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Interaction of colloids with a nematic-isotropic interface
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The Landau—de Gennes free energy is used to calculate the interaction between long cylindrical colloids and
the nematic-isotropi¢NI) interface. This interaction has two contributions: one is specific of liquid crystals
and results from the deformation of the director field close to the particles or to the interface, while the other
is generic and results from wetting and surface tension effects. Deep in the nematic phase the director field of
long cylindrical colloids, with strong homeotropic anchoring, exhibits two half-integer defect lines. As the
colloid moves towards the interface, the director configuration changes through a series of discontinuous
transitions, where one or two of the defects are annihilated. In addition, the NI interface bends towards the
colloid in order to minimize the elastic free energy in the nematic. In the isotropic phase, the colloid is
surrounded by a thin nematic layer that reduces the surface free energy under favorable wetting conditions. The
interaction has a well-defined minimum near the interface. In this region the director and interfacial structures
are complex and cannot be described analytically. Using the numerical results for the Landau—de Gennes free
energy in the harmonic region, we obtained simple scaling laws fo(litiear) force on the colloid.
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I. INTRODUCTION are arranged in a set of stripe) rootlike structures. A
major conclusion of the study was that the motion of the
Colloidal dispersions are suspensions of solid or |iquidparticles may be controlled by their interaction with the NI
particles in a host fluid. The size of the particles can varynterface.

from a few nanometers up to several micrometers. Colloidalh I—!etre W(?[. reegatmlne thlsllcpdn(:llu3|?_n Iby anglyzll\r|1|9_ '? dfetall
dispersions are often found in long-lived metastable stated"® nteraction between colloidal particles and a Nl interface.

S . : : o As a first step we investigate tlistatio Landau—de Gennes
prqwdlng the basis for a range of industrial applications, e'g'brder—parameter distributions around colloidal particles in the
paints, drugs, foods, coatings, eft].

. . , ) o vicinity of NI interfaces. By calculating the correspondin
Colloidal dispersions in nematic liquid crystals form a y y g b g

X . . ; free energies we obtain explicit results for the forces.
special class of colloids. The difference from ordinary col- g, simplicity, we consider the interaction of a long cy-

I_oid_s arises from the Iong-ran_ge orientational order of thﬁindrical colloid with a planar NI interface. We assume
liquid crystal molecules, described by the so-called nematigtrong homeotropic anchoring of the director at the particle’s
director. Topological defects of the director fie[@], addi-  syrface everywhere and wetting boundary conditi¢smse
tional long-range forces between colloidal particl@s-4],  gec. Il Q. In the nematic phase, these anchoring conditions
and, as a result, supermolecular structiife§] are phenom-  give rise to a pair of 1/2 strength defect lines, which merge
ena specific of colloidal nematics. with the isotropic phase as the particle approaches the NI
Colloidal nematics are usually prepared in the isotropiGnterface, distorting the planar interfacial region on a scale of
phase. To prevent flocculation due to attractive van der Waalghe order of the colloidal radius. As a result, the interface is
forces, colloidal particles are treated to induce electrostatigtrongly bent around the colloidal particle on both sides of
or steric repulsive interactions. After cooling to a tempera+he interface. The effective interaction is shown to be rather
ture below the nematic-isotropid\l) transition, the colloids  complex and to exhibit a well-defined minimum close to the
often segregate forming nonuniform clusters. In general, tomterface. Near the minimum, a scaling analysis of the nu-

pological defects stabilize the dispersig8] although, in  merical results for the free energy yields the scaling form of
some cases, they may help flocculation by producing addithe force on the particle.

tional attractive interactiong7]. S The paper is organized as follows. The geometry, the
~ The spatial distribution of colloidal particles is very sen- model, and the minimization technique are described in Sec.
sitive to the cooling rate and cooling conditidi8s9]. Recent ||, The results for the director configurations and free energy

results[10] revealed that the drag on colloids by a NI inter- gre presented in Sec. Ill. A discussion of the major findings,

face plays an important role in the final spatial pattern. In theggether with concluding remarks, appear in Sec. IV.
experiment, large nematic and isotropic domains were sepa-

rated by moving NI interfaces. Depending on the cooling Il. LANDAU —de GENNES THEORY
rate (velocity of the interfacgdifferent structures were ob-
served:(a) cellular structures, also reported earli&9,11,
with particle-free nematic domains separated by particle-rich In this study we consider a geometry similar to that used
regions;(b) striped structures, where the particle-rich regionsin the experiment$10]. Briefly, one end of the sample is

