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Orientational structure of dipolar hard-spherical colloids
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We have studied the orientational structure of a dipolar hard-spherical colloid on a homogeneous isotropic
phase. The results are expressed as a function of the dipolar strergytd volume fractiong of dipolar
colloids, and the refractive index of the scattering medingn,The study is based on the self-correlation of the
orientation density of the dipolar colloids, which is the static orientational structure fd&(q) ], whereq is
the wave vector. The importance of this quantity is that for very épwalues, it can be probed in a depolarized
light scattering experiment. We have found that the structure of the suspension is better observedrgr high
F(q) presents a different behavior for dilute and dense concentrations, it is also observed that the position of
its minimum depends oth. The response of a dipolar colloid due to its collective orientational behavior is also
studied, using as an “ordering parameter” the static orientational structure facfer@t-(q=0)]. The study
is performed for isochores as a function@f We have divided the analysis into five regimes, from very low
to very high¢ values, i.e.¢p=0.005 24, 0.1, 0.2, 0.35, and 0.45. Our analysis suggests that the dipolar colloid
evolves to an orientationally ordered phase when the dipolar strength is increased, for all concentrations except
for the lowest value casep=0.00524. Whenp=0.1 the dipolar colloid reaches the transition suddenly,
whereas for the very low regime, the slopefrdig=0) first increases as if the dipolar colloid would evolve to
an orientationally ordered phase; but near the transition the slope is inverted, resulting in a no global orienta-
tional order. Thus, our results suggest that in the very low regime a dipolar colloid may have a reentrant
transition.
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[. INTRODUCTION particles with an axially symmetric dipolar interaction. The
importance of these systems is not only because dipolar in-
The structural properties of colloidal dispersions ofteractions are omnipresent in nature, but also because they
spherical macroparticles are well understood on the basis gflay a prominent role in many artificial systems, such as
the interactions among those particJés?]. The basis for the ferrofluids and electrorheological fluids, etc. Recent work
understanding of these properties is the radial distributiof6—8] has shown that the behavior of dipolar model fluids is
functiong(r), which can be obtained accurately using inte-much more complex than previously expected. It has been
gral equation theories or molecular simulati¢8$ The Fou-  found that at high dipolar strength and low volume fraction,
rier transform ofg(r) is the self-correlation function of den- the system tends to associate into chains and ring aggregates
sity fluctuationsF(q), which, for example, can be measured occasionally, while at higher volume fraction the dipolar col-
using a static light scattering experiments and provides atoid can spontaneously form a ferroelectric fluid phase. In
important link between the microstructure and experimentsthe low density phase, the dipolar hard spheres form dimers
It is well known that theg— 0 limit of F(q) is an observable and chainlike clusters instead of the isotropic clusters ob-
related to the isothermal compressibil[. served in liquids formed by molecules interacting via disper-
In constrast, structural properties of thermotropic non-sion forces only. A usual condensation is seen if an additional
spherical colloidd4] (those experiencing a phase transitionattractive force is included, as in the Stockmayer fluid. From
over temperatupeare not as well known as those of sphericalMonte Carlo simulations results, no liquid-gas coexistence
colloids. Whereas hard-spherical colloids can only form arhas been observed at the dipolar strengths and densities ex-
isotropic liquid phase and a crystalline solid phase, there arpected9]. It is important to mention that Stevens and Grest
many nonspherical colloids in nature that can form liquidfound that dipolar soft spheres, at low reduced dengity
crystalline phases, which exhibit a degree of ordering inter~10"2 (~ ¢=0.0052), associate into chains that are en-
mediate between the isotropic fluid and the crystalline solidangled and thus exhibit no global orientational orfls|.
when the temperature is decreased. It is well known that this Structural properties are obtained by ensemble averages
rich variety of phase transitions in thermotropic colloids isof different projections of the correlation function
due to the collective positional orientational behavior of theg(r,0,,0,), wherer is the relative position between two
colloidal particles. An example of a thermotropic colloid is a dipoles given byr=r;—r,, wherer; andr, are the posi-
dipolar colloidal suspensiofb], i.e., hard-spherical macro- tions of the centers of mass of macroparticles 1 aritj 2nd
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(1, are the unit vectors along the orientations of the dipoles invhich is the dynamical variable appropriate for describing
macroparticles 1 and 2. the collective positional orientational behavior of the dipolar
In this paper we focus our attention on colloidal suspen<olloid. Here the behavior is due to the fluctuations of the
sions of hard spheres with an axially symmetric dipolar in-Orientation of the dipole and the position of the center of
teraction potential on an homogeneous isotropic phase. Oupass of the macroparticle,, andr;, respectively4], and
goal is to develop an approach considering the experiment#l is the wave vector. In a depolarized light scattering experi-
conditions of the depolarized light scatterifigLS) experi- ~mentin the VH geometry the self-correlation of the traceless
ments[1]. This approach is based on the fluctuational effectssymmetric tensor of the orientation density can be measured.
of the traceless symmetric tensor of the orientation density'he VH geometry is the situation in which the incident field
on the structural properties of thermotropic colloids, whichis linearly polarized in the vertical direction and the scattered
bridge the gap between the microscopic interactions and thiéeld is observed in the horizontal plane. The static orienta-
macroscopic properties of dipolar colloids. In order to de-tional structure factor is written as
scribe the collective positional orientational behavior of di-
polar colloids, in Sec. Il we provide the experimental condi- F(q,0)=([As- Q(q,0) - Ag][ As- Q* (q,0) - Ag]), (3)
tions of DLS. The collective positional orientational variable
is defined, which can be probed in DLS. The equilibriumwherefg andf, are the unit vectors in the polarization di-
positional orientational fluctuations of the collective variablerection of the incident light and the detected one, respec-
is also provided. In Sec. Il details for obtaining the projec-tively, q=k<—k, being the scattering vector, wheke and
tions using reference hypernetted ch&RHNC) equation k  are the wave vectors in the directions of propagation of

