotrt>pie
lJniellm. pha,e (1, ~(. Recent ,tuLlie, ot the ,tructure t>t the,e ph;t,e, by ,niJll-migle neutron

,c~ittering (3j ;tnLl of their hyLlroLlynmiiic nioLle, by qu;t,I-elit,tic light,citttering j4j have

Llenioii,trJteLl the exi,fence al'interitctimi, between ,oliLl pm.ticle, ;inLl fluiLl nienibrmie, in ;i

terra,niectic pha,e (5j, One of'the iuo,t ,triLiig con,eLjuence, of [hi, coupling between

pm.ticle, mitt nienibrane, i, oh,er~ eLl in the ~ erj ,pecitic re,pan,e of'ferro,niectic ,itniple, to a

weak ni~ignetic fielLl 11, 6(. Thi, hehavior iu;tj be ,unituJrileLl a, fiillow, when ;tn extern;tl

t'ielLl larger th,tn ;t thre,holLl ot'a few ten, ot'oer,teLl I, ;ipplieLl perpenLlicul;trly to the I;tyer, of

C.N.R.S,-URA 7L)2.



1786 JOURNAL DE PHYSIQUE II N° 10

an oriented ferro;mectic, in~tabilitie; corre,pending to a rotation of the lyotropic structure

develop, leading to a reorientation of the lamellae parallel to the field. The mtation of the

structure in the field ;hews that ferrosmectic phases posse;; a magnetic ani;otropy which I;

related to the layering of the sy;tem, and that their lining up parallel to the field i; energetically

favored.

In order to interpret thi; in;tability, the magnetic anisotropy of the sy,tem and it, variation

with the relevant parameter, have to be determined, a; well as the magnetic properties oi the

con;tituent ferrofluid. A ferrofluid suspen;ion I; an I;otropic superparamagnetic medium

described by a ;calar ;usceptibility x but, once thi; ,u,pen,ion incorporated into a smectic

pha;e, the magnetic propertie, oi the ant,otropic ;y,tem have to be de,cribed hy a ten;or of

;u,ceptibility. The ierro,mectic being a uniaxial material, two number, are ;ufficient ior it;

characterization and the ten,or oi ;u;ceptibility can be written a,

xi 0 0

I " xi °

0 0 xii

where Xi i; the ~u;ceptibility parallel to the lamellae, and Xi the perpendicular one. The

magnetic ani~otropy I; mea;ured by the v;flue oi the ani;otropy oi su~ceptibility

x,i~xi ~xl

In the iollowing, we pre,ent measurement, oi the ,u;ceptibilitie~ Xi and Xi oi the

ierro,mectic a; a iunction oi the particle volunie iraction. The experiment; have been

performed with oriented ,ample,, in two different geometries. We have to underline that the

orientation oi these liquid sample; I; iragile toward; ilow or magnetic iield thi; happened to

be a major diiiiculty in our experiment,.

1. Sample characteristics.

1-1FERROFLUID. The colloidal particle, are made of a t'errimagnetic iron oxide

(maghemite) characterized by a bulk magnetiz;ttion M,
=

3.8 x
10~ A. m~ ' They are ~mall

enough to be magnetic monodomains ;tnd thu~ bear a permanent moment iii =

M, r, where r I;

the volume oi the particle,. The,e particle; are di,per,ed in cyclohexane, where they are

stabilized by a ;hell oi,uriactant molecule, phy,I;orbed on their,uriace. The volume v and, in

the iollowing, the diameter D reier to the ,olid core oi the particle,, and do not take the

,uriactant ~hell into account. The particle volume iraction I, oi the order of a few percent,. In

zero magnetic iield, the colloidal ;u,pen;ion exhibit; no magnetiz;ttton becau;e oi thermal

motion. When an external iield I, applied, the particle moment, align parallel to the iield either

by Brownian rotation (the whole particle rotate; in the ;urrounding fluid) or by Ndel relaxation

(the magnetization direction change, with re;pect to the cry;talline ,tructure of the particle)
(7, 8(. Both mechani;m, lead to J ferroiluid magnetization curve that iollow, a Langevin

pJramagneti;m behavior the ierroiluid I, ;aid to be ,uperp;tramagnetic. The ,uperparamagne-

tic ;u;ceptibility X. given by the initial ;lope of the law M(H ), i, proportional to the p;trticle
volume ir;tction.

