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Molecular-statistical description of the smecticA—smecticC phase transition
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A simple molecular-statistical model of the smedesmecticE phase transition is proposed. Assuming a
bilinear mean-field potential, the macroscopic tilt angle is calculated by Boltzmann statistics as a thermal
average of the molecular tilt. The calculation leads to an equation of state for the s@qattase which is a
self-consistent-field equation involving the Langevin function of a reduced tilt and a reduced temperature. This
molecular-statistical approach of the smediesmecticA phase transition is in principle analogous to a
ferromagnetic phase transition with spin numBes . An excellent description of experimental tilt angle data
for the complete temperature range of the smeCtiphase is achieved with only one or two fit parameters,
respectively. Differences between tilt angle data obtained by optical and by x-ray experiments originate from
different moments of the tilt angle distribution function and from different interaction parameters for the
mesogenic cores and the complete moledi84.063-651X97)00504-7

PACS numbds): 61.30.Cz, 64.70.Md

I. INTRODUCTION which was introduced by Kobayashi and McMill§8-5].
The extent of director tilt is measured by the mean value of

cosp

SmecticA (Sm-A) and smecticc (Sm-C) liquid crystals  the molecular tilt represented by its magnitudie=0 and its
order of the molecular centers of gravity in one dimension, sing

are anisotropic fluids of, e.g., rod-shaped molecules exhibitazimuthal tilt directione:
>. (3
which leads to a layered structure of periddalong the

ing a long-range orientational order of the long molecular
smectic layer normaf (cf. Fig. 1. A liquidlike positional ~Assuming a uniform tilt direction, the absolute value

- 0 =[(I(gne))l, which is the macroscopic tilt angl®, may
be considered as an order parameter. In the case of higher
ordered smectics, further order parameters have to be de-
ing two preferred directions in spaoe andz The distinc-  fined.

tlon between both phases is given by the mutual arrangement

axis along the directon and a quasilong-range positional <

order is found for all directions perpendicularZzoSm-A and
Sm-C phases exhibit the same fundamental structure involv:

of n andz In the SmA phase the dlrectcm and the smectic
layer normalz are parallel to each other, while in the Sm-
C phase the directon is inclined by a tilt angle® with

respect to the layer normal

The thermodynamic state of liquid crystalline phases is
described by the introduction of certain order parameters.
The degree of axial orientational order is expressed by the
Hermans orientational order parame$efi],

S= %<3C0§a—1>, oy

with a being the angle between the individual long molecu-
lar axis and the director. The Hermans parame&ewas
adopted for liquid crystalline systems by TsvetK@J. The
degree of positional order in thedirection is described by a 4L ddid 7
smectic order parametet, smectic-C

FIG. 1. Structural changes at the smediesmectic€ phase
B < CO{ 2@ )300§a— 1> @ transition: In the smectiG phase the directan is inclined by the

_Z ~
d 2 tilt angle ® with respect to the smectic layer nornzal
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Liquid crystal phase transitions are characterized by a sig- In this paper, we will present a rather simple statistical
nificant change of, at least, one order parameter which is thmodel which provides an excellent description of optical and
characteristic order parameter of that phase transition. Theo-ray tilt angle data for the complete S@-temperature
ries of phase transitions are expected to explain these ordesinge with a maximum of two fit parameters. The model
parameter changes. The characteristic order parameter for theight lead to an interpretation of the Landau coefficients,
first-order isotropic-nematicN) phase transition is the ori- their temperature dependence, and the problems related to
entational order paramet8r A statistical theory on this tran- the unusually large sixth order term.
sition was first given by Borj6] in 1916. Born's theory,
which was a molecular field approach similar to the Weiss II. MOLECULAR-STATISTICAL MODEL
theory of ferromagnetism, failed because it assumed a polar o .
ordering of the molecular long axis thus neglecting the axial For further treatment it is useful to introduce a set of

~ . > 5 i . . .
or pseudovector property of the director Today, the gen- molecullar .'[I|'[ yectorss, s, ...,s", which describe t_he tilt
erally accepted molecular-statistical model of the nematic&ndle distribution of azsrﬂ:— sanIe. The molecular tilt vec-
isotropic transition is the Maier-Saupe the¢#j, which ex-  tors are of lengths}, 9, ... ;4" (9 denotes the size of the

plains the axial long-range orientational order by a meanmolecular til) and point along the azimuthal directignof
field approach based on induced dipole interactions. Ahe molecular tilt:
phenomenological, Landau-type mean-field theory for the
nematic-isotropic transition has been suggested by De S= s,
Genneg8]. TheN-SmA transition, which may be of first or
second order, is characterized by the smectic order parameter S o
o. Phenomenological and molecular-statistical approaches §*=19%s,
have been proposed by Kobaya$Bj4], McMillan [5], De
Genned9,10], and Meyer and Lubensij 1].