A. Geometry
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nematic isotropic In the following we will use this representation of the tensor
; order parameter.
FIG. 1. (Color online xy cross section, of sizeé XL, of the C. Free energy

system studied. The system is described by the Landau—de Gennes free

energy[16]
placed in a hot and the other in a cold oven. The tempera-
tures are chosen such that the NI interface is in the gap :J' f
between the ovens and a constant temperature gradient is A (fo+fe)dVH | fodS @
maintained throughout the sample. ) o )

A geometry mimicking the experimental setup is shown inwherefy, is the bulk free energy densitf, is the elastic free
Fig. 1. A uniform temperature gradient is imposed along theenergy density, and is the surface free energy. Within a
x axis with the “hot” wall at x=L/2 and the “cold” wall at ~mesoscopic approach the minimum of the Landau—de
x=—L/2, whereL is the size of the system. The director at Gennes functionaF gives the equilibrium value of the ten-
the cold wall is fixed either parallel or perpendicular to theSOr order parameter. _
wall. The order parameter at the hot wall is set to zero. Note Symmetry arguments yield for the local bulk free energy
that the position of the interface, at=0, is pinned by the density[16,17
temperature gradient. B 5 3 512

A colloidal particle, which we take to be a long cylinder fo=aTrQ =bTrQ +c[TrQ", ®)
mmersed i the nematc. Perodic poundary conditions arierea is assumed t depend lieatly on the temperatre,

. L ' y While the positive constants,c are taken temperature inde-
used in they direction. pendent

It is convenient to scale out the variables by defining
B. Tensor order parameter

We use the Landau—de Gennes tensor order-parameter Qij=6¢/bQ;,
Q. formalism since it is free frondivergentterms due to (6)
the defect cores and it takes into account biexiality that T,=242c%/b*f, .

may occur in nonuniform nemati¢¢2-14.
Owing to the traceless, symmetric character of the tensolt will be understood that such scaling has been carried out,
order parameter it can be represented1ds and we shall omit the overbars in the text below.

L L We also introduce a dimensionless temperatut®y de-
Qup(N=3Q(3n,Ng=8ap) + 3Bl g=mMp), (1) fining

o _ o o a= 7b?/24c. 7
where the direction of maximal orientational order is given

by the directorn, Q is the scalar order parameter, and the For a uniform uniaxial nematic Q;;=Q,Q,,=Q33=

unit vectorsl,n,m form a local orthonormal triad. —1/2Q) the free energy5) takes the form
Spatial nonuniformities that do not coincide withbreak
the cylindrical symmetry of the average angular environ- fo=7Q%2—2Q%+ Q" (8

ment, and thus one must allow for biaxiality, i.B+#0.

The translational Symmetry of the interface a|ong the The nematic state is stable wher1l with a degree of ori-
axis and the assumed homeotropic boundary conditions o@ntational order given by
the colloidal surface imply that the director is confined to the
xy plane. Then the vectan may be chosen along ttzaxis Qu=ol 1+ /1_ §T> 9)
and the vectot is in thexy plane, b= 4 9/
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We modeled the temperature gradient in thdirection by
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assuming that depends on th& coordinate 0.04
0.8

2X 06 0.02
=1 1+ a |, (10 -

Qo 0 M

04

wherer.=1 is the NI transition temperature. Equaticr0) 0.02
implies that the NI transition occurs a0, i.e., the inter- 02

face is in the middle of the cell and is parallel to thexis.
0 5-0.04

The elastic free energy density can be writterj 5§

02 0.1 0 01 0.2 0.3
fezlLl& Q1 2& & (11) FIG. 2. Order paramete® and biaxialityB of a free NI inter-
27 X X 27 IX) X face. Circles: order parameter, results of the numerical minimiza-

tion; solid line: fit to Eq.(12). Squares: biaxiality, numerical results.