1.~ FERROSMECTfC PHASES. Ferro,mectic phit,e, are obtained by combining two colloidal

;y;tern, the iir,t one I; the ierrofluid de,cribed ;tbove, and the ,econd one a quJternitry

I;tmell;tr ph;t,e w;tter-,odium dodecj,I,ulphate-pent;tnol-cyclohexane. The I;tmellitr ph;t,e I,

compo,ed of niembrane, of amphiphilic tuolecule, and water. of con,t;int thicLne,, 5 nm.

organiled with ;t,mectic order in ;t cyclohex;tne ,olvent. In the c;t,e of ;t ferro,mectic, the
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cyclofiexitne ,olvent i, repl;tee(I by ferrof'luiLl : the pm.;ttueter ch;tr;tcteriling the ;iiuount of

,olvent iterrofluiLl in [hi, c;t,e) i, calleLl «,welling ratio» ;tn(I I, defineLl by ~P,=
t'errot'luiLl voluiue

~ ~.. ~~
~. ~.

~
t i, equiv;i eat to e ine tie ;tnie itr perio icily (, w ich i, equal to the

nieni t.one vo unie

ferrofluid lityer thicLne,, plu, the nienibr;tne thicLne,,. The I;t,t relev;tat p;imnieter de,cribing
thi, layered ind doped ,y,teni i, the pitrticle ~oluiue fi;lotion ~. In order to conip;tre

terro,niectic and ferrofluid ,Jiuple,, the particle volunie fr;lotion ~ i, defined a; the r;ttio of the

p;trticle volunie to the total volutue of the ,iuectic ,Jiuple,
The ,aiuple, u,ed for the,e trier,urenient, are ferro,niectic pha,e, with ;i periodicity ranging

between ~l)I) and 4()1)1, ;tnLl who,e volunie h-action, in particle, r;rage between 0,1)1)4 and

I),1)3, We al,o rue;t,ure for conip~iri,on the ,u,ceptibility of I,otropic ferrofluid ,aniple, of

volunie fraction ().() II itnLl ().()?3.

1.3 S~~IPLF ()RIENTATIt)N. The ferro,niectic pha,e i, ;t uni;ixial iueLliuni, which ,pan-

t;tneou,ly tenLl, to ;tlign in capill;trie, bee;tu,e of the exi,fence of ;tn ant,otropic ;tnchoriig

energy on gla,, wall,. Two dit'ferent configuration, at-e obtained, accorLling to the ;h;ipe of the

container, which ;tre e;t,fly recognizahle by ob,erv;ition under a pal;triling iuicro,cope.

When the ,Jniple I, placed in ;t capill;try of feet;tngular cro;;-,ection icll Fig, I), the

anchoring condition, are favor;tble to ;t ,o-called /ii>fiieoti(>pi( orientation in which the liuiiellae

are parallel t~ the wall,, When the cr~,,-,ecti~n of the capillitry I; ,quare or ha, a,mall a,pect

r;trio. honieotropic ;tnchoring I, no l~nger tavored and the ,;tmple pre,ent, a plot>ai

ibrafionaxis

(a) (b)

Fig. I. Geometry of the vibr,ring device e~periiient, : parallel (a) and perpen(liculJr16) coniigur-

~ttion, are both t>btaineti with ;i /><)trier)fir)pi< orientation of the ,meciic in the rectangular capillary ([he

lJmellne m.ientation i, drawn in thin line,).
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orientation, in which the lamellae ;tre perpendicular to the gla,; wall; and to the ;txi, of the

capillary (cf. Fig. 2;t).

~~t

(a) (b)

Fig. ~ Gct>iiictiy ol the Squitf c,pcriiiicnt, the perpentlicul;ii con( igui <[lion la i,
<>bt,iinetl when [he

,nicctic pie,ent,,i primal orient,rut>n ii the ,tju,lie c,ipill:ir~. The pm >((e( L<till (gal au<>n i,
repro,entetl

in (hi.

In the tiillowing experiment,. ,muple orientation ha, been enhmiced when needed, either hi,

;t theriu;iI tre;ttment. or by the action ol'tin external iuagnetic field pt.for to the nie;t,ureiuent.

Thi, will be ,pecit'ied in the de,cription of eitch exj~eriiueni.

