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We study the ordering in dipolar and quadrupolar colloids driven by an appropiate external field, which is low structured at zero field strength.
This study consists of analyzing the predictions involved by the one body probability density function, as function of the strength of the field,
which is the solution of the equilibrium Smoluchowski equation, without hydrodynamic interactions. Because of the symmetry of the dipole
and quadrupole, for the former an axial nematic-like phase is predicted, wheras for the latter a biaxial nematic-like phase is predicted. In
the study we consider different fields, for the dipole only the orientation of the field is changed, whereas for the quadrupole the gradient of
the field is also changed. The alignment of the multipolar colloids for high values in field is independent of the different fields studied in
both moments, but their alignment for low values depends on the field features. The change in curvature of the one body probability density
functions for the moments analyzed is predicted in field strength values with a different meaning. For the quadrupole moment an anomalous
perpendicular alignment of the particles is predicted, which does not ocurr for the dipole moment. Our results are described as a generalized
point of view in the Landau-de Gennes theory for the nematic isotropic phase transition driven by an external field.

Keywords: Multipolar colloid; nematics; orientational distribution.

Estudiamos el ordenamiento en coloides dipolares y cuadrupolares por @mldecun campo externo apropiado, los cuales sin campo

son poco estructurados. El estudio consiste en analizar las predicciones de la densidad de probabilidad de un cuerpcbooteoldunci
intensidad del campo, la cual es sofrtide equilibrio de la ecuami de Smoluchowski, sin interacciones hidréditicas. Debido a la

simétria de el dipolo y el cuadrupolo, para el primero una fase tipoatiemaxial es predicha, mientras que para el cuadrupolo una tipo
nematica biaxial es predicha. En el estudio se consideran diferentes campos, para el dipolo solo latrieataariada, mientras que

para el cuadrupolo tamém se cambia el gradiente del campo. A valores grandes del campo el proceso de alineamiento es independiente
de los diferentes campos usados, en ambos momentos, aunque el alineamiento a camios geperde de la orientanidel campo. El

cambio en curvatura de la densidad de probabilidad de un cuerpo de los diferentes momentos estudiados aparecen en puntos con diferente
interpretacbn. Para el coloide cuadrupolar un alineamiento anomalo perpendicular es observado, lo cual no ocurre para el coloide dipolar.
Desde un punto de vista generalizado, nuestros resultados son interpretados en el esquemadizlaaediau-de Gennes para la traisici

de fase nematico isotropica en presencia de un campo externo.

Descriptores: Coloide; nematico; multipolo; funan de densidad de un cuerpo.

PACS: 82.70.Dd; 05.40.-a; 64.70.Md

1. Introduction ues between 0.25 - 0.5 in the second order parameter. Thus
the nematic-isotropic transition is first order in nature, though

One of the challenges in colloidal crystals is to describe andf is relatively weak thermodynamically because only an ori-
to locate phase transitions. The most common way is by findentational order is lost at this transition and the heat of tran-
ing discontinuities in the order parameters, one of them is théition is only 1 kJ/mol [2]. In the case of multipolar colloids,
so called nematic order parameter, in which its discontinumainly dipole and quadrupole moment, in both of them an
ity predicts the localization of the isotropic nematic transi-axially symmetric ordered phase already exists, in absence
tion [1' 2]The first prediction of the existence of nematics isof an external field. For the dlp0|e it is called ferroelectric
due to Onsager in long hard rods [3]. The isotropic nematidvhereas for the quadrupole “v” structures, the former resem-

transition for rods can be described by using Computer SimubleS an axial nematic order and the latter a biaxial nematic
lations [4]Or from an appropriate experiment [5] order. We must emphaSize that the ferroelectric as well as

v" phases are not taken into account in this study [6, 7, 15].