The characteristic order parameter of the B8mSmC ~ ~
transition is given by the macroscopic director tilt angle s'=9"s;  9=0 ®
Early measurements by Taylor, Arora, and Fergdd@hon .
the temperature dependence of the tilt angle suggested th\gﬂth
the SmMA-Sm<C transition is a continuous, second-order
phase transition. The molecular origin of the &htilt has S=
not been conclusively clarified. Several models have been
proposed explaining the S@-tilt by permanent dipole in-
teractiongMcMillan and De Jel13,14), steric interactions
(Wulf [15]) and permanent dipole-induced dipole interac-
tions (Van der Meer and Vertogefil6]). Phenomenologi- nal to the layer normaf. Defining the mean tilt direction as
cally, the tilt angle is described by a Landau expansion of thehe positive direction of the axis (¢=0), the various mo-
free energyf about the phase transition temperattige, ments of the tilt angle distribution function result from

>

cosp

. , TS QE<T. 6
sing ¢ (6)

The azimuthal angle of the molecular tilt is measured to-
wards the positive direction of theaxis, which is orthogo-

1 1 ©)=|($)|=(99).
f:f0+§a(T_TC)®2+Zb®4! (4) < > |< >| < >
(02)=|(s?)|=(0%3),
with temperaturd, Landau coefficients,b, and an additive

constantf, representing the nonsingular part 6f This

Landau-expansion was extended for chiral Sthphases by

Zeks[17], considering the helicity and ferroelectricity of the (@M =|(sh)| =<19”§>. (7)
Sm-C* phase induced by chirality with the introduction of o _
secondary order parameters. The macroscopic tilt anglé®), the mean square tilt angle

Although the Landau expansio@) gives a straightfor- (©®?), and higher moments are obtained as the absolute mag-
ward approach to many phenomena related to the Smititude of the average molecular tilt vectors.
A-Sm<C transition, its application involves various prob-
lems which are somehow unsatisfactory from a more rigid A. Assumptions
point of view. They are as follows.
(i) An unusually largesixth-order termic®® has to be

added to the free energy expansi@j in order to achieve a (i) The individual molecular tilt angle} is restricted to a

proper description of experimental resUlts]. ___finite range(Fig. 2) limited by a maximum molecular tilt
(ii) A slight temperature dependence of the coefﬁmentsangleQ:

b andc has to be assumed for a description of the Srtikt
far below the phase transition temperatiige[19]. 0<9=<Q. (8)
(iii) Due to the lack of a relevant molecular model, no
physical interpretation of the Landau-expansion coefficientd'he borderline angl€) is considered to be a fixed quantity
a, b, andc is available. which essentially remains constant. A physical interpretation

Within the notation given in Eqg5)—(7), our statistical
model is based on the following assumptions.
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FIG. 2. Basic assumptions of the molecular-statistical model
The individual molecular tilt angle? is limited to a finite range
0<9=<(. The size and the direction of the molecular tilt is ex-

pressed by the tilt vecta, which is the projection of the molecular
directorn onto the smectic layer plane with length &ind. The

unit vectorz denotes the smectic layer normal.

of Q) might be given by the tilt angle of the S@-phase in
the absence of any thermal energy, e.g., if the phase is s
percooled to zero temperature.

(i) The potentialU of a single molecule with tilt vector

s in the environment of its surrounding molecules with mean

tilt vector (s) is given by the bilinear ansatz
U(s)=—A(s)-s (9)

with the mean-field coefficient> 0. The physical content of
this ansatz is illustrated in Fig. 3: If the single molecule fits

to its neighboring molecules, which means that the indi-

vidual tilt vectors and the mean-tilt vectofs) are parallel,
the potential is low <<0). If the single molecule disturbs

the local ordering, especiallya’?and@) are antiparallel, the

potential is high U>0). The tilt vectors formally acts as a
sterical dipole[20] which couples to an internailting field

represented by the mean tilt vec(é}. In a first approxima-
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FIG. 3. Physical content of the mean-field ansatz given by Eq
(9): s is the tilt vector of an individual molecule arg) gives the

MOLECULAR-STATISTICAL DESCRIPTION OF THE . ..