Note the different scales and offset for the order parameter and
where the constants; and L, are related to Frank-Oseen pjaxiality profiles.

elastic constants byK;;=Kz3= 9Q§(L1+ L,/2)/2 and Ky,

=9Q§L1/2 andQy, is the bulk nematic order parameter. The
sign of L, defines the preferred orientation of the director at
the NI interfaceL,>0 (L,<0) favors planaiperpendicu-
lar) anchoring[18].

IIl. RESULTS
A. Free interface

First, we analyze the tensor order parameter of a free NI

We assumed strong homeotropic anchoring of the directoihterface, without colloidal particles and temperature gradi-
at the colloidal surface. This is valid if the anchoring param-ents, for a system with,/L,=2. For this ratio of the elastic
eterWR/K>1, whereW is the anchoring energy of the sur- constants the interface favors planar anchoring of the director
face, and holds for large colloidal particles and/or anchoringmolecules parallel to the interfacgl8]. The order param-
strengths. We also assumed that the nematic at the particier is fixed at the cell boundarieQ(x=—L/2)=1, Q(x
surface is uniaxial with a scalar order paramepgr=1, in- =L/2)=0 and the director is aligned along tyeaxis, par-
dependent ok. Under these conditions, a planar interface isg|lel to the interface.
wetted by the nematic phase as the temperature is lowered The order parameter and biaxiality profiles are shown in
through the NI transition. Fig. 2. As expected, the order parameter changes from the
bulk value of the nematic phas®,=1, to the bulk value of
the isotropic phase&;,=0. The width of the interface is of
the order of the nematic correlation length. The nematic and

The equilibrium distribution of the tensor order parameterisotropic phases are uniaxial, with zero biaxiality. The inter-
Qj; is obtained by minimizing the free energy functioidl  facial region, however, is slightly biaxial.
numerically using finite elements with adaptive meshes. Dur- Note that the analytic solution of the corresponding varia-
ing the minimization the square integration reglo L was  tional problem does not exist, even in the one-dimensional
triangulated using the BL2D subroutif&9]. The functions case, when the tensor order parameter depends only on the
Q; are set at all vertices of the mesh and are linearly intercoordinate. However, one may use the de Gennes ansatz for
polated within each triangle. The free energy is then mini-the order-parameter profile, which neglects biaxidli],
mized using the conjugate gradients methad] under the

A new adapted mesh is generated iteratively from the pre- (
vious minimization. The new local triangle sizes are calcu-
lated from the variations of the free energy, in order to guar-
antee a constant numerical weight for each minimizatio V .

parallel to the interface,
had~ 10° minimization variables. Lengths are in units of the
diameter of the colloidal particle,R=1.

We usedé?=1,8¢c/b?=0.001 that corresponds to a nem-
atic correlation lengthé~0.03, which is larger than the
L =20 and the temperature gradient was seta0.025. A fit of the results of the numerical minimization to E4.2)

In order to obtain both stable and metastable configurayields {2~0.008 07 while Eq(13) gives>=0.008, i.e., the
tions, we used different types of initial conditions including agreement is very good. The small difference is attributed to
flat and curved NI interfaces. the biaxiality of the interfac§l12], not taken into account by

D. Minimization procedure

1

1-tanh,
5 an

Q Y (12

(13

constraints imposed by the boundary conditions.

o here{ is the nematic correlation length when the director is
variable. The final meshes, with a minimal length~e10 2,
smallest mesh length. The system size was eithed2 or
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the ansatz212). Note that we decreased the minimal mesh
length down to 10 in order to increase the accuracy of the
results. 1

We also found that the surface tension is a function of the
polar angle of the director with the interface normal. Asa 0
result, the interface has an easy axis with corresponding an-
choring energy. We found planar interfacial anchoriegsy
axis parallel to the interfagefor L,>0. L,<0 results in 2
homeotropic interfacial anchorin@asy axis normal to the
interface in agreement with previous resu(t2,18.

We studied the interaction of a colloid with the NI inter- 9
face under various anchoring conditions of the director at the
interface: (i) director parallel to the interfacd,,>0; (ii) 1
perpendicular to the interfack,<0; (iii ) director tilted with
respect to the interface, due to a mismatch between interfa-
cial anchoring and the alignment at the cell boundaries. 4
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B. Planar interfacial anchoring

The anisotropy of the elastic constantsLis/L,=2, fa-
voring director alignment parallel to the NI interface. The
director at the cold wall is fixed parallel to tlyeaxis, which
is also parallel to the NI interface.

