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We have studied a composite system formed by a nematic thermotropic liquid crystal in which small silica
particles have been dispersed. The colloids are aggregated and exert a randomizing effect on the nematic
structure. The distorted pattern of the optical axis gives rise to a strong optical turbitlitg have measured
7as a function of the silica concentratidnand of the temperatur€ in both the isotropic and nematic phase.

We have found that, at fixe@l,  has a maximum as a function &f, and that, upon changird, the whole

shape ofr(T) drastically transforms. We have devised a model to describe the scattering of light from a
distorted uniaxial system. The model has been developed both in the Born approximation and in the anomalous
diffraction approximation, the two regimes which cover the broad range of experimental conditions. The
family of 7(T) curves experimentally obtained at differa&b's is remarkably well described by the theoretical
model, using as the only fitting parameter the correlation ledigiie have found that, upon decreasthgthe

nematic correlation length diverges as a power lawboiWe compare the exponent of the power law with the
prediction of the Imry-Ma theory of phase behavior in disordered systems, and we discuss the connection
between{ and the fractal correlation length of the silica aggregdt®$063-651X98)14802-X

PACS numbe(s): 61.30.Eb, 64.70.Md, 82.70.Gg, 78.3%

[. INTRODUCTION This phenomenon has been exploited to realize prototypes of
reversible optical memories, whose readability is a conse-
Nematic liquid crystals containing dispersed colloidal par-quence of the difference in the total scattering between the
ticles, sometimes called “filled nematicS’FN), are attract- oriented phase and the distorted nematic phase.
ing a growing interest in soft condensed matter physics, and We have studied a liquid crystal in which we have dis-
have been the subject of a few different experimental studieBersed small silica particles commercially available in pow-
[1,2]. Their interest is both fundamental and applicative. Theder form(Aerosil). When these particles are dispersed in the
fundamental physical interest of FN is connected to the studyC in concentrations above the fraction of percent, they ag-
of phase transitions in the presence of controllable quenchedf€9ate and form gel-like structurgs]. The LC molecules
disorder, which constitutes a kind of novel thermodynamicalIn contact with the silica surface experience a local field
variable. Phase diagrams of liquid crystaC) as a function yvhlch usually .strongly favors an ahgnm_ent parallel to the
of the “disorder density” have already been theoretically'nterface[4]' Since the aggregated colloids have a random

) . structure, such a local field has an overall randomizing effect
introduced(3]. The fact that the amount of quenched dlsor'on the nematic director. A randomizing field fixed in space,

der can be experlmenta_lly controlled_ln a '.:N has b_een Clearl}ﬁepending neither on temperature nor on the phase structure
demonstrated by studying the calorimetric behavior at botl?)f the LC, such as the one described here, is generally re-

the isotropic to nematic and nematic to smeeiphase tran-  fgrred to as “quenched disorder.” The structure of the nem-
sitions: critical exponents, latent heat, finite size rounding,gjc phase in the composite LC-Aerosil system is then the
effects, all depend on the concentration of silica particles in &onsequence of a compromise between the quenched disor-
continuous fashior2]. The applicative interest stems from der provided by the silica particles and the elastic force
the fact that the strong optical opacity of the FN can bewhich tends to minimize the distortions of the nematic direc-
suppressed by the application of an external electric fieldior. The result is a disordered nematic phase, in which the
which couples with the nematic director and forces an overerientation of the nematic director, and hence of the optical
all alignment of the LC overriding the quenched disorder.axis, is continuously distorted as a function of the position in
This forced alignment persists, as a metastable state, eveie system. The quality of the local orientational order, ex-
when the field is removed. The scattering state can be repr@ressed by the local nematic order parameter, is presumably
duced by locally heating the system over the clearing temeonstant, since the distortions induced by the silica particles
perature and then letting it go back to the nematic plidke have a spatial range much larger than the molecular size.
The composite LC-Aerosil system we have studied is a
weak scatterer when the LC is in the isotropic phase, but
* Author to whom correspondence should be addressed. Addredzecomes highly opaquenuch more than the bulk nematic
correspondence to Dipartimento di Elettronica, UniverditRavia, ~when the LC is in the nematic phase. Due to the large bire-
via Ferrata 1, 27100 Pavia, Italy. fringence of the nematic phase, the spatial fluctuations in the
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orientation of the optical axis strongly scatter light. Measur- X N [

ing the turbidity is then a way to quantitatively evaluate the Tyn=145°C Ty =28.8°C

nematic distortions.

This work focuses on the measurement of the nematic cor- |n the nematic phase the molecules display a long range
relation lengthy in the FN, i.e., the correlation length for the orientational order along a common direction, named the
spatial fluctuations in the nematic orientation. As discusseghematic director. The onset of a preferential direction for the
below, in our systeng can also be defined as one-third of the molecular axis makes the nematic phase anisotropic in its
correlation length for the director autocorrelation functionmost relevant physical properties. Optically, the nematic

g(R) which is assumed to be exponential: phase can be described as a uniaxial material, having a
temperature-dependent birefringencd. We call m; and
g(R)=(n(r)-n(r+R))=exp(—R/3(), (1) m,, respectively, the refractive indices parallel and perpen-

. . i L dicular to the nematic directar. The birefringence, defined
wheren(r) is the unit vector representing the nematic d'rec'asAmzm”—mL , upon lowering the temperature has a dis-

tor at a given positiorr, R=[R|. () indicates averaging cqontinuous increase at the first-order transition temperature
over ther position. We assume thg{R) is isotropic. This IS T, to a value abouhm=0.10. By further loweringr, Am
reasonable, given the isotropic nature of the quenched d'SOE'ontinuoust grows and reaches a valueAoh=0.16 when

der produced !n thfeksys.tem. for th i fT=TXN [6(@)]. Apart from a small temperature interval
¢ is a quantity of key importance for the understanding of, g1, |, the birefringence of the nematic phase can usu-

the phase transition in the presence of disordés.in facta o e described by using the phenomenological expression
direct measure of the “resistance” or the “stability” of the Am=Amy(Ty,—T)? [8]. In the case of bulk 6CB, we have

nematic phase to the presence of quenched disorder. In prirﬂ— h in R f A
ciple,  can be larger than the typical length over which the:ttgdlot7 Zn((jjgti Opitéséented in Ref6(a)] and found Amg

disordering structure is correlated. The study of the depen-
dence of{ on the density of disorder may constitute an ex-
perimental verification of the Imry-Ma argumel], a cor-

