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In terms of the microscopic approach based on the account of the terms nonlinear with respect to the
wave vector in frequencies of the translational oscillations of the uniaxial molecules the known smectic
phases are investigated and the new ones are predicted. All these phases differ qualitatively by the
translational ordering degree in different directions and by elastic properties. The transition between
them is followed by a jump of entropy. It is established that the corresponding nonlinear terms lead
to the arising of some restoring forces which increase structure ordering significantly if moduli are equal
to zero. The account of them allows, in particular, to prove that there exists long range order within
the layer of the smectic B even if the “statical” interlayer shear modulus is equal to zero, to describe
weak intermolecular correlations within the layer of the smectic A, to interpret the experimental
frequency dependence of the elastic moduli of smectics B and A. The new phases occupy the intermediate
position between the known ones. The experimental identification of these phases may be fulfilled by
means of the x-ray investigation of partial disordering and of the study of the frequency dependence
of the shear moduli.

Keywords: microscopic theory, smectic liquid crystals, classification, translational order,
dynamical shear moduli, nonlinear effects

1. INTRODUCTION

The smectic liquid crystals (SLC) are mesomorphic phases which are characterized
by the difference in the value of translational order in different directions. One of
the most known classification techniques of SLC’s and the description of phase
transitions in them is based on the consideration of groups of “global” symmetry.!
It allows the solving of these questions in connection with the presence or absence
of long range order in the fixed direction. In terms of this technique it is, however,
impossible a) to consider phases which have order intermediate between the com-
pletely ordered (i.e. crystalline) and the disordered (i.e. liquid) one in the fixed
direction and b) to investigate the effects of local order existing even within the
“liquid” layer of the smectic A.>* For example, ordering of layers (i.e. in the
direction of the normal to the layers) in the smectic A is neither liquid nor crys-
talline.** Another example may be intermediate order within the layer in the
smectic F.%7
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The basic ideas of the approach allowing to solve these problems had been long
ago formulated by Landau.® This approach is based on the consideration of the
temperature fluctuations of particles and leads to the conceptions so as long range,
quasi-long-range and short range order. Landau had considered the dependence
of the frequencies w; of translational oscillations on the wave vector K in the
investigation of systems with one- or two-dimensional periodicity. He had proposed
accounting corresponding second order terms (i.e. nonlinear ones with respect to
K) in the frequencies for the investigation of translational order of the structures
where the shear moduli are equal to zero. This idea had been later applied to the
interpretation of translational order of the layers in the smectic A*> and of the
stacks of SLC formed by disclike molecules (D).>!° Second order with respect to
K is associated with the account of orientational correlations in these papers.
Landau had also shown?® that no long range translational order can exist in low
dimensional systems. At present these results are used for the interpretation of
experimental data in the investigation of order within the smectic F layer® and the
stack D.10

Thus, the nonlinear and dimensional effects are a matter of principle for under-
standing of the nature of the mesomorphic substance state. In the present paper
the influence of these effects on the elastic properties and translational order of
SLC’s is studied in terms of the microscopic theory.

2. ELASTIC PROPERTIES

We shall consider a hexagonal layered crystal in terms of the pseudo-harmonic
approximation accounting strong anharmonism.!12 Let us assume that the mole-
cules of the crystals have a shape of ellipsoids of revolution. Two identical axes of
these ellipsoids are parallel to the layer plane and the third one is normal to the
layer. These axes are nearly equal in length to the intermolecular distance within
the layer and to the distance between the layers, respectively.

Let us write down an expression for the potentional energy of one molecule
assuming that it interacts with the first and second neighbors only and not ac-
counting manybody forces in the evident form:

2 [6
= % Z [E ¥ (r") + 2 Wlr ’)] (1)

Here r™ and r® are the molecules coordinates; n = 1 corresponds to the first
neighbors and n = 2—to the second ones; i and j are the molecules numbers
within the layer and of the layer, respectively, at the fixed n. The first item in
square brackets is the interaction potential of the molecules within the layer, the
second one is the effective interlayer potential.