1.4 DEW ~GNETI/iN(I FIELI) OF T14E SA~II'LFS. A, w;t, nientioneii above, the gl;t,, caj~illarie,
cant;lining the t'et.ro,niectic j~hit,e, niay pre,ent ;t non~negligible ,hope ant,otroj~y, Thi, ,h;tpe

tni,otropy I, re,pan,ible for ;t deni;ignetiling t'ield eti'ect which i, ,uperiiuj~o,e(I to the intrin,ic

;tni,otropy of'the fluid. With the (crude) a,,iiuj~timi that the niagnetilation I, honiogeneou,

throughout the ,;tmple, one can u,e the relation between the intrin,ic ,u,ceptihilitv

x, and the nie;t,ii.ed ,u,ceptibility x, to derive Xi

x,
xi

~

In thi, relation, D I, the demJgnetiling t';rotor

D
=

~Arctg ~~~

~" I, f-
+ /i~ + l~

where /i, f and I m-e the three driven,ion, of the ,mupl~, I corre,pending to the driven,ion in the

field direction, Thi, correction I, ,y,teni;tticJlly taken into acct~unt in the t'ollowing, ,o that the

re,ult, Riven in the third j~m.;teritph carte,pond to intrin,ic ,u,cej~tihilitie,.
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2. Magnetic measurements.

Two experiniental method, h;tve heen u,ed which ht~th pre,ent ;idv;tat;tge; ;tnd dr;twb;tcL,.

2.I MEASUREMENTS wiTH THE VIBR~TING S~MPLE DEVICE. The;e mea,urement, were

carried out thank, to the kind ho,pitality of Dr. Philippe Monod, at the Lahoratoire de

Phy,ique de; Solide;, Univer,itd P;iri, Sud, Or,;iy, France.

The terra,mectic ,;tmple, ;tre held in ,ealed c;tpillJrie, of rectangular cro,, ;ectit~n

1),~ x 2 mm, in which the ,pont;tneou, homeotropic orient;ttion h;t, been enh;tnced by then~;tl

anne;fling. The general principle of the experiment I, a, follow, the ,;tmple I, placed between

two pal;tr piece, of an electrii~agnet ind ,ubmitted to i hart/ontJl external field

H~,~, it I, vibrating vertically, i-e, perpendicularly to the tield H~,~, whith a trequency

f'
=

50 Hz, and an amplitude of a few centimeters. The value of the magnetization M of the

,ample I; ohtitined from the compt~nent t~f the electromotive force induced itt the ,Jine

t'requency l'in two coil, ,urrounding the ,Jniple. The parallel or perpendicular conl'iguration,

tire t~bt;iined by rt~t;tting the c;tpillJry Jrt~Lind it, ~i~i, (cf. Fig. ).

Varying the external field H~~j between zero and a few ten~ of Oersteds, we plot the ~ample
magnetization M as a function of H~,j. For all the phases studied, which are superparamagnetic,

the plot, e~hihit a line;tr p;trt for,niall t'ield,, who,e ,lope i, the ,u,ceptihilitj ot'the ,muple.
A qua,I-pert'ect ht~meotrt~pic orientation I, achieved ii our citpillitrie,, but the vihr;ttion of'

the ,muple niay in(luce ,he;tr t'iel(I, ii,ide the citpillm.y ~tnd hull(I up detect,. In the,e

di,oriented region,, the ant,otropic propertie, tire averitged ,o that ~e citn only, h~ ,ure to

mica,Lii.e J value ,nialler thmi x,,[, In order to avoid thi, prohleii, we have undertaken

e,periiient, with a de~ ice hmidliig the ,muj~le ii(ii.e ,iioothl,,.

2.~ MB~SURLMLNTS wiTH THE SQUID DBvil'E. A coniniercial SQUID iiiJgnetonieter
(Quantum D~,ign Inc.) equipped ~ith a,uj~ercondLicting iuagnet Li, u,ed to urea,ure the

,Jnij~le iuagnetilittion for di,Crete value, at'the tield rangiig between I) ;in(14()Oe. The

nieit,Lirement proce,, I,,ninother thmi j~reviou,ly hut the geonietry ol the e~j~eriiient i, le,,

thvorJhle hecitu,e ol'reduced JvJilithle ,p;tee in,ide the iuagnetoiueter, the citj~illJrj, cmi only
he j~o,itioned with it, anti a~i, j~m.~illel to the l'icld. Thi, iiuj~lie, that, in antler to rued,ure ht~th