theory are given. In Sec. IV we present the results for thghe incident and the detected. The magnitude,aissuming
static orientational structure factor of dipolar colloids, as agastic light scattering, is given by

function of the wave vector, for differents values of the di-

polar strength and volume fraction of the colloidal particles. 0

We also analyze the response of the static orientational struc- lg|=2k sin—, (4

ture factor due to the refractive index of the scattering me- 2

dium. In Sec. V the limitg—0 for the static orientational

structure factor is analyzed, as a function of the volume fracwherek=2mns/\ is the magnitude of the wave vectog is

tion and the dipolar strength. The projectiom@00;) and  the refractive index of the scattering mediumis the wave-
g(220y) versus neighboring layers of dipolar colloids as alength in vacuum ands is the angle betweeks and ko,

function of volume fractions are also presented. ConcludingVhich is called the scattering angle. _ _
remarks are given in Sec. V. From Eq.(3), it can be seen that we are just computing

equilibrium fluctuations of the compone(q,t) ], of the

traceless symmetric tensor of the orientation density, which
Il. CORRELATION OF THE ORIENTATION DENSITY are determined by the polarization vectors. Other compo-
nents are not taken into account due to the symmetry prop-

tive positional and orientational behavior of dipolar colIoids,ertieS of the orientation density and the potential interaction.

we assume that the macroparticles are characterized by ta Inlorfc:ertto ]E):ﬁceted Wl'th the calc;JI_aUton of thfetgluctu_a-
polarizability tensor, which is optically uniaxial, and de- lonal eflects of the traceless symmetric tensor of Ihe orien-

scribed by a dielectric tensor of the form tation densﬂy, we fwstA rewrite Ed3) in a more convenient
form. The unit vector$, andfg are taken in the VH geom-

In order to develop an approach for describing the collec

etry [11],
E=el+Aef00—31], (1)
— fp= k,
wheree=(2¢, +¢)/3 is the average of the dielectric con-
stants,e, and ¢, are the dielectric constants perpendicular P s
A= sin 64l +cosby, )

and parallel to the symmetry axis of the dipolar macropar-
ticle, respectivelyAe is the difference between the two di-
electric constantéhe anisotropic polarizabilily and(i is the ~ wherei, j, andk are the unit vectors in the direction of the
unit vector in the direction of the symmetry axis of the mac-laboratory’s axis and is written in spherical coordinates,
roparticle. In Eq.(1), | is the unit tensor and( represents
the dyadic product.