Let us assume that the interaction is non-central

Yorm) # Vo (le]); Wulrm) # Yillen]) @

and anisotropic. Note that the interaction non-centrally allows to account manybody
forces in the model manner®® and its anisotropy is an evident consequence of the
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shape anisotropy of molecules and of the existence of the preferential orientation
direction of their long axes. We choose a system of coordinates so that the axis
OZ is perpendicular to layers /)7 = 3,5/; and the axis OX coincides with one of
the fundamental translation vectors within the layer [I! = 8,,/; I = (r"); IV =
(r™). Here (***) is the statistical mean which is calculated over the equilibrium
state of the crystal. Let us investigate the elastic properties of the system assuming
the existence of long range crystalline order (we shall consider the essential influ-
ence of partial disorder in the third section). In the continual approximation the
free energy will be45:9:10.14

1 1
F = FI + _2-K11(u3,xx + u3,yy)2 + §I<33[(ul,zz)2 + (u2,zz)2]' (3)

Here F| is the energy of the orientationally disordered system. (Let us assume that
the absence of orientational correlations is equivalent to the case of spherical
molecules). The second and the third items are the corrections connected with the
account of the orientational correlations; u; is the i-component of the displacement
from the equilibrium position; u; ,, = 6°u,/9z%, K, and K, are the Frank-constants.
By using the standard technique'®* it can be shown that the account of these
corrections leads to the change of the frequencies w; of the translational oscillations

M(‘”l.z)z
M(w;)?

M(‘”l,z)% + 8(K53l%/13)03,
M(w3)% + 16(Klll3/12)94,

(4)

where (w;); corresponds to the case of spherical molecules; 8, = IK,/2, 8, = IK,/
2,08; = LK;3/2,8 = V@2 + 62, K; are components of the wave vector; M is the
molecule mass. The frequencies (w;); can be obtained from the equation'! of the
microscopic theory of atomic crystals

Det =0 %)

8 2
> X o exp(ikl?) — M(w?),,.
p=1n=1

where @i = 9*(W)/alrPale are the force constants. We solve these equations by
using the symmetry of force constants.!® Substituting the solutions into (4) we
obtain

4 .
Mo? = 4 - ,C,, Sin®0 + T Cia13 Sin®0; + Ci3,503,
Muw} = 4 - 1,Cqs Sin?0 + Cib* + 2 - 1;C,,0362
412 *
+ T}' C1313 Sin203 + Ci3139g’

. 4/2 )
M(I):Z; = 4 M 13C3131 Sm29 + C:’;l3104~+ Z C33 Sln203 + C:’BOg,

Cii» Cia13, Csy3; are combinations of the force constants.
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Cy = 303®i + ®B)/B - I;;  Ce = 3(DI + 30T + 9DL)B L;
Cips = (P + 4DWL/I%  Cyy = (B8 + 40D, /12
Cain = 3(DF + 30T)2 - L.

Primed coefficients are connected with the account of the orientational correlations
of molecules and of the translational force constants of the second neighbors also:
Cee = —9D3}; Ci3 = —16033; Ci3i3 = — 1603 + 8K33l%/13; Cayyy = — 1803 +
16K,,L5/1%. In particular, it can be shown from the relations (6) that the free energy
associated with the molecules oscillations in directions OX and OY has the form

1 Cia1583
F = F(ui,x;ui,y) + 5 Cl313[(u1,z)2 + (u2,z)2] + % [(ul.z‘z)2 + (u2,zz)2] (7)

where i = 1, 2; u,, = ou;/oz.

Note that we had to use the macroscopical theory for the calculation connected
with the account of the orientational correlations in the frequencies (6). If, however,
the consideration is fulfilled in terms of the standard approximations in accordance
with which we may confine ourselves to the investigation of two cases only ( 1)
there exists long range orientational order and 2) there is no orientational order
at all) then the macroscopic characteristics—the Frank-constants—can be consid-
ered as microscopic parameters also. In terms of such approximations we can
assume that the frequencies (6) depend on parameters characterizing the interaction
of the first and second neighbors only.