The experimental observations using various technique . . .
P g 9 §Soth phases are reached at high densities, out of scope of this

show that the order parameters decrease monotonically
the temperature is raised in the mesophase range and dr%’r :

abruptly to zero at the transition. Depending on the meso- In 1970 de Gennes and Pincus predicted the formation
genic material the nematic-isotropic transition occurs at valof linear chains of particles in ferrofluids at zero magnetic
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field [8]. Several years after Butter et al were able to showular to the director are isotropically distributed, while for a
in situ linear chain structures in ferrofluids at zero field andbiaxial nematic the orientation of the rods in this projection
very low densities [9]. In response to an external magnetihave a second preferred direction [16].

field, they also observed an induced alignment in the chains. Another important feature in induced alignment with an

Another important characteristic in colloids driven by an €X"external field is observed for low fields the particles align
ternal field is the inexistence of a discontinuous transition buf, ;v e field. however for high values in a field the align-

rz_zlt_her a continuous one. In the case (_)f a sgcond order traﬂient is not parallel but in an anomalous perpendicular ori-
s_|t|on, the order parameters ar_e not dlscontm_uous, but C_or]e'ntation with the field. A feature observed for instance in
Flnuous, thereforg we need to f'n(,j an alternative rT]GCh"’m'SrBoarIike goethite particles driven by a magnetic field, they
n .order to'locahze a”O_' to desprlbe the second order_ Franﬁrst align parallel to the magnetic field at low field strength,

S|F|ons. It is also po§S|bIe to find sgqond order tranglthnsout they turn perpendicular to the field at high strength [17].
without an external field. The transition between unlaX|aIAISO this behavior is observed in charged rods driven by an

nematic and biaxial nematic is an instance of second Ordeéxternal field. For high concentrations the alignment is found

tran_smon, which was predicted fr°'f“ a theoretical .ba5|s ,b% change from parallel to the electric field to an anomalous
Freiser [11]. He showed that the simplest generation of in-

: X X . 'perpendicular orientation, whose dependency is on the field
teractl'on employed in the Maygr—Saupe theory leads to a f'rsémplitude and frequency [18].
order isotropic nematic transition followed, at lower temper-
ature, by a second order transition to a biaxial state. In exam- In recent papers one of us predicted the existence of a
ple, this exotic behavior can be expected when the moleculd¥axial nematic-like phase, an anomalous change of the ori-
do not present an effectively uniaxial symmetry or with ax- entation of the particles from one direction to another perpen-
ial symmetry together with the application of an appropriatedicular to the first one is already predicted. This prediction
external field [2, 10]. is carried out on quadrupolar colloidsg., on a colloid of

On the other hand, when the second order parameter vepard spherical particles with a point quadrupole moment at
sus temperature for different values of the external field igh€ center of mass [19, 20] (hereafter referred as paper | and
plotted, it is possible to find a coexistence curve like the welll!» respectively). In fact in these two papers we also studied
known liquid vapor one. It is observed for small values of theth® behavior of a dipolar colloid. Here a similar feature is
field that there exists a first order transition between parand?'edicted. In a generalized point of view, in this paper we
matic and the nematic phase. The order parameter jump d@€scribe the response of the multipolar colloid driven by an
creases with increasing field until its critical value is reachecEXternal field. For low fields the particles align in the field
at which point there is no jump any more. At this point the _onentegmn e}nd f_or h|gh.values the _orlentauon wquld not pe
transition becomes continuous [2, 10]. Because in this worl the field direction butin a generalized “perpendicular” ori-
the aim is to study the response of the colloid driven by an ex€ntation.
ternal field only, this feature is out of the scope. From a the-  The aim of this paper is to do a systematic and extensive
oretical point of view, the role of external fields on the phys-study of this anomalous behavior in dipolar and quadrupolar
ical properties of the nematic isotropic phase transition camolloids. We use the same ideas as in the previous work [19].
be examined within the framework of the Landau-de Gennes this case, we take additional orientations of the external
theory. The application of fields leads to an extra term infields for the dipole and for the quadrupole different gradi-
the free energy, in which appears the anisotropic part of thents are considered together with additional orientations of
magnetic susceptibility. This last important physical prop-the field. The formalism used in this paper is based on the as-
erty involves conditions of the alignment with respect to thesumption that the equilibrium of the colloid is provided by the
orientation of the field. For positive values they align paral-equilibrium solutions of the Smoluchowski equation [22,23].
lel to the field, whereas for negative values the alignment iSThe paper is written in the following way: In Sec. 2 we start
not parallel but perpendicular with respect to the orientatiorwith the ideas of the Landau-de Gennes theory for the ne-
of the field [2, 10]. In this work these implications will be matic isotropic phase transition driven by an external field in
studied over the alignment of the particles. subsection A. Definitions of the multipolar colloid and the