The samples have been prepared by dispersing Degussa
Aerosil R812 silica nanoparticles in the 6CB. The Aerosil

. - : 4 R812 is a colloid with a globular shape, its size distribution
nersione in the statistical physics of disordered SYSIeMYy; the diameter is peaked at 7 nm and presents a half-width

Moreover, as far as applications are concerned, both the OR% about 2 nm(9]. The Aerosil colloids are produced under
tical turbidity, and therefore the contrast of the FN applica—]clame in the forrﬁ of powder and used industrially as thick-
tions, and the electric field threshold for switching dependeners. We have chosen the Aerosil R812 because it is treated
on¢. . to lower the concentration of silanol groups on the surface
Ir_1 t_he work presented her_e, we have measured _the OPUiCA therefore to reduce its hydrophilic character. This fact,
turb'd.'ty rofa F.N asa fqnctlon of the valume fractish of according to our experience, increases the stability of the FN
the dispersed silica particles and of the temperafur&Ve ixture, especially at low concentrations of silica.
have devised a model suitable to describe the scattering (')Tf] The éamples have been prepared both by direct dispersion

light from a distprted uniaxial system. .The mo.del has beer}md by dispersion in an intermediate solvent which was sub-
developed both in the Born approximation and in the anoma;

lous diffraction approximation, the two regimes encountere

in the LC are aggregated, we have performed dynamic light-
scattering measurements in the isotropic phase. We have
. . L found indeed that the measured translational diffusion coef-
temperaturel enables us to derive with good precision theficient corresponds to that of a 1@m diameter aggregate.

value of the ner_natic correlat.ion length. The observed deper}:or the present work, which does not deal with the physics
dence O].Z. on® is discussed In terms of the fractal Properties ¢ yq dispersion, but is instead focused on the resulting dis-
Oifthf s;,'l('jc.a ggl and Orf avat|lable.t'theoret|cal results on thetorted uniaxial structure, what is important is the fact that the
elfect of disorder on pnase transitions. Aerosil is aggregated in some sort of colloidal gel, and there-

This paper is organized as follows. In Sec. Il we describgq o hresymably does not appreciably change its structure
the experiment and present the results. Sections IIl and 'Vvhen the LC undergoes a phase transformation

are devoted to the light-scattering models, developed, respec- The experiments have been performed by putting the

tNeIY’ in the qun a.pprOX|mat|on and in the anomalous d'f.' samples into thin cells made with semioptical glass, treated
fraction approximation. In Sec. V we compare t_he EXPeM5n the surface so as to favor perpendicular alignment of the
mental results o the mod_els, denvntgfor thg different . molecules. We have used cells having thicknéss20 and
sampl_es useq in the experiment and discussing _the SC8.|I% um, depending on the value of
behavior we find. In Sec. VI we state our conclusions. In order to measure the transmitted intensity, we have
used a standard procedure, i.e., we have illuminated the FN
Il. EXPERIMENTAL METHODS AND RESULTS cell by a He-Ne laser expanded beam and we have tightly
selected the light exiting the cell in the forward direction by
The experiment was performed with the thermotropic lig-a small pin hole on the focal plane of a converging lens. The
uid crystal hexacyanobipheny8CB). 6CB is a well charac- temperature was set by a computer interfaced Instec RTC-1
terized LC[6]. Its phase diagram exhibits isotropig ( nem-  temperature controller. The temperature stability is of the
atic (N), and crystal X) phases as follows: order of (210 %) °C. The experimental runs were per-

tained for different values ob. We show that the measure-
ment of the optical turbidityr of a FN as a function of
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— T T T compare well with theT dependence of the bullhm?.

CurvesD, E, andF belong to this regime of concentrations.
(3) A high ® regime @>0.2), where, for growing values

of @, 7 decreases as in the previous regime, but displays a

continuous behavior at thidl phase transition. Also notice

the fact that, in this regime, the appardny, decreases for

increasing®. The behavior of the FN in this regime contains

all the elements predicted and observed forNHeransition

of LC in random environmen{d0]. CurveG belongs to this

regime of concentrations.

T (um')

20 . 22 I 24 I 26 l 28 l 30
T (°O) lll. LIGHT SCATTERING FROM A DISTORTED

NEMATIC: BORN APPROXIMATION
FIG. 1. Optical turbidityr measured as a function of the tem-

peratureT for different values of the silica volume fractish. The In order to interpret the experimental results, we have
alphabetic sequence in the labels of the cur¥ess is for increas- developed a quantitative model for the calculation of the
ing values of®. CurveA: ®=0.009; curveB: ®=0.013; curve light-scattering cross section. The turbidity is simply derived
C: ®=0.026; curveD: ®=0.052; curveE: ®=0.083; curve by performing an integral over all possible directions of the
F: ®=0.120; curveG: ®=0.254. differential scattering cross section of the medium. As such,
7is a property only of the medium, independent from geom-
formed by using temperature ramps of about 0.8 °C/h. Thetry and size of the sample.
value of 7 has been derived from the measurements accord- Our model assumes that the orientation of the nematic

ing to the extinction equation director presents spatial fluctuations with a scalar order pa-
rameter which is constant throughout the sample, that is, the
=10 exfd —7d], (2  scattering medium is a uniaxial material having continuous

but random distortions of the optical axis. This situation is

wherel, andl are, respectively, the incident and the trans-different from the standard problem of light scattering from a
mitted intensity. bulk LC. Many theoretical treatments have been presented