5615
(a) + 00 + 00
T
S SAT
N
i ! . | . I
: 90 € o +Q go
0O (deg)
(b) + 00 + 00
ER
u- T ol
> :
\/' _L
| 1 | L §
9 -2 o +Q 90
O (deg)

FIG. 4. Discussion of the mean-field potentidlfor the tilt of
an individual molecule within a smectic layer by an angdlén the
Sm-A (a) and the Snz (b) phase. The mean field potentigblid
lineg) is a rough approximation of a more realistic potentddtted
lines) by a simple box potential, considering the borderline case of
hard-rod repulsion with infinite potential walls at the borderline
angle = (). For explanations, see the text.

tion, the mean-field coefficient should be considered as a
quantity, essentially independent of temperature.

An improved understanding of the borderline anglean
be obtained by a discussion of the mean-field pote(fim).
4): Rotating a single molecule within a smectic layer envi-
ronment by an anglé}, a strong steric repulsion takes place
if & approaches a certain angle ()), which means that the

+n and —n directions of an individual molecule within a
smectic layer are separated by high potential barriers with
AU>KT. Between these walls, the potential is more or less
flat, which leads to the well known thermal tilt fluctuations
of smecticA and smectic molecules. This potential is
schematically depicted by the dotted lines in Fig. 4. The
mean-field potential used in our model includes nothing but a
rough approximation of the real potential by a simple box
potential, considering the borderline case of hard-rod repul-
sion with infinite potential walls at- ().

(iii ) The consideration may be simplified by the restriction

mean tilt direction of its neighboring molecules. If both vectors areOf the 2 tilt degeneracy to only two antiparallel tilt direc-
parallel, the individual molecule fits to the sorrounding moleculestions, e.g.,¢=0 and¢= 7. With this assumption the two-

and the potential is lowa). The potential is high i and(s) are
antiparallel(b).

component tilt vectos [cf. Egs.(5) and (6)] reduces to a
one-dimensional tilt vector with directions
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;»ZS_{_1+1}. (10 U(9,s)=—N\(0)9Is. (12

This assumption is justified by the fact that the tilt direction The Single-particle distribution function reads using Boltz-
® is a gauge variable, which has no thermodynamically preMann statistics

determined value at aJR1]. Only gradientsV® contribute

to the free energy on an energy scale far belov There- 1 MNO)Is
fore, ® may be considered as a hydrodynamic variable, not fg(9,5)=C exp( KT )
as a thermodynami¢hard variable. Consequently, thé

fluctuations are not relevant for the thermodynamics of thyith normalization constart:

phase transition. I® and® fluctuations are well separated

on the energy scale, it is possible to separate the averaging

over both variables. In this case, the discretizatios afay C= fsjﬂfB(ﬁ,s)dﬁds. (14

be considered as the result of theaveraging withS= +1

representing the mean tilt direction. The opposite tilt direc- The nth moment of the tilt angle distribution function
tion has to be included for reasons of symmetry. Otherwise{®")=(9"s) [Eq. (7)] results in

no smecticA state with equally distributed tilt directions and

(®)=0 can be described.

(13

(iv) The expectation values of the macroscopic (i) fJ’ [9"sfg(9,5)]dIds
and the higher moment&®?), ... (®") of the tilt angle (@n="" v (15)
distribution function are calculated from the microscopic tilt
vectors by application of the Boltzmann statistics. fJﬂfB(‘?'S)dads

With these assumptions the macroscopic tilt angle and the

the next section.
the outer integral over the tilt directiomsby a sum over the

B. Mean values and equation of state discrete tilt directions:

1. General expression for the nth moment
Applying Egs.(5), (8), and(10) to Eq.(9), the mean-field z {S' L[‘?nfB(‘(}’s)]dﬁ]
potential reads (O™ = (16)

> H fB(ﬂs)dﬂ}
~ A~ 2 s &
U(9,8)=—\(9S)- IS. (11

~ Insertings={+1,—1} [Eq. (10)] and the distribution func-
Remembering that the average molecular ¢iftS) defines tion [Eq. (13)] and specifying the integration range for
the macroscopic tik®) in the positivex direction, Eq.(11)  according to the first assumptidiEg. (8)], we obtain the
may also be written as general expression

foﬂa“ex <®>a)dﬁ—fﬂﬁ” p( MI?TW)M
: 17
J p(x(@)ﬂ)

The first integral in the numerator of this expression is related to molecular orientations tilted in the positreetion
(s=+1), the second one to molecular orientations tilted in the negatilieection (s=—1). The corresponding integrals in
the denominator are combined by a shift of the integration limits.