From Eqg.(1), we observe that the main fluctuations of the
dielectric tensor will be given by the fluctuations of In . .
consequence, we define the traceless symmetric tensor of the Now from_Eqs.(3), (5)'_ and(6), together with the defini-
orientation density4] for N macroparticles in Fourier space, tion of spherical harmonicgl2]

0,=sin 6, cosy, i+ sin 6, siny,] + cose,k. (6)

L Y,1(60,1)=/5/8m sind cosge™"", (7)
Q(q,t>=—2I 2010y (t)— 17T, (2)

N we obtain
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o N o % where p is the bulk concentration of dipolar colloidal par-
F(qg,0) = N > {(Ygl(ﬂf’)e*'q"lYZl(QSn)e'q'rm ticles. The angle-dependent pair correlation function can be
tm=1 i computed using integral equation theories, which are based
on the Orstein-Zernike equation with the appropriate closure
relation[13], Monte Carlo[4,14] and molecular dynamigt]
simulations, and perturbation theorigs]. In our approach,
this quantity is assumed as input. In the following section we

+Y§1(Qf’)e’iq'r?Yzl(Q%)eiq‘rgw)x (co 0, discuss the RHNC approach used for computifig G, ,05).

FY3(0D)e Y5, (Q%) el )

+(Y3,(00)e Y,y (0%

. .0 .0
—sir? 9S)+<Y§_1(Qlo)e—|q~ri Y21(Q?n)e'q'rm IIl. DIPOLAR MODEL AND RHNC STRUCTURE

k(0 amigerO 0\ ig- 1 Let us assume a colloidal suspension of hard-spherical
Y21(Qp)e Y21(Qpy) €'Y m) macroparticles with a point dipole embedded at the center of
X 2i c0S0, Sin ) ®) the macropatrticle in a carrier solution. Standard scaled vari-
TSR ables are used*?=1/T*, T*=kgTo/u?, wherekgT is
where Q7= (6,(0),4,(0)) denotes the polar angles, which the thermal energy. The pair angular-dependent interaction
specify the direction of the dipole of the macropartitlet ~ Potential is given by

t=0, r{ is the position of the center of mass of macroparticle
! P P ©*2D(Q,,04,0,)

| att=0,Y%, means complex conjugation, ane=1-1. From — 3 for r>o
Eq. (8) we note thaf(q,0) depends on the magnitude af u(r,Q,,Q5)= r

i.e., k and the scattering angl®,. For convenience we sim- 0 for r<o

plify its expression by taking as a parameter, that is, the (14

refractive indexng,
S wherer is the magnitude of the vector with orientation

gqo A Q,=(6,,y,). The dipolar orientation for the macroparticle
(2Ko) =sin=, (9 is denoted by, andD(€,,;,(,) is the angular depen-
dence of the pair potential,
whereo is the diameter of the macroparticle. In this way, the o o
results are parametrized in terms of the refractive index of D(Q,Q1,05)=3(F-0y)(F=02) =(U1-0p). (15
the solvent.
In Eq. (8) the equilibrium ensemble is taken in a canoni-
cal ensemble. The equilibrium distribution is given by

All the structural information on the dipolar colloid is
contained in the total and direct correlation functidr{4,2)
and c(1,2), where(1, 2 is a short notation representing

1 OV, QN)] (r,Q4,0,). These correlation functions were calculated by
Ped M, QM) = s B (10 iterative solution of the Ornstein-Zernike equation
wherekgT is the thermal energy and h(1,2=c(1,2)+ %f d3h(1,3¢(3,2), (16)
NN O (rNaN]
ZZJ dridQ " expg — TkeT (1) combined with the exact relation betweefl,2), h(1,2),

¢(1,2), and the bridge functioB(1,2),
is the configurational integral. In Eq$10) and (11) rN
S (Froata) aNA O~ (0, . ). Thus, the brackets i L+N(12=exT—u(L2+n(12 ~c(L2+B(L2)]
Eq. (8) mean[12] the following: 17

(---)zf dr dQ,dQ,4(r,04,0;) -, (12 In this work we use RHN(5,13], which approximates
B(1,2) with the hard-sphere bridge function. We use the
wherer=r,—r, andg(r,0;,0,) is the angle-dependent pair V_erIet-WeissB(l,Z) e>_<pre_ssion. The solution of E(L6) is _
correlation function, which gives the probability of finding a 9/Ven in terms of projections of the angular-dependent pair
macroparticle with center of mass mtand dipole pointing ~Ccorrelation functiong(1,2)=h(1,2)+1, which are the coef-
along 0,, if there is a macroparticle with the center at the ficients of an expansion on a spherical invariant basis. Two

- e o .. different expansions are widely used depending of the choice
origin having its dipole alongdi,. The angle-dependent pair
corgrelation f?mctionpis givengtl)ly g P P of the reference framgl2]; we just focus on the so-called
laboratory one, which is given by

o N(N—l)(47-r)2)
9(r,0y,02)= 7 g(1,2)=l2” m%m g(l4lol;1)C(1 41,1, mymym)
Xf drN=2dON"2p(rN.QN), (13 XY m (Q1) Y1 m (Q2) i (), (18)
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whereC(l41,1;m;m,m) are the Clebsch-Gordan coefficients 1.30 . T T T

andg(l4l,l;r) are the projections in spherical invariants of 1.25 [ ko ]
0(1,2). L = 152 ]