Typical order parameter and director maps are shown in
Fig. 3. The strong anchoring of the director at the colloidal
surface yields two half-integer defect lines in the nematic, far
from the interface, to ensure that the topological charge of
the system is zergsee Fig. 8)]. The director distortion
vanishes very rapidly in the nematic phase, and the cores of
the defects extend over a few nematic correlation lengths, in G, 3. (Color onling Order parameter and director maps for
line with previous studief7,21,23. At these distances there colioids at a distance from the NI interface(a) d=—2.5; (b) d
is no interaction between the colloid and the interface: the= —2: (¢) d=—1; (d) d=1.5; (¢) d=1.625; (f) d=2. Red(dark
director at the interface is uniform, the interface is flat and itcorresponds to the isotropic phase wih=0, and white to the
is pinned atx=0, where the nematic and isotropic phasesnematic phase witlQ~1. System sizd.=12, anisotropy of the
coexist(7=1). elastic constantk,/L,=2.

On reducing the colloidal distance from the interface, the
?heef?;g;);iissrfgstg:?gigtzrl];?gag];é%d?ﬁgri]::tneur?;cselyt;?lj iltg;]es energy as a function of the particle position in Fig. 4.
towards the colloid to accommodate the isotropic phase Deep in the isotropic phase, the configuration of Fig) 3

where the defect core disappeared. Note that the anchoring '§t the only stable one. There is a small force acting on the

the NI interface is planar and follows the interfacial CurVa_particle in the direction opposite to the temperature gradient.

ture, except in the region where the defect used to be. Her&Mis fqrce is due to an ncrease in t'he free energy OT the
the director tilts and the interfacial anchoring becomes hol€Mmatic layer, as the particle moves into a region at higher
meotropic, see Fig.(B). temperature. _ o _ _

As the colloid moves further into the isotropic phase, itis Moving from the isotropic into the nematic phase, this
wrapped by the NI interface that forms a nematic “cavity” configuration becomes first metastable, and then unstable. At
around the colloid[Fig. 3(d)]. The second defect is still a certain point, the configuration with a nematic “cavity” in
present on the nematic side. At a certain point, this configuthe isotropic phase, Fig(@), becomes stable.
ration becomes metastable, and eventually annihilation of the Finally in the nematic phase, the configuration with one
second defect occurs. This is accompanied by a symmetigefect becomes metastable, and then unstable. The second
breaking transition: the cavity is no longer symmetric underdefect appears, as shown in Figa3 At this point the inter-

y— —y reflexion[Fig. 3(e) illustrates one of the two possible action of the particle with interface almost vanishes. The
configuration$ These configurations with broken symmetry small negative slope of the free energy, giving rise to a force
are always metastable. along the temperature gradient, is due to the temperature

Finally, deep in the isotropic phase, the colloid is wrappeddependence of the elastic energy, which increases as the par-
by a thin layer of nematic phase due to theetting bound-  ticle moves towards the cold wall.
ary conditions at the colloidal surfac®{=1), Fig. 3f). The jumps in the free energy reveal discontinugas

To investigate the nature of the structural transitions befirst-orde) instabilities between the physical director con-
tween different director field configurations, we plot the freefigurations. The equilibrium position, i.e., the position where
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-3.05 : : : — : :
one defect 1 no defects
:
1
OO isotropic to nematic |
3.1 =—s nematic to isotropic 1 annihilation of the _|
> Y { second defect
9 1
@ i
C 1
o I |
] ) 1 S@H®®
o R i
H- 315k | : R B
i i
: : e N N
I ! ! o NN
2 defects i one defect 1 no defects [ N T T
3.2 1 Ll i I ; ! H 1 L RN
: -2 -1 0 1 2 [~~~ ~ e
Colloid position, d/ R ! _Q _
===== N
FIG. 4. (Color onling Free energyF as a function of the dis- Ap= e e 2 ’/ '; ‘/
. . . L
tance of a colloidal particle from the NI interface. Both metastable . .
and stable solutions are shown. Circles, particle moving fromthe  f_ _ _ _ . . . .

isotropic to the nematic phase; squares, particle moving fromthe 4 3 -2 -1 0
nematic to the isotropic phase. System dize12, anisotropy of
the elastic constants,/L;=2. Letters correspond to the director
configurations shown in Fig. 3.