CUS

2. First moment: Macroscopic tilt angle

The first moment or the linear average of the tilt angle distribution function is the macroscopic til{ @jgéad calculated
from Eq.(17) with n=1:

. f&) p(M@W) jn p(M'W) f“ ﬁexp("<|:T>ﬁ>dﬁ
[l [

=QL(aQ). (18)
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FIG. 5. Graphical solution of the self-consistent-field equation
(19). For explanations, see the text.

Substitutinga=A(®)/kT and carrying out the integration,
the right-hand side of Eq18) simply reduces to the Lange-
vin function £(a()). After resubstitution Eq(18) reads

(@)=0/ cot Mf_gﬂ)()\«;m) =Q£(A<S_I?Q).
kT 19

Equation (19) is a self-consistent-field equatidiSCH for
(®). The macroscopic tilt anglg®) is expressed as a func-
tion of temperaturd by the real solutions of Eq19).

3. Equation of state

Following the treatment of Weid®2], the SCF equation
(19) can be solved graphically by plotting the left-hand and
the right-hand sides of E419) as a function of ®) (Fig. 5).
The trivial solution(®)=0 represents the Si-phase. A
further, nontrivial solution exists, if the initial slope of the
right-hand-side functiog(AQ?/kT), which results from the

Taylor expansion of the Langevin function, exceeds the ini-

tial slope of the left-hand-side function, which is simply 1.
The borderline case represents the A#5m-C phase tran-
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FIG. 6. General results for the reduced values of the macro-
scopic tilt(®,) [first moment, Eq(24)], the reduced mean square
tilt (®2) [second moment, Eq28)], and the root per mean square
tilt (®, m¢ as a function of the reduced temperatareT/T¢ with
temperaturel and phase transition temperature .

T
=t (22)
and the reduced tik®,),
Q)
0=, @

a very simpleequation of statds obtained for the Sn&
phase:

The equation of staté24) can be solved numerically. The

(0r)

T

(0,)=r| 3 (24)

sition into the tilted phase with the transition temperaturedeneral result is depicted in Fig. 6. It clearly describes a

Tc,

1207?
1==— —,
3 kTe

and the mean-field coefficient is obtained by

3k

Substitution of the mean-field coefficient in the SCF equa-

tion (19) leads to

3Tc (©)
T Q

|

Introducing the reduced temperature

<®)=Q£( (21)

second order phase transition wif®,)=0 for T=T¢
(r=1) and a steep but continuous increase(&X) for
T<Tc (7<1).

The numerical solutions of the equation of sté2d) may
be approximated by an expansion of the Langevin function
up to the fifth order of®,),

18
35:°

1 3
<®r>%;<r>_5_7_§<®r>3+ <r>5

1 3 02 18 © )¢
0~ ;_1 _¥< r> + 35T5< r) (25)
with the real, positive solution of Eq25) given by:

(26)

1
(0)~ & (21r°~3280r°— 23172
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The reduced mean square {il?) was calculated from the
(®,) values obtained from the numerical solution of the
. ; ; : 1 equation of state. The results are plotted in Fig. 6.

g 3 The reduced values of the root per mean square tilt

(28)

02 B OPPR— SURRRR— N\ ] 0, ms are calculated by
: numerical solution : ] O ims= V(O7) (29
0.1 :_ ...... ..................... _:
E — — approximation f 3 and also plotted in Fig. 6. As shown in Fig. 6, the three
g : : : averageg®,), (®2), and®, ., are related for all reduced
00 ———— At e o L ] teperatures by the inequality
0.80 0.85 0.90 0.95 1.00 1.05

t=T/T, <®r2>$<®r>$®r,rms- (30)

FIG. 7. Approximation of the numerial solution of the equation ~ An approximation for the mean square tilt is obtained by
of state(24) by Eq. (26) in the vicinity of the phase transition. The €xpanding the right-hand side of E@8):
reduced macroscopic tif{®,) is plotted vs the reduced tempera-

3 3
ture 7. <®5>:E<®f>_ﬁ<®f>3+““ (31)

This approximation is compared to the numerical solution of-

the equation of staté24) in Fig. 7 leading to the conclusion l

that this approximation is valid for a reduced temperature

range of 0.9< 7<1. Assuming a phase transition temperature , 3

of Tc~350 K, the reduced temperature=0.9 corresponds (O7)~ E_<®r> (32

to Tc—T=35 K, which is a sufficient range of validity for

the description of most Si@- phases. and the root per mean square tilt increases with the square
root of (O,):

For small values of®,), the mean square ti{®?) depends
nearly on(0,),

4. Second moment: Mean square tilt angle \/—
O ime™ —5 .
The second moment of the tilt angle distribution function nme 2 T
or the mean square tilt angle is calculated by &¢q) with
n=2:

(33

As we will show later, the various tilt averages are obtained
by tilt angle measurements with different experimental tech-
nigues.