It should be stressed that the validity of EQ) is not  describing the scattering of light from the isotropic phase in
limited to the single-scattering regime. It can be used also ithe proximity of theN| transition[11], or from the nematic
a situation in which multiple scattering is relevant, providedphase[7]. In such cases the main contribution to the scat-
that the forward scattered intensity is small in comparison tqered light comes from the spontaneous fluctuations of the
the transmitted intensity. The minimum value of the ratioscalar order parameter due to thermal motion. On the con-
I+/15 which, for our optical setup, is acceptable in order totrary, in the FN the main contribution to scattering comes
have a negligible contribution from the scattered intensity ifsrom the large spatial fluctuations introduced by the
aboutl+/1,=10"3. qguenched disorder, whereas thermal fluctuations can be ne-

In Fig. 1 we show some curves ofvs temperaturél  glected in our approach. The available theoretical treatments
measured with samples containing different volume fractionsvhich are closer to our experimental situation are those con-
® of silica particles. It can be easily noted that, upon increaseerning the light scattered by anisotropic particles in a ho-
ing @, there are considerable changes in the shape of th@ogeneous mediunil2], in particular those referring to
temperature dependence af This fact indicates that the uniaxial scatterers having sharp boundarieslloids, LC
shape ofr(T) is a nontrivial feature of the FN, and therefore droplets, and LC domaing13].
it can be used as a probe of the internal structure of the In this section and in the following we present calcula-
system. tions of the total scattering cross section performed in the

Three different regimes, of low, intermediate, and hdgh  frame of two different approximations: the weak scattering
can be easily recognized by a first inspection of Fig. 1. approximation, or Born approximatidBA), and the anoma-

(1) A low @ regime(roughly 0.009<®<0.059, where, lous diffraction approximatiofADA) [12]. These approxi-
for growing values ofd we obtain growing values of. In mations become exact in two different limiting regimes, de-
this regime, upon lowering, 7 has a large increase at fined in terms of amplitude and spatial extension of the
=Ty, and an almost saturated behavior for lowerAlso  fluctuations of refractive index. When one deals with scatter-
notice the presence of a peakatTy,. Such a peak is a ing from homogeneous particles in a homogeneous medium,
nonequilibrium feature of the system, and can be removed bthe amplitude of the fluctuations of the refractive index is
letting the system thermalize for long enough time. Curvegjiven by the difference between the refractive indices of par-
A, B, andC belong to this regime of concentrations. ticle and solvent, while the typical size of the fluctuations is

(2) An intermediated regime (roughly 0.055<®<0.2), given by the particle radius. In our case, instead, amplitude
where, for growing values ab, we obtain decreasing values and size of the fluctuations are given, respectively, by the
of 7. In this regime, the behavior at the transition remainsbirefringenceAm and nematic correlation length The BA,
discontinuous,r is rather strongly dependent oh in the also called the Rayleigh-Gans approximation when dealing
whole nematic range, and the peakTat Ty, is absent. In  with scattering from particles, is valid in the regime where
this regime ther vs T curves are all similar in shape and Am<1 and { Am<\. The ADA, instead, is valid when
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Am<1 and{>\. As discussed below, the two regimes have (ny(rn,(r+R))ecexp —R/3?), (5)

a region of overlap.

The common ground for the development of the two modelsvhere « indicates thex, y, or z direction in a Cartesian
is the twofold assumption already introduced in Sec. |: theeference frame.

validity of Eq. (1) and the fact that the local birefringence of  Let us callS the scalar nematic order parameter. Experi-
the LC is equal to the bulldm. This latter assumption is mentally, S can be defined through its proportionality with
indeed a very reasonable one since the director distortiorifie bulk LC birefringence

are on a length scale much larger than the molecular size.

The way we have modeled the system in order to perform the Am(T)=Am(T), (6)

calculations of the total scattering is different in the two AP~ hereAm. is the birefringence one would have in a nematic
S

pro>§|mat|ons. Wh|le in the BA palculathn we use only the where all molecules were perfectly aligned along the direc-
statistical properties of the continuous distortion of the nem-

oo ; . . tor. It is also useful to define the saturated dielectric anisot-
atic director, in the ADA calculation we make a more drastic . : P
fopy at optical frequencies eg=A(mZ)~2(m)Ams.

assumption: we assume that our system is a collection o The local t ial ord than b it
independent anisotropic scatterers having a birefringence € local tensonial oraer parame@rcan an be written

which decays to zero as one moves away from their center§S [7]

We discuss now the BA approximation which essentially _ _

requires that the phase change of the optical field over a Qup=S(3NuNg ™ Sp) /2. "
distance comparable with the range of fluctuations is much The dielectric tensor is, in a nematic LC, basically pro-
smaller than 2. Within such an approximation, the average portional toQ [11],

scattered intensity is simply proportional to the spectral com-

ponents of the dielectric tensey,4(r). This fact makes pos- €ap(r)=(€) 0,5t 5A€Qp(r). ®)
sible the derivation of the differential scattering cross section

from the statistical properties of the director.