FIG. 5. (Color online Order parameter and director maps for
colloids at a distancd from the NI interface(a,b,0 d=—1.5; (e)
d=—0.5. System siz&.=20, anisotropy of the elastic constants

the force on the colloid vanishes, is near the interface; at Lo/Ly=-05.

=0. Indeed, in a planar cell, one may have the director aligned

parallel to the bounding plates, say, along thexis and a NI
C. Homeotropic interfacial anchoring interface in thezy plane providing planar anchoring along
Liquid crystals with negative elastic constant anisotropy,th€ Z axis. This is the so-called hybrid, ar cell [24,25

K> K1q,Kgs, are modeled by, /L, <0 [16]. In these sys- where the director bends in the bulk to match the boundary
tems the, NI ,interface favors homeotropic anchoring i e, conditions; as a result there is a bulk splay-bend deformation

alignment of the molecules perpendicular to the interfacéVen in the absence of colloidal particles.

[18]. For this geometry we usdd, /L ;=2 and fixed the direc-
To study this case, we fixed the director at the cold wallt" &t the cold wall parallel to the axis or perpendicular to

along thex axis and used for the elastic constahigL,=  the Nl interface. The system size lis=20. o

—0.5. For this set of parameters the director is parallel to the 1N€ order parameter and director maps, shown in Fig. 7,

x axis, or perpendicular to the interface. are qualitatively similar to those described in Sec. Il B,
The order parameter and director maps are shown in Fig x : , : , |

5. Since the director is perpendicular to the interface, the b

K R . X no wrappin no defects
defect lines are in the plane parallel to the interface, Fig. -2s3s e

5(a). In this geometry both defects merge with the isotropic
phase very quickly, when the particle is still on the nematic r
side of the interface, Fig.(§). Subsequently, the particle is &
surrounded by a thin layer of nematic phase until the fully & 2838~

(O]

(]

o

L

wrapped state in the isotropic phase obtains, Fifj. 3

Deep in the nematic phase, we have also found a configu
ration with only one defect, Fig.(B). However, analysis of
the free energy, Fig. 6, shows that this configuration is al-
ways metastable.

-28.4 > —

D. Director tilted at the NI interface 28425 ' 9

0
Another situation, often found in experiments, corre- Colleid position, d /R

sponds to tilted NI interfaces. However, thesimple g1, 6. (Color onling Free energyF as a function of the dis-
Landau—de Gennes theory fails to describe this interfaciabnce of a colloidal particle from the NI interface. Squares, initial
anchoring and higher order gradients or more sophisticateghndition with a “flat” interface; circles, initial condition with a
density-functional theories are required in order to describecurved” interface; triangles, “curved” interface with the initial
tilt at NI interfaces[23]. In finite cells, on the other hand, director tilted at=/4 (metastable configuration System sizeL
tilted interfaces may result from mismatching boundary con-=20, anisotropy of the elastic constahts/L ;= —0.5. Letters cor-
ditions at the cell boundaries and the NI interface properrespond to the director configurations shown in Fig. 5.
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N - FIG. 9. Force on the particle as a function of the particle posi-
o b EO tion. Inset: strength of the force as a function of the colloidal size
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FIG. 7. (Color onling Order parameter and director maps for

colloids at a distance from the NI interface(a) d=—2.5; (b) d

=—2; (d,e d=0.7. Red(dark corresponds to the isotropic phase
with Q=0 and white to the nematic phase wifhr~1. System size

L =20, anisotropy of the elastic constamtg/L,=2.

comes metastable in the isotropic side of the interface; the
defect-free configuratiofiFig. 7(e)], which was metastable
previously, is now stable. A physical explanation is simple:
because of the tilt, the remaining defect is closer to the in-
terface and it is more easily annihilated. The bending of the
interface is also weaker.