Nowadays several methods for colloidal synthesis ofadditional fields used are provided in subsection B. We write
nanoparticles of different shapes are available [12, 13], fothe ideas of the formalism to compute the one body probabil-
example hard perfect tetragonal parallelepipeds, in which igy density function (pdf), the main quantity to realize in this
predicted the existence of a biaxial nematic phase onto atudy, also in subsection B. In Sec. 3 our results are given
perpendicular projection of the nematic director [14]. An-for dipole and quadrupole moment for the fields considered
other example is in a colloid of spherical shape, but with ain both moments and gradients in the quadrupolar case. The
guadrupolar interaction. In this colloid, by means of com-section is divided in two subsections, the first one consid-
puter simulations, the existence of a biaxial nematic phase iering the influence of the external field on a single particle,
observed [15]. In the case of induced biaxial nematic, we camhereas in subsection B interaction between colloidal parti-
mention hard rods driven by an external flow. For an uniaxiakles is also taken into account. In Sec. 4 concluding remarks
nematics, the projection of the rods onto the plane perpendiare provided.
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2. Multipolar colloids and orientational distri- Gennes theory is that for’, . positive the alignment of the
bution colloidal particles is parallel to the orientation of the field,

however when(’. . is negative the orientation is not parallel

The main ingredients to study in ordered phases are the obut perpendicular to the orientation of the field. These im-

der parameters together with the one body probability denportant physical features predict that there exists a biaxial ne-

sity function (pdf) at equilibrium. In this paper we focus on matic phase. In the next section we discuss the implications

the latter only, the former will be reported in another work. In of these physical consequences of the Landau-de Gennes the-

Subsec 1, we provide the ideas and physical consequencesary over our study in the induced isotropic nematic phase

the Landau-de Gennes theory for the nematic isotropic phaseansition in dipolar and quadrupolar colloids.

transition in presence of an external field. In the second part

of this section, we define the colloid in study and the Smolu2 2. One body equilibrium probability density function

chowski formalism for computing the one body equilibrium

pdf. We consider a colloid of hard spherical particles with a linear
dipole or quadrupole moment in their center of mass. The

2.1. Landau-de Gennes theory for nematic isotropic potential energy consists of two terms, the multipolar inter-

phase transitions in an external field action and the external field. Thus it reads, from paper |,
In this work the aim is to analyze the physical consequences ¢y Z dar(rij, Ui, ;) + Z bexi(s),  (4)
of the nematic isotropic phase transition driven by an exter- oy

nal field, then we focus on the ideas of Landau-de Gennes
theory for the case in which the system is driven by an exterwhere¢,,(r;;,1,, u;) is the multipolar pair interaction po-
nal field [2,10]. The idea is to propose a generalization of théential and¢ex(1;) the external field, which drives the col-
Landau-de Gennes theory for multipolar colloids. We starfoid. In Eq. (4)r;; = r; — r;, with r; the position of the
with the definition of the generalized order parameter tensogenter of mass of thigh particle andi; the orientation of the
according to the multipolar moment, multipolar moment. In general the multipolar expansion is
written as [21],
At
Q' =—"—, (1) Lol .
Xmax ¢M r’L]au’L?uj Z Z Uprr sz (l l2lam1m2m)

l1lsl mimam

where AY’? is the anisotropic part of the generalized sus- -

ceptibility tensor andy’, . is the maximal anisotropy that X Y Y Y (5)
would be observed for a perfectly ordered nematic phase.