Let us consider a volum¥ illuminated by a monochromatic
beam polarized along (u, is the unit vector along), and
propagating in the direction. We calll, the intensity of the
incident beam) the wavelengthko=2m(m)/\. Let us as-
sume that the scattered intensity is collected at a disthnce
from the scattering volumeévhereL is much larger than the
size of the scattering volumeand thatu; is its polarization,
let us make use of the ordinary Euler angteand ¢ around
thez axis to describe the scattering directi@ee Fig. 2, and
let us callky, and ks the wave vectors of the incident and
scattered light. The scattering vectpeky—k; has ampli-
tudeq=2k, sin(6/2). The intensityl, ((q) scattered per unit
solid angle with polarizatiom is [14]

From Egs.(7) and (8) it follows that, to compute the
spectral components of the dielectric ten$egﬁ(q)|2, we
need to know(n,(r)ng(r)n,(r+R)ng(r+R)). Therefore
the nematic correlation function in E¢5) is not sufficient
and we need to introduce a further assumptiom. It is
interesting to note that a similar problem is found in the
description of the rotational diffusion of a Brownian particle
presenting a symmetry axis. The difference between the two
cases is that in the latter the origin of the noise is thermal and
the direction of the particle axis is a time-dependent random
variable, whereas in the case of the FN the noise is static and
the nematic director is a space-dependent random variable.
By taking advantage of the fact that the solution to the prob-
lem of the rotational Brownian motion of a uniaxial particle
is known[14], we exploit the analogy by transporting in the
spatial domain the solutions which are available in the time
L (@) =10k V| €, 1(Q)]| 2/ (16m2L2(m)%), (3  domain. If we consider a line cutting across the sample, and
we call x the position along the line, we assume that the
statistical properties af(x) are the same as those of the unit
vector describing the orientational Brownian motion of the
particle axis as a function of time. A justification for such an
approach may come from the observation that the correlation
function for n(r) depends only on the modulus of the dis-
placemenR, and is therefore a function of a unidimensional
variable. However, in order to put on a firmer basis the light-

, scattering treatment, it would be useful to find a more real-
where 1(q) =1y1(q) +1x2(0), sy and ug, being two or-  jstic model which describes the distortions of a three-
thogonal polarization states. _ _ dimensional elastic medium when randomly pinned.

We divide the calculation in two parts: in the first we  gnce we substitute inside the solutions for the rotational
detail the specific zazsgumptlon used to calculate the Sp,ea@rownian motion the displacement in space to the time de-
componentse, ((q)|*, in the second we calculate the optical lay, and the spatial correlation range to the reciprocal of the
turbidity of the system. rotational diffusion constant, the analogy gives the following
expressions:

wheree, ¢(q) =uy- €(d) - us . The optical turbidityr is calcu-
lated as

= szdquwdeLzl(q)sin 0I(1V), @)
0 0

A. Calculation of the spectral components

-1 _
of the dielectric tensor (na(rn(r+R)) =35 exp(—R/3)), ©)

We start by noting that, because of the assumed isotropy (na(rng(r))=0 (a#p), (10
of the nematic correlation function, E€L) can be expressed ) ) L
in terms of the director components (nL(Nng(r+R)) =5+ zsexp(—R/{), (11)



FIG. 2. Geometrical definitions of quantities used in the BA

model.ky andk; are the wave vectors of the incident and scattered
light. u, andu; are the polarizations of the incident and scattered

light. 6,¢» and 8,7 are Eulerian angles defining the orientatiorkef
(Na(NNg(NN(r+R)Ng(r+R)) =15 exp( —R/{)

(a#B).

Note that Egs.(9)—(11) incorporate the notion that
nZ(r)+nZ(r)+nZ(r)=1. From Eq.(7) it follows that

12

(QualNQual(r +R)) =% exp(—R/Y), (13
(Qup(NQup(r +R)) =% exp(—RI)  (a#p),
(14
and therefore, from Eq8),
|€aal@)?=EmSPALL3(1+07¢%) 72, (15

|€ap(Q) 2= S TSPAEL(1+9%%) 2 (a# ). (16)

Equations(13) and (14), which express the correlation

function for the nematic order parameter, justify our former

definition of { as a “nematic correlation length.” Further-
more, Egs.(15) and (16) show that{ is also the relevant
length for the fluctuation in the optical properties which re-
sults from the fluctuation in orientation of the optical axis.

B. Calculation of the scattered intensity

Let us call § and n the Euler angles of the scattering
direction referred to the axis, as shown in Fig. 2. The
Eulerian angles6,¢) and(8,7) are connected as follows:

COS5=sin 0 cosp,
17

cosy=sin 6 sing(1—sirf8 cog¢p) 2.

TOMMASO BELLINI et al.

FIG. 3. Calculated values of the turbidityas a function of the
nematic correlation lengtiiaccording to the BA and ADA models,
at two different temperatures, plotted in a log-log sdajeand in a
log-lin scale(b). Continuous line: BA model witff =20 °C. Long
dashed line: ADA model witifr=20 °C. Dotted line: BA model
with T=28 °C. Short dashed line: ADA model with=28 °C.

I x,f2(q) =1 ok3V| exy(q)uf2y+ Exz(q)uf22|2/(16772R2<m>(4)-
20)

The quantities,, 5(q) are in general complex. Equati¢20)
yields the whole speckled structure of the scattered light. The
phases are specific to the particular system realization. By
assuming ensemble averaging, E¢E9) and (20) greatly
simplify. The ensemble average is realized when the col-
lected area is larger than a coherence area. In a geometry
suitable forl(q) measurements, where the incident beam is
not focused, or even is deliberately enlarged, such a speckle
average is always performed. In particular, this is obviously
true when the optical turbidity is measured. After ensemble

Given a scattering direction, we choose two perpendiculaaveraging, and making use of the isotropy assumption, we

u; directions as followsus, lies in the plane defined by,
andk;, while u;, is perpendicular to it. Expressed in their
components these two vectors are

Uf1=(Us1x,Us1y ,Us1z)

=(sin §,—c0sd cosy, —COS S siny),

(18)
ufZE(ufZX yUgay !ufZZ) = (O!Sin”]’ - COS”) .
From Eg.(3) we then have
Ix,fl(q) =1 okgV| Ex(DUsrxT exy(Q)ufly
+ fxz(Q)uflz|2/(16772L2<m>4)v (19

obtain

|Ex,f1(Q)|2: | 6xx(q)|2 Sinf o+ | Exy(Q)|2 coss, (21

|gx,f2(q)|2:|€xy(Q)|2- (22

Finally, from Egs.(15) and(16) we obtain

21 okgAm2V {8 7—sirt6 co
[(Q)=1ly(q) + 1y 2(0) = 4577 (1+q200)°

(23
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It can be interesting to note that it is also possible to Low(@)/1yp(q)=413. (24)
extract from Eqs(15) and (16) the ratio between the polar-
ized[1yy(q)] and depolarizefl 4 (q) ] scattering intensities
whenk; lies in theyz plane, From Eqgs.(4) and(23), after some calculations we obtain

Am? [(1+4K57%+28k34) k32— (1+6k37%+8kge™)In(1+4k3?)]