Let us discuss the relations obtained. The interaction of particles is characterized
by the force constants in the microscopic theory and—by the elastic moduli in the
continual one. For systems possessing long range order there is a connection be-
tween these two approaches!® by using of which in the long wave approximation
it can be shown that C;;, C,3,3, Cs;3, are the elastic moduli of the continual theory;
C,; characterizes the compression within the layer; Cg is the shear within the layer;
C;15 is the bend of the layers; C,4,5 is the shear of the layers parallel to each other;
C,; is the compression in the direction of the axis OZ. Let us investigate the
influence of the anisotropy of the molecules shape. For spherical molecules the
interaction will be isotropic. In this case the force constants are associated by the
relation 39332 - I; = L,®14/1%'5 which, according to (6) indicates

(Ciziah = (Caizh = Cas (8)
Hence, for the system of anisotropic molecules we have
C1313 # C3131 (9)

Note that the similar effect—the asymmetry of the elastic moduli C,p,,; # Cpoju—
is also observed in ferromagnetics and is connected with the invariance breaking
due to the magnetization.'® The primed coefficients in the frequencies (6) depend
on the Frank-constants K,, and Kj; and the force constants ®5* of the second
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neighbors. For the case of spherical molecules the Frank-constants are equal to
zero. The absolute value of the force constants of the second neighbors decreases
quickly with the increase of the distance between these neighbors. The latter in-
dicates that the “stretching” of the molecules along OZ leads to the increase of
&4 and the decrease of @57

From the analysis shown it is clear that the account of the relation (8) and the
fixing K,;, = K33 = 0 are necessary for the consideration of the extreme case of
spherical molecules. In the extreme case of elongated molecules directed along the
axis OZ—i.e. 2 - I3 >> \/3 - | (this case corresponds to the model of the ordinary
smectic phase Sm)—we have

(Ci)sm = 05 (Cisiz)sm = 8K3l%13 (10)

In the third extreme case corresponding to the model of the discotic mesophase
D—when the structure is formed by the disclike molecules possessing large radius
and the discs plane perpendicular to OZ, i.e. 2 - I3 << \/3 - [—we have

(Cée)p = 05 (Cya)p = 16K,,5/12. (1

It is evident that for real molecules the values of the coefficients considered are
to be within the range limited by these three extreme cases.

Let us investigate the conditions at which the shear moduli Cg4, C;3y, Cy3,5 are
converted into zero. For this purpose we divide the force constants of the first
neighbors into two groups: the first one involving the longitudinal constants
®ll, & (their designation being ') and the second one—the transversal constants
%, dl1, ¢33 —@+. The intermolecular potential may be represented!” in the form
of the harmonic part and the correction accounting the anharmonism and non-
centrality of the interaction. It is obvious from (5) that the force constants can be
represented in the similar way

v
CDIP

((D’;:)harm + (q);‘:)an (12)
Taking into account!® (®+),,.. = 0 it is not difficult to get'®

(D-L = ((Dl)an; |(Dll < (D“ = (q)")harm' (13)
In particular, it follows from this relation that the corresponding transversal con-
stants can be of negative, positive or zero value. It can be noted that these results
are in agreement with experimental data.!* Putting (13) into (6) we get

Cll ~ 3@“ + ((D%%)an’ C66 -~ q’ﬂ + 3((1)%%)3",
Cizr ~ (PW)an; Cs3 ~ D335 Ciziz ~ (P1h)an-

(14)

Hence, it appears that there is a principle possibility of the existence of states where
the elastic moduli characterizing the compression are nonzero (C,;, Cy; # 0) and
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the shear moduli Cg4, C,313, Cs13, can become equal to zero independently from
each other. (For example, if C¢s = 0then C,; =®1V/I # 0and additional conditions
are to be introduced in this case for the estimation of the value of the shear moduli
Cia1z and Csy3;). These states are characterized by the strong influence of the
anharmonisms and the non-centrality of the intermolecular interaction. They can
not be described at the account of the central forces in the harmonic approximation
only, 1319