The choice ofQ’ reflects that the orientational order is the here  u%/?'(r;;) are the multipolar coefficients,
only general aspect in which the nematic an isotropic phas@(l lal;mymam) is the Clebsh-Gordan coefficient and
differ, in which, the absence of ferroelecticity is incorporatedY; ., is the spherical harmonic, the super index denotes
for the case = 1 for example. Therefore, in the Landau-de colloidal particles or the angular dependences9f The
Gennes theory the presence of the field leads to an extra ter®rresponding multipolar coefficient for the dipole moment

in the free energy, which in our case would read as is )
8 1
u}jm(rij) = —4my/ — % (6)

Ué = _anaxQé © Fe' (2) 15 7’%7

where F* is the tensor field according to the order of the and for the quadrupole moment is
(th multipolar moment and represents a generalized inner )
product. 204, y _ ST [l4m @
RN ug(ry) =
In our microscopic description, the general definition of 3V 3 7”
the external field potential is [21]

@)

In Egs. (6) and (7). and© are the dipole and quadrupole
moment, respectively and; = |r;;|. For the dipole, the
orientation of the external field is analyzed in two situa-

_ . tions, parallel and antiparallel of thg-axis, these are, re-
whereP? is the tensor Legendre polynomial of orderM, spectively, [21]

is the multipole moment of ordet with 1 and2 correspond-

ing to dipole and quadrupole moments, respectively, Bpd Daxi(cos 0) = +pEq cos 0y, (8)

is the external field. From Eqgs. (2) and (3), we could asso-

ciate x‘ .. with 1/((2¢ — 1)!'M,) andQ* with P*. Thisis  where E, is the strength of the external field afigis the
based on the definitions of the order parameters, they are tlangle between the direction of the field and the orientation
average on an equilibrium ensemble of the Legendre polynosf the dipole moment of thé&h particle. The case consid-
mials. An important physical consequence of the Landau-dered in paper | corresponds to the negative in Eq. (8). The

1 _
Pext = WMKPZ © VB, 3)
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qguadrupole is richer. First, now the field is chosen with con-its Taylor expansion, that is up to fourth degree in the mo-
stant gradient, positive or negative. For the orientation of thenent. Due to the linear approach in density and the second
field we propose one case in tieaxis and the other in the order contribution in the Taylor expansion in the pair corre-

plane perpendicular t&, that is in theXY plane, thus we
define the external field as, for parallel o

E = +2Ek, )
and for perpendicular t& as
E = +Ey (21 + 1j). (10)

From the definition of the external field in multi-
poles [21], we already have two different situations. Firs

as we will see, the alignment of the particles is the same fof
the negative sign in Eq. (9) and positive sign in Eq. (10), ther?

we assemble the field as

ba(cos ;) = (11)

1 1
= —§®E0 cos? 9, = §9E0 sin? 6,

lation function,PM (1, ) is restricted to low values in density
and multipolar moments, this implies that our colloid is in
an isotropic phase in absence of the external field. With this
approach it is not possible to get a self alignment.

The solution of Eg. (13) is obtained as an expansion of
Legendre polynomialgy (cos 0),

Z aypi(cos ),

(15)

Plju LI1

twith a; = (p;) being the order parameters. The problem is

educed to calculate the coefficients in Eq. (15). Therefore,
ubstitution of Eq. (15) into Eqg. (13) and equating resulting

coefficients in Legendre Polynomials, the order parameters
can be computed [19].