~ 90(my? L1+ 4K 29

T

Equation (25) expresses the optical turbidity calculated Second, we calculate the total scattered intensity in our ADA
for a FN in the BA within our model. It provides a relation- model through the optical theoreh?2] rather than explicitly
ship between the measuredand the nematic correlation calculating the integral in Eq4). This constitutes a great
length . In Fig. 3 we showr({) as calculated from Ed25) simplification in the calculations, which cannot be used in
at two different temperatures by using fay, Am, and{m) the BA, since in the BA the energy of the optical radiation is
the values appropriate to our experiment. Note the existenaeot conserved through the scattering process.

of two regimes. In the limit of larg€, Eq. (25) transforms In order to specify the properties of the scatterers, let us
into take a generic pointy within the sample and calh, the
, 5 nematic director in that point. Upon moving away frag
_ 14kg{Am ks 1 26 the director increasingly loses memory of the original orien-
T asmy? tho>1. 8 tation in ro. Let us now consider all the locations inside the
sample where the nematic director points aleggand call
while, in the limit of short nematic correlation lengths them {r;}. Let us also consider all the orientations of the
4,38 2 director in the position$R;}={r;+ R}, whereR is an arbi-
32 Am . . o .
=, {Ko<1. (27) frary shift. We define an average “optical profileQ ,z(R)
27(m) as follows:

According to Eq.(26), for large ¢, = can be arbitrarily 1 N
large. This is evidently an artifact of the BA, which, fér Q_aﬁ(R): - Qup(R)
larger tharh/Am, is definitely inapplicable. The behavior of N
Eq. (26) would in fact lead to the conclusion that the bulk LC

is infinitely turbid. =f Q.s(N(R))P(N(R))[n(r;))dn(R;)

IV. LIGHT SCATTERING FROM A DISTORTED R
NEMATIC: ANOMALOUS DIFFRACTION =Qup(ri)exp — 7) (28)
APPROXIMATION

In this section we develop a model for the regime of largewhere N is the total number of locationsr; and
correlation lengths by using the anomalous diffraction apP(n(r1)|n(r)) is the conditional probability of a certain ori-
proach. According to the ADA, the incident light travels entation ofn inry given its orientation i,. The integration
across the sample maintaining its intensity profile, but losingn dn(R;) indicates the integration on all possible orienta-
its spatial coherence: the optical inhomogeneities within thdions of the director at the positidR; . In Eqg. (28) we have
system act as thin phase modulators. The phase modulatiohade use again of the analogy between the space depen-
is expressed by assuming that the incident light propagatedence of the random orientation of the nematic director and
through the scattering medium as an ensemble of straiglitmne dependence of the axis of a Brownian rotator, as de-
rays. Each ray then exits the sample with a phase given bgcribed in the preceding section. Since the conditional prob-
the optical path experienced within the sample. In this wayability of the orientation of a Brownian rotator at two differ-
the scattering object does not introduce, in the near field, angnt times is explicitly knowrj14], the analogy leads to the
variation in the intensity or in the direction of propagation. last equality of Eq(28).

The perturbed wave front of the radiation at the exit of the From Eqgs.(28) and(8) we obtain
sample gives rise, in the far field, to scatterifmydinary R
diffraction). —

Our ADA model differs from the BA model of the pre- faﬁ(ri+R):<6>505+(2/3)A65Qaﬁ(ri)e)(p( B Z)
ceding section in two respects. First, as anticipated in the (29
preceding section, it describes the system as a collection of
independent and randomly oriented uniaxial scatterers. ThEquation(29) describes a uniaxial correlation volume, coher-
structure of the scatterers is chosen in such a way that thently aligned alongn,. Its optical anisotropy is equal to that
model is consistent with the statistical properties of the conof bulk LC in the center, and exponentially vanishes as one
tinuous distorted nematic texture assumed in the BA modemoves away from its center. The surrounding medium is
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FIG. 4. Geometrical definitions of the anglesand y, used in
the ADA model.n lies in the plane shown in the figure.defines
the orientation of the incident polarization with respect to such a
plane.y is the angle between andkj.

>

taken to be isotropic with refractive indér). The ordinary
refractive indexm, experienced by an incident ray crossing

the medium, as a function of the distariRefrom the center FIG. 5. Geometrical definitions of the quantitigsr”, andR,

of the scatterer, is used in the ADA model. The thick line represents a light ray pass-
ing at a distance” from the center of the scatterdR.indicates the
m0=<m>— l Am exd — E ' (30) distance from the center of the scatterer of a generic point on the
3 I4 ray.
Analogously, when the polarization of the incident light is 35 to decrease the intensity of the transmitted beam of an
parallel tony, the extraordinary refractive index, is amount equal to the total scattered intensity. This is the basic
5 R content of the optical theorepi 2], which is expressed in the
Me=(m)+ 3 Am ex;{ - Z) , (31  equation
. o . 4
whereas, otherwise, for an incident ray not perpendicular to T0=17 R e-S(0)-€], (35
ng, we have
cogy sirty| 12 where e is a unit vector parallel to the polarization of the
m =|—t— , 32 inci ight,
e(7) 2 e (32 incident light
. ) - E CoS«
wherevy is defined in Fig. 4 as the angle betwerandk,. e= — =| . (36)
Since the scatterers are “index matched,” i.e., the refrac- [E| [sina

tive index away from the center of the scatterers is equal to

the average refractive index in the scatterer, the amplitude ¢tnd S(0) is the scattering matrix as defined by the classic
the scattered field depends only on the orientation of thdreatment of van de Hulgt2].