Xi ~tnd xii which nie;tn, to have the layer, either pm.Jllel or perpendicular to the l'ield
-,

one ha, to he ithle to produce two dillercnt orientation, al the lJj,er, with re,peat to the

caj~illm.y. A, it I, iiuportitnt fkir the iue~i,Lirenient, to he j~erfornie(I on the ,;irue ,muple. ~.e

hit,,e cho,en to u,e citpillm.ie, with ;i ,qu;tre cro,,-,ection lx irni, for which the

,pontanet~u, orientation of the lmuellae i, perpen(licular to the citpillm.y >xi,. Thi, ,o-c;ifled

plmim. iiiti;tl orient;turn I, enhanced hy the action ol a iotJtiiig iu~ignetic tield (, I(l'G ). In

order to ohtJin the other cool iguration, we ;tpplj, it ,trong l'ield along the c;ipillitry a~i,, which

reorient, the I;tniellae j~m.allel to it ici. Fig. ~). We have checLe(I that there i, no rela~ation

towitrd, the ,j~ont;ineou, plmiitr orientation on the tiiue ,c~tle at the tried,urenient,. Moreover.

the el'l'ect ot'the deni;tgneti/ing field due to the ,haj~e inn,au oj~y ol the cJj~illitt.j, i, negl igihle in

(hi, c~i,e.

One di,adv;intage of (hi, iuethod I, the exi,fence ol ((eject legion, along the edge, at'the

caj~ill;try due to defavoiable anchoring conditit~n, on the gla,, wall, once ;ig;tin, we can only
be ,ure tn rue;i,ure a value ,mailer or equ;tl to [X,,(

,1. Result~.

The two ,et, ot experiiuefit, give con,i,tent re,ult, : howe~ei, the tried,urenient, iu;tde with

the SQUID device ,how better experiiient~il ;tccui;toy.

In ;t fir,( ,rep, we me;t,ure the magnetization of the bulk I,otropic ferrofluid. The

,u,ceptibility Xii I, obtained fit~iii the initial ,loj~e ot the curve M(H): in the pre,ent

Jilt R~lit t)F "t'i'lo(+'I -T 4 ~ 'i< i,( ri,R~R 1<,>,4 i17
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concentration rmige it I,, i, expectetl, proportional to the voluiue f'raction in particle, mid ~e

obtain X,, ~ (yj~ ~, with (yj~ =

13,3.

In the case of ierrosmectic samples, the plot of Mjj I(n..ii<~i H~,j is also of a Langevin-type and

it, )mew- part ;tllow, the deterniii;ttion of'xii. Ft.oil the niagneti/;ilion curve M~. ~.e ((educe in

;t ,mill;tr wit> x_ which i, alwity, ,ni;tiler than xii. Howev~r, in [hi, c;i,e. ~i change of,lope

take, plitce: thi, ,econd regiiue occii., fm. it field carte,pmiding to the thre,hold ol

reorient;turn of the I;tiuellae p;iritllel to the field, The ,lope I, Llifferent bee;tu,e the

,u,ceptihility rue;t,urea ahove [hi, value I, now ;i coiubin;ttion hetween Xi itnd Xi

From the two ,u,ceptibilitie,, we deduce the v;flue of X, Xi Xi The nie;t,ureiuent,

have been made for a whole set of ~amples, varying two parameters the lamellar periodicity d

and the particle volume fraction ~. For all the samples, Xj is negative and its relative value

~~'~~
i, con,fruit ;tad equal to 13 ST.

Xii

More preci;ely, the characteri~tic; of the ~u~ceptibilities Xi and Xi are the iollowing

I) E,,olution of'(he,u,ceptibilitie, with the particle voluiue fi;lotion ~,

The nie;t,urenient, of ~ tad xii iei,ii~ ~ are plotted ;tt con,titnt ,welling ratio, Both the

parallel and perpendicular,u,ceptibiliti~, e~hihit a linear v;iri;ttion with the voluiue ti.~iction ~

in the e~ploreLl r;rage (cf. Fig. 3); the ,lope, of the,e plot, will be c;tlleLl
<Tii

iiiLl

<y~ Xi <iii ~ mitt x~ = <y ~.

0.4
° ~"

.
Xi

o

o.3
~

+

o

0.2

o.i

o
v

Fig. 3. Evolutit>n tit the pm~illel ,till peipentficul;ii ,u,ceptihiliiie, (SQUID trier,iieiiient,j ft>r

refit),iiicctic pha,e, al v<>luiie li,icti<>ii in p~iitiLlc, mere,i,rig from ().()()6 to () ()~ ,tiff lot ,i con,t,lit

~welling ratio @, 3,6.

it) Eifect oi the lamell;tr periodicity (/.