3. Results

and another situation is when we take the positive sign in

Eg. (9) and the negative sign in Eg. (10), thus

b (costy) = (12)

1 1
—@FEcos’l, = —=OFEysin’ 6,
2 2

in these last two equatiort is the angle of the symmetry
axis of the quadrupole moment witfraxis. In Eq. (11) the

first equality corresponds to the case with negative gradient i

Following paper I, we assume a low structured colloid in ab-
sence of the external field, that is, in this condition the colloid
would be in an isotropic phase. It is composed of hard spher-
ical particles with point dipole or quadrupole in their center
of mass. The dimensionless densityis = po® = 0.005

for both moments. Here is the diameter of the spheri-
gal particle andp is the density. The dimensionless dipole

the Z-axis, and the second one with a positive gradient in théand quadrupole moments are definedd$ = (u?/0?,

plane perpendicular to thg-axis. Whereas in Eq. (12) we

©*? = 362/05, respectively and fM=3ME,. Both dimen-

are in the inverse situation, the first equality corresponds tgionless moments are taken equad . For these values in

the positive gradient in th&-axis, and another with negative
gradient in the perpendicular plane to theaxis. In order to
simplify the study Eq. (11) will be referred to as case | and

density and multipolar moments the colloid is in the isotropic
phase [15, 24].
In an experimental point of view, a dipolar colloid is a dis-

Eq. (12) as case Il. The first equality in Eq. (11) was alreadyersion of magnetic nanoparticles with a single magnetic do-

studied in paper .

The one body pdfP, is assumed as an equilibrium so-
lution of the Smoluchowski equation, from paper I, neglect-
ing hydrodynamic interactions,

(R + BB - (Rl | P (5)

~poRy - PY @) [ T (@) PP@) 0. (19)
whereR is the orientational operatqrjs the densityP? (i;)
is the solution of Eq. (13) witlh = 0, which is for a single

particle driven by the external field only,is the thermal en-
ergy, M is the multipolar moment and the torqué&(u, , us)

/ dr;;

X {El(ﬁM(rijyﬁlaﬁQ)} g(ri;, 0, uz), (14)

u17112

where g(r;;, U, Uz) is the pair correlation function. This

main. For high density and magnetic moment the dispersion
goes into a ferroelectric nematic phase [7], on the contrary, at

Egp=3.5
Eop=7-7
Egp=30

0

FIGURE 1. One body probability density function versddor a

quantity is computed by assuming the Boltzmann approxidipolar colloid for differents field strength, as indicated in the fig-
mation and it is taken into account up to second order irure. The field is parralel to th8-axis.
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' Figs. 1 and 2. We assume a field in the positif«glirection
. only, then the sign is considered in the maximal anisotropy
‘ | Xmax = 0uFEy. Therefore, whemn,.x is positive the align-
ment is parallel to the orientation of the field, contrary to the
. l negative value where the alignment is not parallel but antipar-
allel. This different interpretation is in agreement with the
Landau-de Gennes theory as a generalized point of view, the
particles align in the only contrary orientation possible.

The quadrupolar behavior is more interesting, as was
: ] above mentioned. Here, we observe the same alignment in
each of the options fields written in Egs. (11) and (12).
ty R ! Therefore our results are reported in terms of these two cases.
o 5, : For the former the quadrupole moments align perpendicular
. % to the Z-direction, that is withd = /2 and3x/2, as we