Let us analyze the shear stability of the structure and consider the stability relative
to the shear of the layers parallel to each other at first. It is obvious that the system
is stable if C 3,5 # 0. If Cy3)3 = 0, but C{3;; # 0 then it follows from (6) and (7)
that the restoring forces can be caused by the nonlinear deformations (u; ,, # 0,
i = 1, 2) only. The external shear stress varying with time must, apparently, lead
to the occurrence of such deformations (i.e. of the restoring forces). It can be
shown by similar considerations that just as in the long wave approximation the
zero value of C,;;5, Ce, Cs;3; indicates the existence of the statical shear instability
in corresponding directions. In these cases, however, there exists the dynamical
shear rigidity associated with the account of second order with respect to K. If,
for example, the corresponding shear stresses change according to the harmonic
law then the dynamical shear moduli are proportional to the frequency w of the
corresponding external stress

Chis = (LVMC)55/4 - 1Pw; C = (VMCl/4 * L)w;
Cii = (Vv MC},5,/4 + B)o.

(15)

3. PARTIAL TRANSLATIONAL DISORDER AND ELASTIC STABILITY
Let us write down a relation!!!2 for the correlations of the temperature fluctuations
(Ua(0, LYuy (L, L%) = Y, {(e5)? exp(i K L)cth{w(K)/2T]}/2Mw/(K).  (16)
Kj

Here u, (L, L°) is the a-component of the displacement from the equilibrium po-
sition L = Li, + Lisi;, a = 1, 2, 3. The vector L% = L°%i, + i,) + L, gives
the sample sizes: L°—within the layer plane and L}—over the normal to the
layer. According to, Reference 10, the finiteness of these sizes is accounted in the
right side of (16) by means of the limitation by the value of the wave vector K; =
K (G =1,2,3), K = K§ = 2n/L°% KY = 2u/L§; €% is the a-component of
the polarization vector; T is the temperature.

By going from the summation to the integrating in (16), by calculating e$ in the
high temperature limit T >> w and by using the approximation C,; >> Cq, Cy343
corresponding to the structures able to form liquid-crystalline phases we get

Sin%(K L/2)
/2 1/4

x{L, L) 3T (™2 J
{<u%(L°)> = S 9 | T g (17)



Downloaded by [Tomsk State University of Control Systems and Radio] at 12:33 19 February 2013

ELASTIC PROPERTIES OF SMECTICS 153

Here j is “wl” and “il”; x,, = x = x; + X3 Xy = x3;5ue) = W = 2ud) =
202); (W2 = u3); x(L,L% = (u,(0,L% — u,(L,LYP) is the mean square of the
relative displacements of molecules; w,, = w,;; ®; = w;. The relations (16) and
(17) are obtained for crystals. Let us discuss a possibility of their applications to
the description of partially ordered systems. In the second section it is shown that
the elastic parameters (6) depend on the interaction with the first and second
neighbours only. It is obvious that these microscopic parameters can be identified
as the local elastic moduli for the infinite sample having short range order at least.
It is also evident that the correlation couplings are basically maintained by the
interaction with the local surroundings in the real structures (in which the interaction
is not a too long range one). The relation (16) describes the dependence between
the correlation functions and the local elastic moduli and hence they are applicable
to the description of the infinite samples in which there exists order not lower
than short range one. It should be, however, remembered that the local (micro-
scopic) and the experimentally measured macroscopic shear moduli can be not
coinciding in mesomorphic phases (the connection between them will be investi-
gated below).