Some of the coefficients of the expansion in Ep) have =0 ¢ 302 A
a direct physical interpretation, i.e., the isotropic quantity 4 451 * A o
g(000;r) is the center-center distribution functidi], re- o 4=0.300

i ; ; —~ 110 - .

gardless of the orientations of the macroparticles. Another g -4 264
> . . . . . . o ) u -
important projection is the anisotropic quantigyf220;r). T 105F, 4
For rods, this function is a measure of the average angular ; R e )
correlations at separatian[15], which vanishes for alt in A0 [ _.-'_"*" e e SYYCLECTPUVEEEE .
the isotropic phase, whereas for a fully aligned phase itis o095t = .
equal to 1 and negative if the rods have the tendency to be gtk | rel ]
perpendicular to each oth¢i6]. For dipolar colloids, the ’ ! ! L L
largerg(220;yr), the higher the probability that two dipoles, 0 10 20 30 40
separated by a distancealign (either parallel or antiparal- do

lel), regardless of their relative positional arrangeniémt o .
FIG. 1. Static orientational structure factor verays for ¢

_ *2_ : P
IV, STATIC ORIENTATIONAL STRUCTURE FACTOR =0.3 andy”"=4.264 and three differents values lof, as indi
cated in the figure.

In this section, we present the results obtained for the
static orientational structure factpF(q)], as a function of ~ny). The results, given in Fig. 1, show us that this approach
g+ 0, which describes the positional and orientational correis very sensitive to the refractive index of the scattering me-
lations between the macroparticles. To obfa{go), param- dium and the details of the structure are better seen for
etrized withk [see Eq.(9)], we substitute Eq(18) into Eq.  higher values ohg. Therefore, the structure of the suspen-
(8), and after a lengthy algebraic calculation, and integratingsion is better observed for high valuesmf. From Fig. 1 we
in the angular coordinates, we have see that the position and the depth of the minimum are scaled
by ng. An important difference between the static structure
3 ¢ | 2 (= factor and the orientational one is that the main peak is a
F(qo)=1+ 4 \/_—3{E L dxx*g(220%)F oo Gorx) maximum for the forme[3], while being a minimum for the
. latter. From Eq(19) we see that the static orientational struc-

o 2 ture factor depends just on the projectiap®2 ;x) with |
+f dx ¥2g(222x)| — —F »o(qoXx) =0, 2, and 4, then the minimum is related to the probability
1 \/El of finding a dipolar particle parallel or antiparallel to the first
one at the scattering angls. Consequently, the static ori-
+ 3ITFF oA 4ox)Sy(qo) entational structure factor is related to the information on the
o positions and the orientations between two dipolar macropar-
+2\/§FF22(qax)Sz(qa) —J dx x2g(224:x) ticles.
i 1 In Figs. 2 and 3 we have plottde(qo) versusqo with
the parameteko =2 for convenience, fosp=0.35 and two
% 2\/%F4O(qO'X)+%FF42(qO'X)Sl(qO') values of the dipolar strengthy*?=3 and 3.5, and for
7
4 120———4———— 71—
+ —=FF4(qox)S,(qo) }, (19 \ 0.96 ¢=0.35
Vi 1.15 \/ - ]
i 0.95 —u?=3.00
where ¢=mpa/6 is the volume fraction of the macropar- 1.10 0.94 —— ¥’ =350 |
ticles. The function$ ,o(qox), FF ,(qox), andS,(qo) in - I . ko =30/2
Eqg. (19) are given in the Appendix. & 1.05 093 2 5 & 4
It is important to stress here that EJ.9) is, in general, w I
valid for hard-spherical colloids interacting via an arbitrary 1.00 |
symmetric potential, and depends on temperature and density I /\ ]
through the projectiong(22;x), and on the refractive index 095k v i
of the solvent through the parameteras given by Eq(9). )
From Eq.(19), we see that a linear integral equation ap- | L
proach is unable to calculate the static orientational structure 0'900 5 10 15 20 25 30
factor. qo
First, it is normalized td=(q)—1 for g—c. Concerning
the parameteko, we have calculatedr(qo) for several FIG. 2. Static orientational structure factor versys for ¢