We have rave,tig;tted the v;iri;itit>n of the ,u,ceptibilitie, with the ,welling ratio, or

equivalently with the I;imellar perioLlicity (/ of the ferro,mectic pha,e,, We ,umm;trize the

evolution of the X,(~ when the periodicity I, v;tried by plt~tting in figure 4, the value; of the

,lope, aii anti a~ iei.,ii.,
(/, We ob,erve th;tt a~ ,lightly increa,e; with (/, wherea,
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20

is
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lo ai

s

0
25 35 d (nm)

Fig 4. Evt>luiion of the p;iiJllcl anti perpcntlicul<ir,lt>pc, <y, iii the y,(~ plot, (SQL'ID iueJ,ure-

went,> lt>i lent>,iiectic ph,i,e, J, a function tit'the pei1tltlicitj if

ail remains almost constant. This corresponds to a slight decrease of X~, with d, of the order of

the experimental accuracy,

We will collie back to thi, ,mall vari;ttion with </ later : but neglecting ii in a fir,t

ipproxim;ition, we plot the ~alue, t~f Xi and Xi J, a function of ~ for the whale ,et of,Jmple;
,tuLlied. The,lope, of the X,l~ Plot, are ajj =

II,8 and a~ =

lU.3. The corre,ponding

Xil~ Plot I, given in figure 5.

4. Discussion.

4. BULK FBRROFLLItD, It'M, I, the ,ittur;turn iuagnetil;ilion t~t'hulk ni;igheniite itnd r the

voluiiie ot'one particle, the magnetic ,u,ceptihilit» of';tn I,olrt~pic ,u,pen,it~n ot den,ity N in

pitrttcle I,

Ml r~

Xi, ~ j M,, j N

in the lo~. l'ield limit ol'the Lmigt~~ ii pm.muJgneti,ni calculation. N i, related to the particle
volume tritction hy N

=
~/r.

In the pre,eat cit,e, we ha,e ii ;tddition to take iito account the p;trticle dimueter

di,trihution, which ti>flow, a log-n(>,trial law

where In Djj I, the average value of In D mi(I
r, i, the ,tmidm.d tlevmtion. We u,e the nioment ol'
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4.~. Dqiolai lie','. The tlipol;tr field created by a niitgnetic particle i, Jni,otropic. We fir,t

con,ider the con,equence, of thi, ant,otropy in the ca,e of an a,,eiubly of iu;ignetic pm.ticle,
di,tributed in I;tyer, e;tch p;trticle I, ,ubtuitted to ;tn e~tern;tl field, plu, the dipol;ir field

ore;tted by it, neighhor,, which I, dit't'erent whether the e~tern;tl tieltl I; p;ir;tllel or

perpefiLlicular to the layer : (hi, I, the equivalent of a deni;ignetizing field et't'ect in two

ditiien,ion, (~, l()(. Only the netghhor, in the,;inie layer are con,idered in ;i fir,t,tep,
Following Widoiii (~(, we con,ider the laniellae a, iiit~nolayer, ot'pm.ticle, the nuniher of

p;trticle, hy unit ,urf;tee I, ii, [toil each particle bem., ;t nionient m. We note b the total di;inieter

of the p;trticle,, including the ,urf;tot;int layer Ii corre,pond, to the di,tmice at contact and I,

equal to 9 nut (3j, The dipolar tlelLl h I,

h
=

~'~
3 '~ ~ ~ '~

=

fi
m

4
ml- m I I iii

~/>

when the externitl field I, parallel to tfie laniell;te

anti

II,
h

= -m,
~ Ii

when the e~tern;iI field I, perpendicul;tr to the I;imellae.

II, Iii
The m;tenetilJtion I, M,

= Xii (H,,j + h x, H,,, with fl
or £ mid thu, we find

</ ~ ~

to the ,econd order in ~

~~ ~i~~~<ll4
b

"~' ~ ~

(~'Yij ~~

X~ =

"" ~ ,/
~ ~

' + ~Y11
~</l? />

"~' ~ ~'Y ii ~

3 (/
j j

~"
4 b

"~' ~

In (hi, e~pre,,ion, the dependence of x, on ~ i,
quadratic. Thi, quitdratic vari;ttion i, al,o

ohtained in ;t bulk deni;igneti,;itit~n field calculation, ;tnLl I, Llue to the f;tot that the rue;tn dipol;tr