J'“ﬁzex;( )\<®>ﬂ>di}— f!)ﬁzex;( )\<k®_|_>ﬂ)d{} Ill. EXPERIMENTAL DATA
0

(02)= NCE) In this section the molecular-statistical model will be ap-
f p( ) plied to experimental data. First, we will discuss the number
sz and the nature of fit parameters involved by this model. Sub-

sequently, the question will be addressed as to which experi-

( 1+ cot?’( )‘<>Q) ) mental technique will be used to measure what moment of
NM0O)()|2 KT the tilt angle distribution. Finally, the model will be applied
kT to fit tilt angle data of various sources, obtained by various
=024 5 5 > . experimental techniques.
\NO)Q <)‘<®>Q)2 ; }{)‘<®>Q> A. Fit parameters and refinement
L kT kT kKT /)

The equation of staté€24) and the related equatiorig8)
(27) and(29) are formulated in terms of the reduced variables of
state®, and 7. Strictly speaking, they describe a situation of
corresponding statesesulting in a unified description which
Substituting\ by Eq.(20) and introducing the reduced vari- should be valid for all Sn€ phases. Consequently, these
ables(®,) and 7 [Egs.(22) and(23)] we obtain equations involveno fit parameter.
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These reduced quantities are not available by an expertemperature coefficient, cannot be discussed within the
ment. With the definition of the reduced tilt angle given by framework of classical mean-field theory and needs more
Eq. (23), the various tilt averages are obtained from the resophisticated models including short range interactions and
duced quantities by fluctuation effects.

In these considerations, the phase transition temperature
(0)=0(0,), (34 T, wasnottreated as a fit parameter because its value may
) S be easily determined by experimental observation. Of course,
(09)=0%07), B9 the fitting procedure may be executed to allow an adjustment
of the experimentally determined value within the typical
Orms=00; ims (36) range of experimental errors of abatitl K.

For any temperature ratii/ T the values of ®,),(®2), and
0, msare given by the solution of the equation of stéfey.
6). The one and only fit parameter involved by the model is  If the director tilt angle is considered as a dynamic quan-
the maximum tilt angle of the indvidual molecul®. tity which undergoes statistical fluctuations in general, it has
In systems with low dimensionalityd<4), mean-field to be checked which experimental technique leads to a cer-
theory provides only a first approximation of critical phe- tain averagégmomenj of the tilt angle distribution function.
nomena. In order to improve the fitting of the theory to ex-The SmC tilt angle is experimentally determined by optical
periments, the mean-field approach is usually refined by ther x-ray methods. Optical measurements are carried out by
introduction of a temperature-dependent potential strengthonoscopical observation parallel to the smectic layer normal
M) (e.g., by Gerlach23] for the Weiss theory and by or by measuring the orientation of a homogeneously aligned
Chandrasekhar and Madhusudaf24] and Humphries, sample (director perpendicular to the light propagation
James, and Luckhurf25] for the Maier-Saupe theoryThis ~ which led to an extinction between crossed polars. These
refinement gives some corrections to basic lacks of mearpptical methods basically probe the direction of the optical
field theory which neglects the effects of the followin@:  axis, which is given by the main axis of the dielectric tensor
thermal expansion, changing the packing density and the irat optical frequencies. Therefore, the optical tilt an@lg, is
termolecular distance; (i) fluctuations of the mean field related to the linear averag®) of the tilt angle distribution
due to short range interactions, which are important close téunction:
the phase transition; ar(di ) higher order terms in the mean-
field potential[e.g., a third order term in Eq9)], which

might become evident at high values of the order parameter The x-ray measurement of the Saniilt is carried out by

far below the phase transition, omparing the smectic layer spacidg of the SmE phase
These effects are reflected by an apparent temperature dgomparing yer sp g P

pendence of the mean-field coefficiex{T). Assuming a }[/;/]léhctg;rlgygfr fhpeagll?gﬁflg? Sw-phased, , which leads to
constant temperature coefficiemy, A(T) may be written as gie:

B. Experimental relevance of the various tilt averages

opt:<>:Q<®r>' (41)

A @ 42)
_ 0 coP=—.
N e (T-To) 37) da
with Ao being the mean-field coefficient at the phase transi_Orlentatlonal fluctuations of the long molecular axis, given