optical axis. Considering that the orientation is random for We calculate now the scattered field by using a procedure
distances larger that the total scattering of a system of Similar to that adopted by Zumer for the case of LC droplets
uniaxial scatterers optically matched with the solvent is then @ homogeneous matrpd3(b)]. We describe the incident
incoherent summation of the scattering of each single scatight beam as an ensemble of parallel rays crossing the
terer[13(d)]. As a consequence, the turbidity of a FN within Sample at a distance” from the center of the scattering
this approximation is simply related to the total cross sectiorPbject, as shown in Fig. 5. Defined in this waj,is a vector

o, of a single exponential scatterer, averaged over all posPerpendicular toko. After having crossed the sample the
sible orientations of its optical axis field has a phase dependingidn We express the diffraction
contribution in the forward direction as
(o0)

GE

whereC/{® is the number density of scatterers. At this stage
C cannot be better defined. We calthe angle between the \here the matrix(0) is given by
polarization of the incident light and its projection in the

=C (33

S(0)=K? f:[l—ﬁ)]r”dr”, (37)

scattering plan¢see Fig. 4 The averaged total cross section exdiA«(y)] 0
'S BO)= 0 expid,) 38
1 T 27
(o0)= prp fo siny d)’fo da oy. (349  andA, and A, are the phase shifts of an ordinary and an

extraordinary ray with respect to a ray propagating in the

The total cross section can be calculated from the scatterin%bsence of scatterek, andA. are given by

amplitude in the forward direction. Because of the conserva- "

. .. . . . k /2 r

tion of the total incident energy, in fact, the light scattered in Ag=—x f (My—(M)) —5— df (39)
the forward direction interferes with the transmitted beam so (m) J—zp cosB
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k 2 r
Ae()’):m J,T/g[mew)_<m>]c_oszﬁd’8’ (40

where g8 is defined in Fig. 5.
To perform the integrals in Eq40), we expandng(y) in
powers ofAm and retain the first term only,

Me(y)~=(m)+

2 2 R
3 co y) exp( — Z) Am. (41

We then obtain for the phase shifts

A
Ao=— 7 {b(x), (42)
3
Ad(y)=(3—cosy)ALb(x), (43
where
= ” (44)
X= 2
2k 10-1- . ..,....1- L .-.....1. La 0t
A= 5 Am. (45) 103 10-2 101 109
(m) { Am (um)
b(x)=xK_1(x), (46) FIG. 6. Calculated values afl (a) and 7/Am (b) plotted as a

. - . function of the product Am according to the ADA model.
whereK;(x) is the modified Bessel function of the second P J g

kind. By calculating the real part d?(0) and integrating () for two different temperatures, corresponding to two dif-
with respect tx, «, andy, we obtain ferent local birefringences. Since the range in which the two
models have overlapping{) is quite narrow, we have de-

T termined the scaling constant by aligning the asymptotic be-
= 7 H(AD), (47 havior for low ¢ of the 7(?) calculated in the ADA model,
with the high¢ asymptotic behavior obtained in the BA. In
where the functiorH(y) is defined by both asymptotic limits, in fact,7({)={. We obtain C

" ~0.029. As a result, Fig. 3 defines a composite model on the

o T y whole ¢ axis, which coincides with the BA model faf
H(y)=f 2=\ 5y GLyb()]—cog 3 b(X)||x dX  <0.2um, and with the ADA model for{>0.2um, ¢
0 2yb(x) 3 : . ey
(48) ~0.2 um being the value at which the two models coincide.
Such a composite model has no free parameters. The same
and general features of Fig. 3, i.e., the two regim¢g) =/ and

the 7({)«¢{ obtained in the BA, and the two regime$()
27 27\ 12 o/ and ther({)« ¢ * with 0<x<1 regimes for the ADA
)SF( ) , (49 scattering, together with the existence of an overlapping re-
gion, are also found in the much better known problem of
light scattering from homogeneous particles in a homoge-
neous mediun12].
In Fig. 7 we show the theoretical dependencerain T
culated from the ADA model for differerit Here, again,
have used the values Afm(T) and(m) of bulk 6CB.

1/2
+sin

2z 2z
G(z)=cos{§)cp(?

where the functionsSg(x) and Cg(x) are the Fresnel-sine
and Fresnel-cosine functions. The functidfly) in Eq. (48)
cannot be calculated analytically, but can be easily computegal
nume.rically. Note that_all the experimental parameters are o
contained in the q”."%”“““- Indeed, as shown in Eq(s44) Notice the striking similarity with Fig. 1. Indeed, we can
and (47), the quantitiesr{ and 7/Am as calculated in our distinguish a “small¢” regime ({<1 um), wherer grows
ADA model are functions of the nematic correlation Iengthwith ¢ and is proportional tAm2(T), and a “large” re-
and of the LC birefringence only through the proddatm.  gime (7 >1 um), where the discontinuity of at T=Ty, is
In Fig. 6 we plotr; and 7/Am as functions o£Am assum-  more pronounced and thevs T dependence in the nematic

3

T

ing A=633 nm,<m>= <m6CB) =1.58, andC=0.029. phase is weaker.
The ADA model contains the unspecified const@niwe
have determine®@ by exploiting the fact that the ADA and V. THE NEMATIC CORRELATION LENGTH
BA models have an overlapping range of validity, so that we OF THE FILLED NEMATIC
can deriveC by imposing that the(¢) calculated in the ADA
regime overlaps the({) calculated in the BA regime in an In this section we analyze the experimental data by using

appropriate range af This is shown in Fig. 3 where we plot the models developed in the previous two sections. Accord-
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FIG. 7. Calculated values of the turbidifyplotted as a function
of the temperatur@, for different values of the nematic correlation
lengthsZ. The numbers labeling the curves indicate the valué of
used to calculate(T).

ing to Figs. 3 and 7, the theoreticall) has a maximum. If
we consider, for instancd,=20 °C, we find that the maxi-
mum value of7(T=20 °C) calculated from the model is

=0.33um™L. Itis interesting to note that the maximum tur-

bidity which we have experimentally measured &t
=20°Cis7=0.34um™? (for the sample havingp=0.052.