" " see in the plot as function of the polar angle for different val-

ues in the strength of the field in Fig. 3, while for the latter
they align parallel and antiparallel to tt#eaxis, observed in
Fig. 4, for the one body pdf. According to the definitions of
the fields in Egs. (11) and (12), if the gradient of the field is
positive then the particles align in the field orientation also,
low density and high magnetic moment it aggregates, formwhereas if the gradient is negative then the alignment is not in
ing dipolar chains [24]. Experimental results suggest a maxthe field orientation but in an anomalous perpendicular way.
imal attraction more than two times the thermal energy, get- We must emphasize, the perpendicular alignment with
ting an aggregation in this value [25], for values;gf < 2 respect to the orientation of the field is due to the negative
the colloid does not aggregate. Therefore in our case the cogradient of the field only. On the other hand, as in the case
loid does not aggregate, that is fot?> = 0.4 andp* < 0.3 of dipole we could also interpret these results by way of the
the dispersion is already in an isotropic phase [24]. The inLandau-de Gennes theory. In this cagg.. = BOE, is
teraction energy of a dipole of magnetic momgnaligned  always taken positive, the sign is associated with the gradi-
with a magnetic fieldH is equal touH. The average de- ent of the field, one sees immediately that our results are in
gree of alignment of the magnetic dipoles depends on the raagreement with this theory. That is for negative gradient the
tio of uH /kgT because thermal motion tends to destroy theanomalous perpendicular alignment is predicted.
alignment. Considering experimental data, wittf = 1.3, From the results predicted for the alignment of single par-
which is close to the water molecule dimensionless momenticle driven by an external field, we observe that the ordering
(0* = 1.8), andH = 1.2210~° A/m gives Ej;, = 4479,  reached depends on the multipolar moment. For the dipole in
for these experimental data the colloid would start its alignthe field orientation, that is parallel or antiparallel to it. For
ment. For lower values, as is our case, one would expect ghe quadrupole we have two possible orientations one parallel
higher strength of the dimensionless field, and a similar con-

FIGURE 2. One body probability density function versdgor a
dipolar colloid for differents field strength, as indicated in the fig-
ure. The field is antiparralel to thg-axis.

clusion for the quadrupole moment as well.

0 1 2 3 4 5 6
0.35 I 'A I I I a I I - 0.35
3.1. Asingle particle driven by an external field “ ‘
. . . . 0.30 E* =4 R - 0.30
The study starts with a single particle driven by the external ‘, e
field. As was mentioned above, this study is based on the 025 Egq=9-9 H02
analysis of the one body pdf, function of the polar angle. In . . EBQ=3°
this case the one body pdf, Eq. (15) resembles the behav-c‘_”("_ Ao o 1%
ior expected for the dipole. Therefore we observe that the a. , ,; . . Joss
particles align in the field orientation, that is in the positive """0. .--_.
or negative orientation of th&-axis, depending on the field 0.10 L0 Ho10
direction, as can be seen for different values in the dimen- _.'f " _.':'
sionless field as the function of the polar angle in Figs. 1 °®7 S e FUNEPCA N b
and 2, respectively. The former corresponds to the positive _"";-" s s Uk o P .-H" 000
sign in Eqg. (8) and the latter to the negative sign in Eq. (8). . T ! : o T T :

Nevertheless, if we increase the field strength the alignment

does not ghange._ Itis always parallel to the field orientgtion.F,GURE 3. One body probability density function versagor a
Following the ideas of Landau-de Gennes we could intercuadrupolar colloid for differents field strength, as indicated in the
pret these results from a different point of view in both casedigure. The orientation field is for case I.
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FIGURE 5. One body probability density function vers@gor the

FIGURE 4. One body probability density function versdgor a s . )
four interesting values of the fields strength.

cuadrupolar colloid for differents field strength, as indicated in the
figure. The orientation field is for case II.

0 1 2 3 4 5 6
and antiparallel to th&-axis and the another perpendicular to ' - T T T e
the Z-axis, that is in theX Y plane. The former corresponds 10 ﬁ . E;D=3-7 ___ 410
to positive gradients and the latter to negative ones. In a gen- 05 LY . E 43 g '. o
eral point of view these results could be visualized into the . " oD~ 3 ]
g 004 . .'K J o Hoo

Landau-de Gennes theory, where the response for negativi

values implies an opposing orientation to the first one, where <, , ]

the word “opposing” depends on the multipole moment, as it
is already observed for dipole and quadrupole moments.
It is important to mention, there does not exist a biaxial