. - . . . . by the main axis of the molecular principal axis of inertia,
tr':;d(sT_TC)' With this ansatz, the refined equation of Statelaad to fluctuations of the smectic layer thickness which are

linearly averaged during the x-ray experiment, and @&q)
should be rewritten as

(0,)=73 () : (39)
' M1+ ay(T-Tc)] (d¢)
<CO@>= <d_> (43)
Introducing an apparent reduced temperatiyg, A
_ B Therefore, the x-ray experiment measures the cosine average
Tapp~ L1+ av(T=Te)l, B9 ot the tilt angle, which is related to the even moments
2 4 ; et it .
the refined approach, E9), is written as (0%),(0%), ... of the tilt angle distribution function:
02 (©2)
(O —(1——+...)=1—
<®r>:(%(3 - r ) (40) <C0@> 1 2 + 1 2 + . (44)
app

Equation (40) suggests that the effect of a temperature—The x-ray tilt angle®y is calculated by

dependent mean-field coefficient is transformed on a differg, — arccog(cos))
ent temperature scale given by,,: An increase of the in- ™%

teraction coefficient has the same effect on the ordering as a 0?) 1

decrease of the reduced temperature reflected,fiyc 7 for =arcco%l— 5T | = (0% = ((O%) -
ay>0. This refined approach involves two fit parameters:

Q and ay,. A more detailed interpretation of(T) and its ~\(O%). (45)
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Consequently, the x-ray tilt angl@, ., is related in a first 30 [ T T T e e
approximation to the root per mean square tilt arnglg: C } ]
: . TBBA
®xraymrms:Qr,rms- (46) 25 - -
In fact, experiments often show a pronounced difference L

between optical and x-ray tilt angles with respect to the size 20 -
and the temperature dependence of the tilt. These differences
are explained in the framework of our model by the follow- ™~
ing considerations. S 15|

(i) Influence of the maximum tif2. Generally, the prin- ® L
cipal axis of the molecular polarizability tensor and the mo-

lecular tensor of inertia do not coincide. Following this ar- 10 - ) -

gument, the maximum tilt angle of the molecular optical axis [ *  cxpt. (optical data)

(principal axis of the polarizability tenspf)  differs from L o expt. (X-ray, d-values) ]

the maximum tilt angle of the molecular long axfincipal 5 fit, A = const. ]

axis of inertig ., oy and Eqs(41) and(46) can be rewritten i fit, A = £T) P

as Py EP P WP BN NI IR B L]

@ op=Lop( 1), 47 ‘ 410 415 420 425 430 435 440 445 450
T(K)
Oy ray— Q, ray® r,rms- (48)

. S o FIG. 8. Optical and x-ray tilt angle data of terephtal-bis
(ii) Influence of the tilt distributionSubstituting(®,) and  (an)-butylaniline (TBBA). The data are fitted by the molecular-

O, msin Eq. (33 by Eqs.(47) and (48) we obtain statistical model as linedoptica) and root per mean squageray)
~ averages of the tilt angle distribution function. Dotted lines refer to
0. - /3eray® 49 one-parameter fits with mean-field coefficienindependent from
xray™ N A-0) opt opt: (49) temperaturel. The solid lines represent two-parameter fits assum-

ing a temperature variation af. The data are taken from Ref4.2]

Roughly speaking, the x-ray tilt is proportional to the squareand[26]. Fit parameters are listed in Table I.
root of the optical tilt at the same reduced temperatuamd
Tapps FESPECtively. The proportionality depends on the mag-
nitude of (0, 5, and Q.

(iii) Influence of the interaction coefficien{T). Packing
density and short range interactions might be quite different 45 11—
for the mesogenic core and the flexible tails of the liquid r )
crystal molecule. Therefore, the interaction coefficie(T) 40 [ HSHA
observed depends on the part of the molecule considered: r
The tilt of the mesogens related to the optical tilt or the tilt of B
the complete molecule probed by the x-ray tilt angle.

The analysis of experimental data given in the following 30 ]
section leads to the conclusion that the last two points seem C ]
to be most important for the interpretation of the differences @ 2 E 1
between optical and x-ray tilt angles. Y - r ]