The agreement between experiment and models is remar

able.
In Figs. 8a) and 8b), we show examples of the compari-

0.3 T T T T T T T T

1 n 1

26 28

1
24

T(°O)

22 30

FIG. 8. Measured turbiditydotted line$ and calculated turbid-
ity (continuous linesplotted as a function of the temperatureln
this figure we use the same labels as in Fig(a).Curve B: &
=0.013, (=10.4+0.7um; curve C: &=0.026, (=2.41
+0.09um. (b) Curve E: &=0.083, {=0.42+-0.02um; curve
F: ®=0.120,{=0.22+-0.01um.
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son between the(T) curves shown in Fig. 1 and the theo-
retical 7(T) curves which fit the experimental results using
as the free parameter. We see that the models can reproduce
reasonably well the shape of the experimental curves. It
should be noted that, sine€/) has a maximum, the match-
ing in the T dependence is necessary to uniquely extfact
from the data. In fact, the absolute value o0&t a givenT
would not be sufficient to discriminate between the right and
left arms of 7(¢{) with respect to the maximum. We remark
that the fitting curves in Fig. 8, which describe satisfactorily
the measured(T) over the whole temperature range 20—
28.8 °C, have been obtained by assuming one value only for
the nematic correlation length Upon decreasing the tem-
perature from the isotropic phase, there is certainly a small
temperature interval where the nematic correlation length
grows continuously from zero, corresponding to bulklike
paranematic fluctuations. The correlation length for such
fluctuations, however, does not grow to any value compa-
rable to the value of measured in the FN: in the bulk, when
T=Ty,, the nematic correlation length in the isotropic phase
is of the order of 100—200 A. Quite likely, what happens in
our system upon decreasing the temperature from the isotro-
pic phase is that the nematic correlation length grows con-
tinuously as in the bulk pretransitional phenomena, then
jumps to a much larger value determined by the quenched
gisorder. Upon further reduction of the temperature, the local
rientational order and the elastic constants grow. The fact
that there is no consequent growth of the nematic correlation
length indicates that the coupling strength of the LC with the
silica branches is strong. All these considerations cease to
apply when® becomes so large that the discontinuity in the
LC properties disappearsP0.15).

The discontinuous jump in the value pat T=T), is also
at the origin of the nonequilibrium peak observed in samples
having low concentration of silica. In fact, when the FN
sample is cooled down through=Ty,, the nematic order
nucleates homogeneously in the sample, giving rise to a pat-
tern of small nematic regions which then coalesce in larger
domains until they reach the value dimposed by the arti-
ficial disorder. Such a process is indeed the same as in bulk
nematic LC, the difference being in the finite equilibrium
value of{ and also in the time scale of this dynamic evolu-
tion, much slower than the one of bulk LC. What we observe
in our experiment is therefore({(t)), {(t) being the time-
dependent instantaneous value of the nematic correlation
length. We conclude that the transient peak of the turbidity at
T=Ty, in the low ® samples is a consequence of the exis-
tence of a maximum ir(¢). This is also confirmed by the
fact that samples havinggsmaller than that corresponding to
the maximums do not show any peak at thel transition.

The values off obtained from the fit are shown in Fig. 9
as a function ofb. We find that{ decreases ab grows. By
fitting that, in the experiment reported here, we have ob-
tained a dependence ¢fon ® which could be described by
a power lawl=® ~Y with exponenty =1.6+0.2. The spread
shown in the experimental data comes probably from two
facts: (i) we tested different methods to prepare the samples,
(i) we discovered that there are aging processes by which
the system, over a period of some weeks, tends to phase
separate in particle rich and LC rich phases.

It is interesting to compare the dependencé oh ® with
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T " T T T ' ] between the experimental situation and the Imry-Ma model
] is that the surface alignment of the molecules on the silica
particles could be correlated to the local direction of the
necklace of silica particles which form the colloidal gel. In-
deed, recent works show that the interaction between par-
ticles dispersed in a liquid crystal heavily depends on the
4 surface alignmenf17]. Although the aggregation has been
] produced in the isotropic phase, given the fact that 6CB mol-
ecules generally prefer planar alignment when in contact
with silica surfaces, one can speculate that partial reorienta-
3 3 tion of the Aerosil particles leads to a situation where the
1'0'.2 ' —_ '1'(;.1 ' nematic director is preferentially oriented in the direction of
the silica necklaces. In this case the exponéntesulting
from an Imry-Ma-like argument is further modified. All
FIG. 9. Nematic correlation lengthobtained by fitting the mea- these possibilities still need to be theoretically explored.
sured 7(®,T) with the theoreticalr({,T), as a function of the This brief discussion shows that the measuremeng(®)
volume fractiond of the silica particles. The label—G refer to  may represent an important test of the current understanding
the curves of Fig. 1. The line indicates the power lawd ~*°. of the order-disorder phase transitions in the presence of ran-
dom disorder.