-1.04

-1.54

d2PP/de

nematic phase in a single particle driven by an external field.
What is responsible for the biaxial nematic phase is the pair

interaction between quadrupolar colloids, driven by the ex- 25

0.000

3.0

0.004

0.000

3.0

35

-2.0

-25

-3.0

ternal field in our model. sob
In this way, our results are compatible with the prediction 2 8

of the Landau-de Gennes Theory. One important question

in a continuous phase transition is to localize it. In paper'GURE 6. Second derivative of the one body probability density
function versud, for a dipolar colloid. These values are in which

| we have proposed an alternative manner to get this chal- . )
. . . . . the curvature changes its monotonous behavior and when takes the
lenge. Following these ideas, in this work we give ourselve§/alue equal to zero.
the homework of carrying out an extensive study in multi-
polar colloids, focusing on dipole and quadrupole momentsyt the end in both situations, parallel and antiparallel, the
only. With this in mind, we compute the one body pdf as thegjference is only the initial orientation. Therefore we fo-
solution of the Smoluchowski equation restricting ourselves.;s on one of the two cases only, the positive. The neg-
to low structured colloids. ative was already discussed in paper I. An extensive study
of the one body pdf and its first and second derivative as
function of the polar angle, provides us with the existence
of four important values of the field strength. In Fig. 5 we
plot the one body pdf, as function 6f for these four values
In colloids the situation is richer than for a single particle £, = 3.7,4.3,7.7 and8.2. In the inset the second align-
driven by an external field. Here the interaction between parmentis clearly observed for the higher field strength. In order
ticles plays an important role, in our model this is introducedto analyze the behavior of the colloid we focus on the curva-
in the pair approximation. We first study the case of the dipoture around off = =, in which the second alignment would
lar interaction. We have two orientations in the field, both onappear at higher values in the field. For the values of the field
the same axis4), but in positive and negative direction. The strength3.7 and4.3, an interesting behavior was predicted.
results show us that the particles first align in the field oriendn Fig 6 the second derivative of this quantity for these two
tation and after that to some critical field strength where theywalues is plotted, as the function of the polar angle, the for-
reach a second alignment. The behavior is already the samnmer gives us the value in which the curvature starts to change

3.2. Nematic-like phase in multipolar colloids driven by
an external field
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FIGURE 8. One body probability density function versé<or a
quadrupolar colloid around the transition.

FIGURE 7. One body probability density function verségor a
dipolar colloid around the transition.

its monotonous behavior and the latter when the curvature

takes its value equal to zero, as it is easily observed in the 4 ———
inset in Fig. 6. On the other hand, the last two values plot- {

ted in Fig. 5 of field strength;.7 and8.2, correspond to the 2 '-; ;-“' "-;_ S,
values in which the alignment antiparallel to the field orien- Y s .- "._ 0

tation starts, as it can be observed in Fig. 7. In this plot we o & e e
also reportE;, = 30, in order to see the existence of the | . Rk
second alignment clearly. Therefore the prediction is an ax- & - ' ’ :