C. Measurements and fits s b E
. . . . . c . (optical d 1

Our model outlined in the preceding sections is tested . expt. (optical data) ]
with some measurements of Stntilt angles which are well 10 - ©  expt. (Xeray, d-values) ‘:
established in literature. The first series of measurements E e fit, A = const. 3

were taken on terephthal-bisg¥butylaniline(TBBA). Tay-
lor, Arora, and Fergason measured the optical tilt angle of T L I
TBBA by conoscopy12] and x-ray measurements on the tilt 0315 320 325 330 335 340 345 350 355
angle of TBBA were reported by Kumf26]. The data were
taken from literature and plotted in Fig. 8. The phase transi-
tion temperaturdl ¢ reported by Kumaf26] was about 3 K FIG. 9. Optical and x-ray tilt angle data of 4-hexyloxy-
lower than the value measured by Fergastml. [12]. I sajicylidene-4-heptylaniline (HSHA). The data are fitted by the
order to give a consistent analysis of both tilt angle data setgpolecular-statistical model as lineéoptica) and root per mean
we decided to ati 3 K to thetemperatures given by Kumar. square(x-ray) averages of the tilt angle distribution function. Dot-
The optical and the x-ray tilt angle of 4-hexyloxy- ted lines refer to one-parameter fits with mean-field coefficlent
salicylidene-4-heptylaniline(HSHA) were measured by Os- independent of temperaturg. The solid lines represent two-
trovskii [27]. These data are also reported in a monographyarameter fits assuming a temperature variation.ofhe data are
by Blinov and Chigrinov[28] and plotted in Fig. 9. taken from Ref[28]. Fit parameters are listed in Table I.

fit, A = f(T)

T (K)
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TABLE I. Fit parameters and related quantities obtained for the molecular-statistical model of the Sm-
A-Sm<C phase transition of TBBA and HSHA.

Compound Method Ref. Tc¢ (K) Q (deg ay (1073 K™Y Ao (10720

TBBA optical [12] 446.3 25.3 35.2 9.5
TBBA X ray [26] 446.2 32.3 7.14 5.8
HSHA optical [28] 352.6 40.0 27.9 3.0
HSHA X ray [28] 351.9 44.7 -0.9 2.4

The fits according to our model are compared to the exincrease than the optical values. This situation changes at
perimental data in Figs. 8 and 9. Optical tilt angle measurehigh tilt angles far below the phase transition.
ments were fitted according to E@47) with values of The fitting routine has been allowed to refine the phase
(0,) given in Fig. 6 and)=Q, as a fit parameter. The transition temperaturd, which enters into the reduced
x-ray tilt angle measurements are fitted by E48) with  temperaturer within a small interval of+1 K around the
values 0of®, s also given in Fig. 6 and)=0y,y as a fit  experimental values reported in the literature. The refined
parameter(dotted lineg. In the case of a two-parameter fit yajyes are also listed in Table | and do not deviate signifi-
(solid lineg with A =f(T), the reduced temperaturehas to  cantly from the experimental ones. The small difference in
be replaced by the apparent reduced temperafyfe calcu- e phase transition temperature of HSHA found for the op-
Igted by Eq.(39) with ay as an additional fit parameter. The tical and the x-ray tilt angle measuremefitable | is prob-
fit parameters {,ay) obtained from the two-parameter fits 4\, que to experimental errors involved by different adjust-

are listed in Table 1. - . ments of the temperature control in the respective
In all cases our statistical model gives an excellent de-

scription of optical and x-ray tilt angles over the whole Sm_experlmental Setups.
C temperature range with a maximum of only two fit param-
eters. A two-parameter fit with a significant temperature de-

pendence oh is necessary in order to achieve a sufficient  \yjithin the framework of the proposed molecular-
description of optical measurements in the case of TBBAgiatistical model, the description of the S\-Sm-C second
(Fig. 8 and HSHA(Fig. 9). In contrast to this behavior, the o qer phase transition is based on the interaction of molecu-
x-ray measurements are also nicely described by one- " - . C
parameter fits over the whole temperature range. The a}@r tilt vectors;. An |mporta_nt.S|mpI|f|cat|on of the model
sumption of a temperature dependenke=f(T) (two- as been achieved by [estrlctlng the treatment on only two,
parameter fit, solid lingdeads only to a slight improvement antiparallel directions of. The mean value of the molecular
(see Figs. 8 and)9This behavior is reflected by the tempera- tilt vectors serves as a two-component order parameter of the
ture coefficientsy, listed in Table |, which are considerably transition. The molecular tilt vectors may physically be in-
higher for optical tilt angles. To explain this behavior, we terpreted as steric dipoles which are aligned by their own
may assume in a first approximation that the optical tiltmean-field interactions. The statistical treatment leads to a
angles are governed by the mean orientation of the highlyery simple self-consistent-field equation of state for the Sm-
polarizable mesogenic cores. Obviously, packing density an€ phase. It has to be stressed that this approach is equivalent
short range interactions of the mesogenic cores increase with the classical treatment of ferromagnetic phase transitions
decreasing temperature, leading to a strong temperature dey Weiss. Consequently, the approach leads to an equation
pendence of the interaction coefficientin the case of opti- of state which is mathematically analogous to ferromagnetic
cal tilt angles. transitions, however with spin numb8rco [29]. The con-