where the director is parallel to the cold wall and the inter-
face. The tilt of the defects is due to the tilted nematic direc-
tor, Fig. Ma). Otherwise, the same configurations are present:
with two defects, deep in the nematic ph@be. 7(a)]; with
one defect, close to the interfaféigs. 7b) and 7d)]; with-
out defects, also close to the interfadéig. 7(e)]; without
defects, deep in the isotropic phdsémilar to the configu- free energyF is a quadratic function of the position of the
ration shown in Fig. &)]. colloid and thus, in this region, the force is proportional to
However, a careful analysis of the free energy, which isthe separation.
shown in Fig. 8, reveals that the structural transitions are Ve have calculated the forde=—4dF/dd, as a function

different. The configuration with one defeldig. 7(d)] be-  of d, for several colloidal sizes, in the geometry with planar
interfacial anchoring, as in Sec. Ill B. The resulting curves,

together with the fit to the following dependence

IV. DISCUSSION AND CONCLUSIONS

We end with a brief discussion of the implications of our
work on the drag of colloidal particles by the NI interface.
Figures 4, 6, and 8 reveal that close to the minimum the

28'14(50 one defect no defects d
r F=Fy+ kﬁ* (14

-28.17 —
>
g are shown in Fig. 9. The inset of Fig. 9 shows the depen-
& 282 . dence of the force strengthon the particle size. We find
8 oo defoct 3 that, to a good approximatiokg R2.
L 2825 "] It is interesting to compare this result to the scaling argu-

ments used in Refl0]. If we neglect phenomena related to

the creation and annihilation of defects, and treat the inter-
2 defects

-28.26

=

1 L | L I L | L | L
-1 0 1 2 3
Colloid position, d/ R

-3

FIG. 8. (Color online Free energyF as a function of the dis-

face as sharp, the only parameters in the problem are the
radius and length of the colloid®R and L respectively, the
elastic constank, and the surface tensian. The appropri-

ate combinations of these parameters with the dimensions of
force areKL/R and oLR, where we took into account that

tance of a colloidal particle from the NI interface. Squares, initial fOF @ particle of length.> R the force is proportional tt.
condition with a “flat” interface; circles, initial condition with a 1 herefore, the elastic and the surface tension contributions to
“curved” interface. System sizé. =20, anisotropy of the elastic the total force can be written aB.=KL/Rfy(d/R), Fs
constantL,/L,;=2. The director is tilted at the NI interface. Letters =Lof{d/R), wheref, and fs are dimensionless functions

correspond to the director configurations shown in Fig. 7.

of the penetration deptt/R. It is clear that neither of these
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forces gives the observedR? dependence on the particle ~ We also note that wrapping a colloidal particle by the NI
size: the elastic force is inversely proportionaRowhile the  interface resembles the process of wrapping a colloidal par-
contribution due to the surface tension does not depend oficle by a membrang26,27]. A detailed comparison of these
the particle size at all. One reason for this discrepaapart ~ processes requires, however, further analysis.
from the presence of defeg¢tis the complex structure of the ~ To summarize, we studied the interaction of a cylindrical
interface, which bends forming a cavity to wrap the colloid. colloidal particle with a NI interface. We found that, when
Another interesting conclusion is the asymmetry of thef[he partlcl_e is close to the mte_rface, the force on the pa_rtlcle
free energy profile as a function of the colloid position: wheniS Proportional to the penetration demfR, and the ampli-
the particle moves from the nematic to the isotropic phaselude Of the force scales &. At larger penetrations, discon-
the metastable phase with a nematic cayfjg. 3d)] be- tinuous con_flguratlonal transitions occur, related to the
comes unstable much faster than the corresponding metg[eanon/annlhllatlon of topological defects.
stable state with one or no defe¢tg. 3(b)], when the par-
ticle moves from the isotropic to the nematic phase.
Therefore, the interface drags the particle more efficiently Itis a pleasure to thank M. Deserno, Yu. Reznikov, and A.
when the colloid moves from the nematic to the isotropicGlushchenko for stimulating discussions. D.A. acknowl-
side, owing to the presence of a higher energy barrier. Thiedges the support of the Alexander von Humboldt founda-
effect has been observed experimentallQ]. tion.
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