values of the refractive index of the scattering medium ( =0.35 andmu*2=3.0 and 3.5, both witlko=30/2.
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16—+ I - . . —
2 =350 | ¢ B
1.30 ose b 0125 = 000524 3.286-
1.25 o —_¢= 0.389 + 0.10000 3.379
! ose ¢=0. 4 020000 4.035
1.20 i 0.85 ko =30/2 7] x 0.35000 3.9901
145 - ] + 045000 2.463
& 1.10 ' A T T I T T ' ]
% 1.05 -
1.00 | E
095 i
0-90 i 1 1 1 1 1 1 ] L | 1 1 |
0 5 10 15 20 25 30 0 10 20 30 40
Qo qoc
FIG. 3. Static orientational structure factor versys for u*? FIG. 4. Static orientational structure factor versys for the
=3.50, and$=0.126 and 0.389. both witko-=30/2. representatives values gfand their corresponding highest values

. f pu*? indicated in the plot.
w*?=3.5 and two values of the volume fractiof=0.126 of w77, as Indicated In the plo

and 0.389, respectively. From these figures we can conclude ) ) )
that the minimum position does not depend @h? but de- value of the volume fraction, the depth increases wittill

pends ony of dipolar colloids, as in the usual static structure 0-3° @nd then it decreases by increasfaghowing a differ-
factor. The depth of the minimum depends @h? and &. It ent behavior at very high volume fraction. We ha_ve analyzed
is important to note that the results are parametrized witihiS feature for other values of the volume fraction, and we
ko=32 because the depth and the position of the minimun@ve essentially observed the same behavior. A more precise
are séaled with the parametes, and we can see that with value of ¢ in which the dipolar colloid changes its behavior

this parametrization these properties are better analyzed. EJFCUrS for¢~0.288. After this value there is no increase, but
simplicity, hereafter we parametrize our results whir it decreases with the volume fraction. It is well known that

=42 only for low ¢ the ordered phase corresponds to a chainlike
2 . . .
An important feature of the dipolar colloid is that it pre- phase, wh_er_eas for_hlgher yalues@fa ferroel_ectrlc ph_ase_
sents a disordered-ordered phase transition when the terfSCU's: This is consistent with our results, which predict dif-

perature(dipolar strengthis decreasedincreasedl The or- erent trans!atlonal ongntauonal behavior for dllut(=T _and con-
dered phases depend on the volume fraction of the dipola(?emrat?d dipolar coII0|ds'near to thg phase transition.
colloids. In order to get a complete picture we have investi-f In' this paper, k\)/ve are mﬁre;tei n th? very IO.W \é?lumeh
gated several regimes af at decreasing temperatuf- raction regime, because this is the regime attainable wit

creasing dipolar strengthwWe have defined five regimes and de_polar?zed light scattering e_xperiments. In Fig. 5 'ghe static
we have chosen one representative value éor each. The orientational structure factor is presented as a functiagoof

following increasing-dipole-strength phases are considered?’ different values ofé in the very low regime, from
(1) very low, ¢=0.00524; (2) low, ¢=0.1 (chainlike

phasg; (3) intermediate$=0.2 (mixed chainlike and ferro- 1B ]
electric phasg (4) high, ¢=0.35 (ferroelectric phase and 1.02F - -
(5) very high, ¢=0.45(ferroelectric phase We give special 101k .y 1
attention to the very low regime since the depolarized light ' i !m“

scattering experiments can be performed therein. 1.00 %, ;‘ "!m:"""“"'z‘“""‘:""

In Fig. 4 we have plotted (qo) versusqo for each vol-

on ud

) _ o 098] A Jatreinii «  0.00262 3.458 ]
ume fraction and a value of the dipolar strength. Tie? = 098l b o 0.00524 3.286 |
used in eachy corresponds to the closest value of the dipolar BN 4 0.01047 3.141 |
strength, where the RHNC fails to give a solution. These ~ 0971 = < v 0.01571 3.078 T
values have already been obtained by Klapp and Forstmanr 096} -, » ¢ 0.02094 3.048 _
[5], except for the very low regime. They found that by in- 095L - : g'ggggg g'gg; ]
creaglngu*z, from the very high to low regimes, the Q|polgr 0sal ~ 008750 3296 1
colloid has a strong tendency to reach the instability line, : R T T S ]
which can be considered as the stability limit of the homo- 0 5 10 15 20 25

geneous isotropic phadé]. However, it is important to

stress here that the RHNC predictions overestimate the tem-

peratures when compared with the computer simulation val- FIG. 5. Static orientational structure factor as functiomoffor

ues. very low values of$ and their corresponding highest valuesudt
From Fig. 4, we see that by starting with the very low as indicated in the plot.