(or deniJgneti,ing) field in the ,aniple I, proportional to the den,ity ot nioiuent,. Moreover.

even a more ,ophi,tic;tted model taking into account the particle correlation,, ,uch a, the one

developed by Widoiu itnd Zhmig (10(, give, the ,;tine ~uJdratic dependence, which appe;tr,

thu; a, intrin,ic to the dipolar field iuoLlel. On the contrary, the nunieiic;iI j~refactor I, ,tronglj,

dependent on the appro~iniation, at'the model, lid I, ii particular LlecieJ,eLl when con,iLlering

the effect of neighhoring layer, in the ahove c;tlcul;ttion a numerical e,tiiuation lead, to J

decre;t,e of the ret;ttive ant,otropy x,~ [/xjj of ;t ? %-ferro,iiectic pha,e front 5,~ to ~ % when

t;tking ? I)I)I) adjacent layer, iito account.

Coining now to the coiupari,on with our expeiiiuentJl value,. ~e ,ee that (hi, calculation

doe, not agree with the line;tr law ob,erved. We conclude th;tt the dipolar field effect. which

certainly e~i,t, ii the,y,tern, I, not doniin;tnt in the rmige of volume fraction rave,tigJteLl

here, iiLl that the experiniental accuracy doe, not ~illo~. u, to nie;i,uie it.

Since a iuoLlel ,iiiply relying on ;tn ;tni,otropic repartition ot ni;tgnetic dipole, I, ii;tdequate

to describe the interactions occurring in our system at a microscopic scale, we consider, in a

further step, the even more anisotropic case of particles with a shape anisotropy.
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4.~.~ Ai>i.,au(>pi< pat tit /t>~. In ;i
ferrnfluid, there are <t

piioii,everal niechani,ni, that ni;iy

account for the exi,tence of mii,otiopic oh_peat,. ,uch ;t, for in,t;tnce the ni;ignetic attraction

hetween p;trticle, t.e,ulting in the foiiiiittioii of'tenij~ot.itt.y j~itii,. Thi; point will he carefully

di,cu,,ed later. In a tit,t ,tej~. ,ve will calculitte the effect ot din,t~tropic ohject, on the

,u,cej~tihilitie, ol'the ,y,tetu.

We a,,unie thitt a fi.;tction of the particle,, who,e nuiuher per unit ~t~luiue I, Nj, i,

i,,oci;ttcd in j~itir,, wheiea, N I, the den,ity ol',ingle j~itrticle;. Thi, de,citption with two

dil'l'eient population, lead, (11)( to i l'eiiol'lui(I ,u,ceptihility which i, dil'f'erent li.oni

expR"'°'1 '

~~ ~

~
~j

t
~ ~ ~J~p ix

(T
2 l~)

xj, "

YI~~[ljN'
~ i ~~~~

Ii
~~ ~ ~~~

In the l'erio,iuectic phit,e,, we a,,unie th;tt the e~i,tence of'l;iyet, niodil'ie, in itn ;ini,otioj~ic

~ay the ,uj~erj~itimu;ignetic j~roj~ertie, ol the,e l'ew chained particle, ~e a,,unie that the

paired particle, m-e prevented lroiu t'reely rot;tting hecau,e ot the conl'in my nienihrmie, m.run(I

theiu. In the j~aiallel (ie,p. perj~en(liculm.) conligurittion, the orient;ttional Bolt/turn di,tri-

hution ol'p;trticle nionient, con,idered in the Lmige,,in calculation h;t, to he triiicitted at ;i

v;tine Hjj which I, the ni;i~iniuni (re,j~. iiiininiuni ;tngle allowed between the iuonient, itnLl the

e~tein;iI tield. Thi, itngle
Hj~

I, ret;tted to the ,ile ot'the paired particle, and the periodicity of'

thc I;tiuellitr,tructure (cl'. Fig. 6). In thi, c;t,e, the ferro,niectic ,u,cej~tibilitie, m-e

Ml cl, M[ cl,
XII j Ymii j NJ + Y ' j/l~ Vii j All

Ml Cl 1
~

Ml tj
Xi " j YM

ii j N + j y/>~ vjj j N
j

witli p = co, Hj~.