ial nematic-like phase, as was previously predicted [19]. Theg_ . 14

parallel and antiparallel orientation is due to the combination & | .
of both effects, the external field and the direct dipolar in- © |*
teractions. This behavior in a single particle driven by the .
field is not predicted. Contrary to the low values in the field ] *
strength, the localization of the second alignment is not easy.
In paper Il we also proposed an additional physical property ‘ ' _ '
which is able to localize this value. This analysis is out of the 0 1 2 3 4 5 6
focus of this work, it will be published in the future.
For the quadrupolar interaction, the predictions are simFicure 9. Second derivative of the one body probability density
ilar in a generalized point of view with those correspondingfunction for a quadrupolar colloid versés These values are in
to the dipole interaction. We begin with case Il, Eq. (12),which the curvature changes its monotonous behavior and when
here only two important field strength values are predictedtakes thet value equal to zero.
these are again found by visualizing changes in curvature, as
in the dipolar case. The difference is that now these value1e value equal to zero. In both cases these values start the
together also predict the second alignment. In Fig. 8 we plopiaxiality as was already predicted in paper | and Il. As in the
the one body pdf for these two values;, = 9.3 and11, as dipole moment, here the final biaxial phase is observed in all
function of the polar angle. In this figure it is also reportedthe situations considered. The difference is only in the first
for Eg,, = 40, because in this value is easy to see that ther@lignment, it depends on the sign of the gradient. As was ob-
exists a biaxial nematic-like phase. In Fig. 9 we plot theirserved in a single particle driven by an external field, here the
corresponding curvature for the lower two values in Fig. 8particles align first in the field direction for positive gradient
and in the inset for the region ihin which the biaxial phase Of the field and perpendicular when the gradient is negative.
appears. The valu&j, = 9.3 is when the curvature be- We must emphasize that the existence of the biaxial phase
gins to change its monotonous behavior andifowhen it IS due to the effect of both interactions presents, the external
takes the value equal to zero, as can be seen in the inset figld and the pair interactions.
Fig. 9. On the other hand, the difference with case | is only  From the results for both moments studied, the predic-
the difference in valuedyj, = 8.9 and9.9, which have the tion of the second alignment does not correspond to the same
same meaning, the former the point where the monotonousharacteristics in the one body pdf for both moments. In
behavior of the curvature changes and the latter when it takebe quadrupolar the change in curvature coincides with this

8
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second alignment, whereas for the dipole it is not the situized point of view, we could see that our results are in com-
ation observed. One could say that the explanation for thiplete agreement with the Landau-de Gennes theory for the
difference is in the different nematic-like phase reached, binematic-isotropic phase transition driven by an external field.
axial for quadrupolar and axial for the dipolar. In paper Il The implication is that the source of the negative sign, maxi-
we discussed these points, they are on the critical values ahal anisotropy, external field or even the order parameter do
the self orientational structure factor, the quantity related tanot matter, if that is the case, the prediction is then a gen-
the isothermal compressibility. The dipole corresponds teeralized contrary alignment with respect to the field, where
the point in which the first derivative of the self orientational the word “contrary” depends on the order of the multipole
structure factor is equal to zero, whereas for the quadrupolmoment.

the second derivative of this quantity is equal to zero. Asa An important difference of the multipole moments stud-
consequence we could associate the change in curvaturejgd is when the monotonous behavior of the curvature
the one body pdf with those points in which some deriva-changes, they appear at fields strength values with different
tive of the self orientational structure factor is equal to zerointerpretation. For the quadrupole corresponds to that when
These observations will be analyzed in another work, theyhe biaxiality starts, whereas for the dipole it does not corre-
require an extensive study of the self orientational structurgpond to the equivalent point but to a lower value of the field
factor, which is out of the scope of this paper. strength.

From our results we find an interesting mechanism in the
formation of ordered phases in particles driven by an external
field. Depending on the symmetry of the molecules, different
We present a systematic and extensive study of the orderinghases may be predicted, which are richer for particles with
in dipolar and quadrupolar low structured colloids driven bymore symmetry axis. In this paper it is predicted for one sym-
an external field. The study is realized as to the predictionsnetry a nematic-like phase, whereas for biaxial symmetry a
of the one body pdf, which are provided by the equilibrium biaxial nematic-like phase. As a consequence, we could open
solutions of the Smoluchowski equation. In each case difthe possibility to find exotic nematic-like phases of higher
ferent fields are analyzed, where their form is imposed bysymmetry.
the symmetry of the multipole. As a consequence of these These results show one mechanism to manipulate order-
symmetries, for the dipole an axial nematic-like phase is preing in colloids, which is responsible for the construction of
dicted, and for the quadrupole an axial is not predicted budifferent alignments, and provides us with a simple method
rather a biaxial nematic-like phase. to study higher multipolar order. This method could be used

In all the cases analyzed, at the end the final phase is thfer the prediction of more anomalous ordering as was the case
same for each multipole, the difference is the first alignmentfor the prediction of the quadrupolar moment.
which depends on the orientation of the field for the dipolar
colloid and also the field gradient for the quadrupolar colloid.
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4. Concluding remarks
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