the ® dependence of the mean size of the empty cavies  Finally, it is worth noting that Eq(47) is relevant for the

in a colloidal gel on the concentration of the colloids. Let ustéchnology of the FN. Equatio?), in fact, enables us to
assume that the colloidal aggregate has a fractal dimensidgivaluate the maximum possible optical turbidity attainable in
d;. We identify (p) with the fractal correlation length, i.e., @ FN. According to Eq(47), the ratior/Am is a function of
with the length which is obtained from the structure factor ofthe product{Am only. As shown in Fig. &), 7/Am has a
the aggregate as the reciprocal of the wave vector at whicRl@imum /Am) ., =2.15um™", obtained whenfAm

the g~ % behavior rolls off wheng approaches zero. It is =0.15um. As an example, we take red light illumination
easily found thatp)od ~Y(3-9), We can imagine two pos- and(m)~1.5. Therefore, by using a commercial LC opti-
sible scenarios. The first scenario assumes that the aggreg&fézed for nematic LC displays, having a birefringence which
of silica particles in the LC resembles a colloidal aggregateéould be as large as 0.25, one could obtain a turbidity of
in aqueous solution withd;~2. This would lead to{  Tma0.54um™% thatis, on average, a scattering event ev-
«(p)L8 This is an intriguing result, especially because it€y 2.9 wavelengths. Such a turbidity is indeed quite high,
closely resembles the behavior of the smectic correlatioiven that the shortest photon mean free path obtained in the
length &g obtained by studying via x-ray spectroscopy thephoton localization experiments by using Ti@owders is
phase behavior of a liquid crystal incorporated in silica aero@bout one wavelengtfi8].

gels of different densitiegl5]. In that context it was found

that £5(p)1°% where (p), the average pore size of the

aerogel, was derived from the structure factor of the silica VI. CONCLUSIONS

aerogel. This scaling behavior of the range of two different

LC ordered phases as a function of the concentration of the We have studied a nematic liquid crystal in which we
guenched disorder does not have any explanation yet. THeave dispersed silica particles of nanometric size in different
second scenario assumes tffanust be proportional to the concentrations, ranging from 0.9% to 25% of the total vol-
fractal correlation length: this would implg;= 2.4, indicat- ume. The result is a disordered nematic phase, where the
ing that the fractal structure of the aggregate is more compactrientation of the nematic director, and hence of the optical
than one would expect from the standard aggregation modhxis, is continuously distorted as a function of the position in
els. the system. This composite LC-Aerosil system is highly
In principle,Y can be theoretically obtained from the classicopaque in the nematic phase, while it is almost transparent
Imry-Ma approact5] to the problem of the stability of the when the LC is in the isotropic phase. Since the large scat-
long range order to the presence of quenched disdddlr  tering of light in the nematic phase is due to the distortion of
The Imry-Ma argument is an approximate criterion whichthe optical axis of the nematic, measuring the turbidity is a
focuses on the ordered phase of spin models and enables oway to evaluate the nematic distortions. In this paper we
to extract the size of ordered domains when an uncorrelatellave shown that such an evaluation can be performed in a
quenched disorder is acting on the spins. A naive andjuantitative fashion.

straightforward application of such a criterion would lead, We have measured the optical turbidity as a function of
however, to the resuly=1. The main difference between the temperature in samples containing different volume frac-
the Imry-Ma model and our system is that the random fieldions of silica particles. We find that the temperature depen-
in the Imry-Ma model is uncorrelated, while in our experi- dence ofr drastically changes in a nonmonotonic fashion
mental sample the quenched disorder is spatially correlatedhen @ is changed. At fixedl, «(®) has a maximum at
since it acts on the molecules in contact with the silica surabout® =0.055. Moreover, wheid <0.055, r has a large
face. By assuming that the random field is spatially correjump atT=Ty, and an almost constant value for lower
lated as a fractal network, the exponéfibecomes a func- On the contrary, whed>0.055, atT =Ty, 7 is almost con-
tion of the fractal dimension. Another possible differencetinuous but it strongly depends dn In this high® regime,

101t 3
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the 7vs T curves are all similar in shape and compare wellphysics beyond the observed optical properties of our com-
with the T dependence of the bulk value Aim?. posite system.

In order to interpret these observations, we have devel- The obtained dependence »bn ® can be described by a
oped a theoretical model for the scattering of light from apower law {ed~" with exponentY~1.60. By assuming
distorted uniaxial material. The model has been developed ifhat the aggregates of silica particles in the LC are fractals
two different approximations: the weak scattering approxi-With dimension 2, our experimental results imply(p)**,
mation, valid in the regime wheem<1 and/Am<\, and where(p) is the mean size of the pores within the aggregate.
the anomalous diffraction approximation, valid instead when! NiS result is analogous to the one obtained by studying dis-
Am<1 and{>\. The two regimes together cover the whole 0rdered smectics. By following a different pathi,could be
¢ axis. The common ground for the development of the twotheoretically obtained from the classic Imry-Ma approach to

models is represented by two main assumpti¢inghe local the problem of the stabi_lity of the '0'?9 range or(_JIer in the
birefringence of the LC is equal to the bulkm, (i) the presence of quenched disorder. A naive and straightforward

fourth-order correlation functions for the orientation of the application of such a criterion would lead ¥o=1. This fact

nematic director can be expressed in terms of second-orgdidicates that either the quenched disorder present in our
correlations. While these assumptions are sufficient to de

system cannot be modeled as uncorrelated, or that the ap-
velop the BA model, in the ADA calculation we had to make proximations beyond the Imry-Ma approach are too strong.
a more drastic simplification: we have assumed that our sysWe_ conclude that the measure fP) is an mportant ex-
tem is a collection of independent anisotropic scatterers Wiﬂp_erlmental test of th'e. current understanding of the orgier-
continuous optical profile. By matching the two models in disorder phase transitions in the presence of random disor-
the common range of validity, we have obtained a composité’er'
model which permits us to calculatéZ,T) over the whole/
axis, with no free parameters. By fitting the experimental
7(P,T) with the theoretical(Z,T), we could extract as a We acknowledge useful conversations with G. lannac-
function of ®. The quality of the fit is quantitatively very chione, A. Maritan, P. Pasini, and C. Zannoni. This research
good, indicating that our model successfully captures thevas supported by a NATO collaborative research grant.
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