qo
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0.00262 up to 0.0875, and for their corresponding highest  1.35 — r T r T T T
value of dipolar strength. From this figure we see that if we -

|
increase the volume fraction, the high of the first maximum 130F [ 4085 . .
also increases, which indicates that at higher volume frac- [ reee .
tions the probability to find a dipole parallel or antiparallel is 1.25 :x . - . 1
bigger than for lower volume fractions. We can conclude that __ | vee] .
we do not observe any other interesting behavior in the static 1201 | 1o Lt " T
orientational structure factor in this very low regime. [ | " 932033 o4e o7 o6 077 f

%
Finally from Fig. 3 we observe that the static orientational fr 1.15

structure factor is very sensible at very shaprtVe study this I -

feature in the following section. 110 - .

1.05 i
010 015 020 025 030 035 0.40
¢

Q(O):iE g[gjﬁ)g?_éu, (20) FIG. 6. Ordering parameter versus for the isothermT*
INT —(u*2=35)"1

V. ORDERING PARAMETER

From Eq.(2) we observe that in thg— 0 limit we obtain

which is the collective symmetric ordering teng. Con- point in which the RHNC fails to give a solution. We observe

sequently,F(qo=0) is an observable that is related to the. ~_. ) .

. . d : . : in Fig. 6 that the ordering parameter increases too fast near
orientational behavior of the colloidal particles in the suspen- . A ” .
sion, given by of the instability line, that is, for low and high values éf as

can be seen in the inset in Fig. 6. Thus, as a result of the
presence of an orientationally ordered phase, the ordering

3 o .
F(qu—0)=1+ ¢ f dx»2g(220x),  (21)  Pparameter increases. . N
V57 J1 In order to proceed with the analysis we have divided the

study into five regimes of volume fractions, defined in the
which we call the “ordering parameter.” We can understandpreceding section, from very low to very high values. Figure
F(qo=0) by analyzingg(220;). In an homogeneous iso- 7 shows the results for the ordering parameter for eacls
tropic phase, this quantity is a projection of the angular-a function of x*2. The highestu*? in each curve corre-
dependent pair correlation function, which is related to thesponds to the closest point where the RHNC fails to give a
probability that two macroparticles separated by a distance solution. From very high to low volume fractions at decreas-
align (parallel or antiparallgl On the other hand, in an or- ing temperature(increasing dipolar strengthwe observe
dered phase, the same quantity is related to the nematic ordgyat the ordering parameter enlarges, which means that the
parameters. The macroscopic state of a nematic phase isjipolar colloid evolves to an ordered phase. Another impor-
characterized by the traceless symmetric ordering tef#dor tant feature that can be observed from this figure is that for
sean 1 the representative value of the low regim¢=0.1), the
S=2[%—51], (22 ordering parameter increases monotonically with?, but

” - . near the phase transition the increasing rate suddenly is much
where§ is the nematic director. The parametss the aver- P g y

age value of the largest eigenvalue of the traceless symmetric

ordering tensor. For examplsyanishes in an homogeneous 135 ' ' ' iy
isotropic phase, whils has a finite value for a nematic phase ‘'m0 45¢000 e
[4]. Then, in an homogeneous isotropic ph&fgo=0) is 130 e 035000 o -
related to the fluctuations in the number of macroparticles .- o 0.20000 ° i
that are breaking the orientational symmetry. In conse- ““lv 0.10000 ) .'
guence, the ordering parameter can be derived only in thes 1.20 ¢ 0.00524 - ’.' g
grand canonical ensemble. The observétileo=0) tells us s I

if a dipolar colloid can evolve from an isotropic to an orien- & 1-15 I ]
tationally ordered phase. - 1.10 i

It is important to mention here that E¢R1) defines an .
observable, which can be probed in a depolarized light scat- 1.05
tering experiment in the VH geometry. In order to analyze
the ordering parametd¥(qo=0), we first analyze the be-
havior through an isotherm. In Fig. 6 we have plotted