~

M( i-j
The ;tni,otroj~y I, f'in;tlly eiven hy X, (/>- ynjj~ N~

IT

~iIX., ~~' ' ~~
;till thu, ~

N + (3 p~ Nj

In order to deterniiie the itni,otiopy X.; the two (ten,rue, Nj ~iid Nj have now to he

evitluated. Two dil'f'erent mech;tit,iu, for pair font;ttion ;tre ,ucce,,ively con,idered.

The fir,t one directly en,ue, l'iom the thenuodynaniic equilihrium of ;t colloiditl ,u,pen,it~n.
The ,tithility of a ferroflui(I i, ;tchieved hy preventing ;tggregittion due to ;tttr;tctive inter-

j~;tt.ticle; interitction,. On the one hmi(I, the van det. W;tat, ;tttr;tction, which I, ,ignific;tnt ;tt

vet-y ;hort di,t;tree, only, I, non-effective bcc;iu,e the particle, ;tre protected hy ;t,urf;tctitnt

coating. Off the other hand, the long-range m;tgnetic dipolitr attr;tction I, b;tl;tnced hy therni;iI

agitittion, and lead, to ;t thenuodynmuic equilihrium hetween I,olitted j~;trticle, and it ,iuitll

j~t>put;itier ot ch;ilied aggieg;tte,. Thi, eLluilihriuiu i, ch;tr;tcterizeLl hi ;t coupling j~;tranieter A.

which conij~are, the maenetic mi(I therni;tl enerey 7, A
=

fi,
where E~j I, the enerey ot'

IT

dipolm. interaction hetween two particle, <it contact. For a tuonodi,per;e ,u,pen,ion t~f

particle, ot ni;ienetic voluiue r
I D~ and total voliiue c,

=

I fi~ including the ,urf;tctJnt
6 6

1;tjer, thi, coefficient 1,

M(
r D,

~ ~
24 IT /~~
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0~

d

Fig. 6. Sketch <>I .i p,iii »I p;iitiLle, pie~ciitetl lie,ii freely it>i.iiiig hv the pie,eiice t>I hintleriig
iiciibi.lie,.

;tnLl tkir a real t'erroliuiLl with a log-norni;iI ,ile Lli,trihution :

~

Ml t-j, Oil
A

= Vii e'P( ' 3.5
~'

~4 IT
/>j(

We have LleterniineLl e~periiuent;illj the j~JrJnieter, involveLl in thi, e~pre,,ion for the

ferrofluiLl u,eLf in (hi, ,tuLly ;inLl we cmi calculate
=

(),5, which iuemi, that ~.e ;tre ii the

cit,e ot J weak coupling hetween particle,, The iiiagnetic interaction, hetween p;trticle, iii-e

,iii~ill ent~ugh to he overcoiue by theriual ;tgitJtion, lid there I, ii I[ict no teniporary

thertuodynitniic;tl pairing,
We ,hould now con,trier periiianent m~i,otropic object,, to which (he ,Jiue iiiechitni,ni ot

hindered rotation due to the I;tiuellitt. confining I, applied. [toil who,e e~i,tence ni~iy re,ult li.oni

the ,ynthe,I, of the ferrot'luid. It mu,t be eniph;t,fled thitt the niethod, we u,e to ohm.acterile

the f'eriotiuid Llo not ,how iii, e,,iLlence of'the exi,tence at',uch itni,otropic object,. ,o that

their nuiuher, ii [toy, i, very, ,niall. The,e Jni,()tropic pJi(role, will he Lle,criheLl ;t, perni;tne)1(
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pail,. Their relitti~ e muowit Line, not ;any w>hen the l'errof'lui(I i, diluted. ,o that the den,ity ol

pith.eLl particle, N
j

I, proportionitl to ~. The rel;ttion hetween the Llen,ity t~t paired particle, and

the totitl pm.ticle Llen,ity i, written hi
=

~N, w>ith
i w I.

The ant,otropy ot niagnetic ,u,ceptihility ot'the terra,niectic pha,e, heconie,

~

Ml t'(
X,, " Y (1?~ Vi, j in

itnd i, now proportional to the,>olunie ft.itction in pitrticle, ~,

With the e,tiniJte />~ (),5, one can c;ilcul;tte the aiuoLint of'pitir, cot.t.e,j~onding to (he value