The optical tilt angles observed are generally higher thardition S— for a magnetic system without space quantiza-
the x-ray tilt angles. Again this behavior can be explained bytion of the spin moment corresponds to the continuous char-
the strong temperature dependence of the interaction coeffacter of the tilt vector, which may have any length from zero
cient\: With decreasing temperature the interaction betweeo a maximum lengtif).
the mesogens increases\(>0) and leads to a stronger tilt The model also corresponds to the early statistical de-
of the mesogenic cores with respect to the whole moleculescription of nematic liquid crystals given by Bof6]. The
This behavior is consistent with early qualitative consider-basic lack of Born's model was that he applied the polar
ations and explains why the optic@hesogeitilt angles are  ordering resulting from the Weiss approach to the nematic
generally higher than the x-ragmoleculg tilt angles. The director, which is a pseudovector without polarity. In our
differences are extreme in the case of HSH#g. 9), where  approach, the nematic director is replaced by the tilt vector
the hydroxy group laterally attached to the benzylidene-of the SmEC phase, which indeed is a polar vector that un-
aniline mesogen might lead to a very strong attraction bedergoes a polar ordering described by the Weiss approach.
tween the mesogenic cores. Experimental tilt angle data are excellently described by

Comparing the shape of the optical and the x-ray tilt vsour model over the whole Si@-temperature range. The es-
temperature curvefigs. 8 and 9 the square root relation sential fit parameter is given by the maximum tilt anQleof
between the x-ray values and the optical values given in Eca preferred molecular axis. In the case of optical tilt angle
(490 becomes evident: At small tilt angles close to thedata, the preferred molecular axis is the principal axis of the
Sm-A-Sm<C transition, the x-ray values exhibit a steeper polarizability tensor, which is predominantly influenced by

IV. DISCUSSION
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the highly polarizable mesogenic core. In the case of x-ray Usually, the SmA—Sm-<C transition has been described in
data, the preferred molecular axis is considered to be ththe framework of a phenomenological Landau theory. In
long molecular axis given by the principal axis of molecularcomparison to the Landau approach, we believe that the pro-
inertia. The differences between optical and x-ray data mayposed molecular-statstical model opens an advanced ap-
be comprehensively characterized by the following points. proach to the Smk—Sm-C transition for several reasons.

(i) The different sizes of the optical and the x-ray tilt ata (a) The approach follows the classical mean-field treat-
certain temperature are related to different interaction coefment of second order ferromagnetic phase transitions and
ficients for the mesogens on one side and the complete motategorizes the SrA—Sm-<C transition by basic physical
ecules on the other. With decreasing temperature, the inteconcepts of phase transitions.
action coefficient of the mesogens exhibits a stronger (b) The model gives a convenient description of experi-
increase than the ones for the complete molecule. This leadsental data over the whole S@temperature range involv-
to a higher tilt of the mesogenic cores resulting in a higheiing a smaller number of fit parameters than a Landau-type
value of the optical tilt. description of comparable quality.

(ii) The different shapes of optical and x-ray tilt angle vs  (c) The fit parameters{, .y, Qo y) are open for a
temperature curves result from statistics, because optical amghysical interpretation in terms of molecular properties and
x-ray measurements probe different moments or averages afolecular interactions. Roughly speaking, the borderline

the tilt angle distribution function.

angle Q) should be related to the molecular geometry and

(iii) The difference between the maximum tilt anglespacking while the temperature coefficiemy corrects over-
Oy ray and Q4 and their influence on the relation between simplifications of the mean-field approathg., short range

x-ray and optical tilt is comparatively small.

interaction$. These questions might lead to an advanced un-

If the molecular tilt vectors are interpreted as sterical di-derstanding of the structure-property relation in Snmate-
poles, the SmA—Sm-<C transition is a second order phase rials. (A similar interpretation of Landau coefficients seems
transition, driven by steric interactions. In this case, the moto be quite a bit more complicated.

lecular principal axis of inertia probed by x-ray experiments

A further analysis of the molecular-statistical model with

should play a more fundamental role than the dielectric tenrespect to the thermodynamic functions, critical exponents,

sor axis. The interaction coefficientsrelated to the princi-

and a quantitative comparison to the Landau approach are in

pal axis of inertia are found to be essentially constant withprogress. Some moadification should also allow a description

out a significant temperature dependence.

of the ferroelectric SnikA* —-Sm-<C* transition.
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