1.00

F(qo=0) versuse for T* =(u*2=3.5)"1. We know that i
for this isotherm, the dipolar colloid has two points on the
instability line, for low and high values ap [5]. Each value FIG. 7. Ordering parameter versys 2 for the representative

of ¢, the highest and the lowest, corresponds to the closestlues of¢, as indicated in the figure.
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FIG. 8. Ordering parameter as function pf 2 for different oL o ) Byt 8 vo g ]
values of¢ in the very low regime, as indicated in the figure. 1'°3°8<><>V<>&X<>&y@vn3° 1 1oz} 5 ;Tff ]
1025} S ] 10208 1
o A 1.018
bigger. At the low regime, the transition from the isotropic to ol B 200 1 . gq
the ordered phase is obtainable in a progressive and continu- 1 2 s s MY 2 s z
ous way, but near the transition a very rapid increment in the u*z H*Z

order is observed. It is important to note that this behavior at
low concentration has already been observed by Levesque g, 9. g, as function ofu*? for each layer firsta), second
and Weis[6]. For the other regimes, this behavior is not () third (c), and fourth(d). The symbol curves represent each
observed. For the very low regime ¢ 0.005 24) a different  yegime: squares the very low, circles the low, up triangles the inter-
behavior is observed. The ordering parameter goes down giediate, down triangles the high, and diamonds the very high.
increasing dipolar strength, which indicates that the system

would not reach an ordered phase, but would remain i %), second(b), third (c), and fourth d) neighbor layers
Isorder phase, that Is, at least in a phase characterized by g ere we have defined the layers as intervals determined by

nov%lol?al orientational order. o I _ v or Multiples of @). Each plot has five symbol curves, which
e focus our attention on the very low regime mainly Or_correspond to the different regimes defined as follows:
two reasons: first there is no indication of an ordered transiz

tion, and second it is important because this is where thgquares for the very low, circles for the low, up triangles for
depolarized light scattering experiments are attainable. In
Fig. 8 the ordering parameter is presented as a function of the
dipolar strength forp* =0.005 (¢»=0.00262) up to 0.167
(0.0875. From this figure, we observe that the dipolar col-
loid reaches the instability line for a densipf ~0.04 (¢
~0.021). For lower concentrations, the ordering parameter
starts increasing with the dipolar strength, but near the tran-
sition it suddenly goes down, indicating that the dipolar col-
loid does not reach the instability line. Stevens and Grest
have found that a dipolar soft fluid, at very low densities
(p*~0.01), associates into chains that are entangled and ot 5 s . L L L L
thus exhibit no global orientation ordgt0]. Consequently,

in the very low regime our results suggest that a dipolar
colloid may have a reentrant phase.

We have observed the behavior of the ordering parameter
versus dipolar strength for other valuesd#fbut no impor-
tant difference was observed that we have not already dis-
cussed up now.

We now analyze the concentration and the orientation of
dipolar colloids near the instability line in the five regimes
studied here. In order to realize this study, we analyze the

h220 _av

0.008 p (d) 9]

0.006 |

R | 0.004F

0.000

projectionsg(000;r) and h(220;r) versus the neighboring

layers. In Figs. 9 and 1@y,, and h220,, represent the con- H*Z
centration and the number of macropatrticles aligned in each

layer, respectively. In each figure four plots are shown: first FIG. 10. The same as Fig. 9 fo22Q,,.
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the intermediate, down triangles for the high, and diamonds The results show that the static orientational structure fac-
for the very high regime. The graphs for each layer wereor is better observed for large values of the refractive index
obtained by integrating each projection considering the difof the scattering medium. Contrary to the static structure

ferent intervals in the following way: factor, the orientational one presents a minimum as the main
_ peak. The position of this minimum depends only on the
N volume fraction. This minimum is related to the probability
g'== g(x)dx, (23) : . : ;
oJi-1e to find a dipolar macroparticle parallel or antiparallel to an-