~"
=

(). II, We obtain
i =

(), I() : ;tad ,ve cmi thu, ,ucce,,lull» ~iccowit for the terra,iuectic

xi»

tin,otropj, hy the c~i,tence itn(I conf'iiing of'only l'i,,e percent of p;tit, (I,c. ten percent ol

paired pm.ticle, ). By the ,iu~ill-migle ,citttering techniLlue thitt we u,e tar the ch;tritcterilittion of'

the f'erroliuid (~(, it i, not po,,ihle to di,criiuinate hetween I'()rni itnd ,ile polydi,per,itj<. ,o

that a,iuall ;iniount ot ant,otropic pair-like pm.ticle, cmi he hidden hi, the lm.ge-,ile part of'the

log-noriual di,trihution ol particle dianieter,. Neverthele,,, the e~i,tence at t'ield induced

hirefringence in ,iniilm. l'errofluid, Ii can he con,idered a, ;tn inLlication ot the pre,ence ot

tni,otropic oh_feet,.
It i, intere,ting to point out th;tt the argunient of're,tricted rotation al,o account, li)r the

oh,er,,e(I vm.iittion ol' x,, with the lmuellar periodicity (/ when the perioLlicitj, increa,e,. ,o

doe, the ~i,,;iilahle ,pitce hetween nienihrane, ;tad X., I, expected to decrea,e. The,e preLliction,

iii-e in qualitati,e itgreeniefit with our re,ult,. Iii that, the niodel pt.edict, the exi,tefice al a

cro,,-o,,et. towitr(I, it non-hindered rot;ttion regiiue when (/ I, large ent~ugh. hut the

appro~ini~ition, that have heen iuJLle in the calculation -,h;ipe of the ;tni,otropic p;trticle,

~ipj~ro,tiuate(I hi the ,h;tpe ol';t pair and out-ot-j~lane fluctuittion, t~f the tuenihrmie, neglecteLl

iuake ;i qumitit~itive mialy,I, of (hi, cro,,-over delicate.

Final ly, ,i model h;t,ed on the e~i,tence of it,iuall amt~unt of pet.ni;tnent pair, in the ,y,tern

iccurately de,crihe, the heh~ivior ol'the magnetic ,u,ceptihility of a t'erro,niectic j~h;i,e. The

other iuechani,ni, thitt have heen con,idered ,ht~ulLl neverthele,, contrihute to the ant,otropj,

ot'the ,u,ceptihility Jn(I one can e~pect to conl'irni their rele,,Jnce hy perti>riving e~perinient,

for larger particle volunie ti.action,, where X, ;hould he Lluitdratic with ~.

C<inclu~ion.

Fern<>,niectic,, which iii-e I;iiuellm. ph~i,e, with magnetic pm.ticle, ii,erteLl hetween their

layer,, ictually <ichie~e hiLliiuen,ion~il ii~agnetic tiuid,. A, ,uch, they po,,e,, itn mii,otropj< of

ni;ignetic ,u,cej~tihility, who,e exj~eriiuental ,tudy i, rej~orte(I here, Both the parallel and

perpendiculm. ,u,ceptihilitie, of the,e ph;i,e, are high, a, e~pecte(I f'roni ;i ,uj~erp;irani;tgnetic

,y,teni, inLl their Llit't'erence i, large, ot the order of 13 ~/. ,ht~wing that the ,y,tern I, inLleed

,tt.ongly ant,otropic.
Surpri,ingly enough, the ,,m.iittion ot the Jni,otroj~y of,u,cej~tihility with the fr;tction of

particle, cannot he interj~r~te(I in the fiitniework of mean-tleld-type j~roce,,e,, involving the

;ini,otropy ot'the dipolm. niagnetic fiel(I or magnetic coupling of j~m.ticle,. On the contrm.y, the

~xperiiuent~il re,ult, m-e ,ucce,,tully expl;ttned hy the e~i,tence ot';t,,ery ,ni;i11 populittion ot

petri;tnently p;iit.ed pitt~ticle, in the ;u,pen,it~n, wht~,e rotation I, hmifered hy the I;ifiiellm.

,tructure.

In conclu,ion, ferro,iuectic pha,e, j~re,ent very ,pecific feature,, hy conipari,on to

ii;tlogou, ,j,,tern, ,uch a, theriiiotropic ,fiiectic,, who,e diamagnetic ,u,ceptibilitie, and

rel;tti~e ;ini,otroj~» are ,everal order, of magnitude ,m;iller. Additional work I, currefitly under
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way to ,tuLly the even iuoie ant,otropic ob_peat, obtained hi in,erting iuagnetic pm.ticle, ii the

cyliider, of a lyotropic he~agonal ph;t;e I.ij,
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