other dipolar macroparticle localized in the origin of the
whereg(x) representg(000yr) andh(220r), g' isg,,and laboratory frame. To analyze the positional orientational be-
h22Q,,, andi is the neighboring layer. havior we have defined five regimes of the volume fraction,
Figure 9 and 10 show different positional and orienta-from very low up to very high concentrations. We have ob-
tional behavior for the different regimes. The very low re- served that near the instability line, but still in the homoge-
gime is characterized by a high occupation in the four layerspeous isotropic phase, the depth of the minimum increases
while the alignment in the first layer starts increasing, butwith the volume fraction up tap~0.288 (i.e., p* ~0.549
near the instability line it decreases. For the following layersand then decreases. Consequently, a dipolar colloid presents
in the very low regime, the alignment decreases. The lowdifferent behavior for dilute and dense concentrations. The
regime presents a small occupation for the first two layerslatter is characterized by a reduction of the depth of the mini-
while in the third and fourth layers its occupation increasesmum at increasing values of the volume fraction. From the
Concerning its alignment, the low regime presents, in theesults presented here, we can see that if the depth of the
second and third layers, a high alignment, while for the firstminimum of the static orientational structure factor is higher
and fourth layers, a small alignment is observed. The interthan~7.5, the dipolar colloid does not evolve to an ordered
mediate regime presents a poor occupation in the four layerphase.
nevertheless, in the third and fourth layers its occupation In order to analyze the response of a dipolar colloid to its
decreases near of the transition. For its alignment, the intecollective orientational behavior, we have studied the order-
mediate regime, for all the regimes except the fourth, preing parametef(qo=0). The results show that the param-
sents a high alignment. The high regime presents a poater is able to predict whether a dipolar colloid would evolve
occupation for all the layers and its occupation decreases fdp an orientationally ordered pha@astability line). We have
the third and fourth layers. Concerning its alignment, thestudied the ordering parameter for each isochore regime al-
high regime presents a high alignment in the four layersready defined. The results predict the presence of an orienta-
Finally, the very high regime presents also a poor occupatiotionally ordered phase by increasing the dipolar strength
in the four layers, and for the third and fourth layers, itsfrom low to very high concentrations. For a low volume
occupation decreases. The alignment of the very high regimiaction (¢=0.1), the alignment increases smoothly as the
is characterized by a poor number in the four layers. We caxipolar strength increases too, but near the instability line the
conclude that near the instability line with respect to its con-alignment suddenly increases very fast. For the very low
centration, the very low and the low regimes present morgegime a different behavior is observed. The ordering param-
occupation, while the very high regime is more empty. Whileeter starts with a positive slope, but near the transition the
with respect to its alignment, the high regime is the one withslope becomes negative, resulting in a reduction of the order-
the largest number, and the very high regime is one with ang parameter. According to our results, for concentrations
poor alignment. lower than¢=0.021, the dipolar colloid does not evolve to
Our results predict different ordered phases for the fivean orientationally ordered phase. This result seems to indi-
regimes, in accordance with previous res(ii§ The more cate that a reentrant transition could be happening.
important prediction is that for the very low concentration, Our final analysis is focused on the concentration and
the dipolar hard-spherical colloid may have a reentrantollective orientation of a dipolar colloid for each one of the
phase. considered regimes. In each case, the study considered four
neighboring layers. To analyze the concentration, we plotted
VI. CONCLUDING REMARKS g(000;r) as function of the dipolar strength for each regime
and layer, while for the number of macroparticles with a
The orientational structure of dipolar hard-spherical col-preferred orientation we plotteg{ 220;r). The results show
loids is studied on an homogeneous isotropic phase. Thehat, if it exists, the reentrant increasing-dipolar-strength
study is based on the fluctuational effects of the orientatiorphase has layers with a higher occupation of particles near
density on the orientational structural properties. We havehe transition, while the ferroelectric increasing-dipolar-
reported results for the static orientational structure factostrength phase has a higher number of macroparticles with a
F(go) and the ordering parametét(qo=0). These prop- preferred orientation.
erties depend on the volume fraction and the dipolar strength In summary, we have applied a theoretical approach,
of the colloids. The static orientational structure factor is alsowhich is able to describe the positional and orientational be-
a function of the refractive index of the scattering medium.havior of dipolar colloids near of the instability line. The
An advantage of this approach is that these structural propresults predict the well-known existence of orientationally
erties can be measured in a depolarized light scattering exrdered phases from low to high concentrations, but predicts
periment in the VH geometryl] at very low concentrations. a possible reentrant increasing-dipolar-strength phase at very
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low values of the volume fraction.
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APPENDIX

We give the explicit expressions fdf o(x), FFm(X),
and S (x) that appear in Eq19)

sinx

Foo(X)ZZT, (A1)
sinx sinx COSX
Foo(X) =15 — 33 vl (A2)
9|sinx sinx sinx
F40(x)=é—1 " 3 +105 5 (A3)
COSX CcOosX
+ 10—Xz—— 1057, (A4)
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FFoAx) = 21/2S5(q0) Fagl(X), (A5)
FFo(X) = — \2S4(q0) F (), (A6)
20
FF4(x)= 3_\/E)53(QU)F40(X), (A7)
40
FRaX) = = 2= Si(a0)F ), (A8)
x \2 1 4
Sl(X)Zl—S(m +§ m) s (Ag)
1 X 2 1 211/2
50013 g | alaig] | w0
X 2
Ss(X)=1——(G) , (A11)
X X 271/2
S4(X)=%{l—(% (AlZ)
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