For the description of translational order we introduce two parameters.®1%1° The
first one is

GILY] = G (L] - GBI ~ (p(r.LY) ~ po,
G (L] = expl ~ bXuA(Lo))2, (18)
Ges(N] = expl =B,

where b = 23_, b_i, is the reciprocal lattice vector; b> = b? + b3; p(r,LY) is the

density in the point r of the sample of the size L?; p, is its mass/volume ratio.
The second one is

8(L) = 6x,(L)] - O[x,(L)] - 8[xs(L)] ~ (p(L)p(0)) ~ g3,
8xa(L)] = exp[~b2x,(L)2].

(19)

Here and below the following designations are made: p(L) is the density in the
point L of the infinite sample; (u2(L°)= lim,g,. (W2(LO)), (WA(LY)) =
lim oo (U2(L); xo(L) = limgo ;9,%(L,L%); xo(L) = x,(L) where L; = 0; x,(L5)
= x,(L) where L = 0.

The parameter G,,[(u?*(L°))] characterizes translational order within the layer.
If lim; o, G, [(u*(L°))] # O then there is long range order within the layer of the
infinite sample. Crystalline order may exist otherwise if the layer size is limited L°
< LY Here LJ is the distance where G, [(u*(L°)] decreases by e times
(Gl (L)) = e ). In terms of the clusteric model® the parameter G, [(u*(L°))]
is applicable to the description of partial order in the infinite sample also. It is
supposed in this model that the system consists of non-intercorrelated clusters
possessing crystalline order. The more the clusters sizes the more the order value.
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These sizes can be apparently identified as the parameter L within the layer.
The functional dependence G,[(u3(L3))] allows to describe order in the direction
to the normal to the layer in similar way.

The parameter 6(L) may be used for the description of “‘paracrystalline’’® partial
translational order of the infinite sample. The presence of the “distorted” lattice,
i.e. quasi lattice with weakly changing intermolecular distances is supposed in terms
of this model. 8[x,(L)] and 8[x;(L;)] describe translational order within the layer
and along the normal to the layer. 6[x,(L)], 8[x(L)] and 6[x3(L)] characterize the
shear correlations within the layer, of the layers and of the layers bend, respectively.
The more the decrease of these functions the more the weakness of the corre-
sponding correlation couplings. A quantitative investigation can be fulfilled by
introducing of the correlation radius. The correlation radius is the distance at which
the correlation function considered decreases by e times. The corresponding cor-
relation properties at this distance are similar to those of the crystal. Thus, for
example, ordering is crystalline at the distance L,(8[x(L,)] = e~!) within the
layer.

It can be presumed? that order not lower than short range one exists in the system
(we would remind that the formalism used in the paper can be valid in this case
only) if at least one of the functions G[L?] or 6(L) decreases not more rapidly than
in the case of the exponential law. The analysis of (17) can show that so that 6[x(L)]
and 6[x;(L,)] should satisfy this condition it should be enough that 6[x(/)] # 0
and 0[x;(/5)] # 0, respectively.

It should be specified that it is necessary to verify the formalism applicability in
the case of short range order, i.e. to calculate the dimensions of the ordering region
for the structure considered and to show that these dimensions are much greater
than the corresponding intermolecular distances. If order is higher than short range
one then, apparently, there is no necessity for such a verification.

Note that the parameters (18) and (19) describing though physically different
correlation properties are, however, mathematically bound**-#9 by the asymptotic
relations (/| << L = L% ;<< L; = LY)

x(L) = x,(L) = 22(L%) if 6[x(l)] # O,
x1(Ls) = xy(Ls) = 2u?(L9)), 20)
x3(L) = 4u3(L°) if 6[xs(l)] # 0.

Now we integrate (17) for different values of the elastic parameters (6) using (20)
and eliminating the states in which order is lower than short range one. The results
we write into the Tables I and II.

Translational order within the layer and the elastic properties characterizing the
shear within the layer and of the layers are considered in Table I. The index i in
Pi = 1,2, ...5)is numbering different possible types of these properties (in
accordance with Table II, j indicates the ordering type in the direction of the normal
to the layer and of the elastic properties characterizing the layers bend). Let us
consider ordering within the layer. The states P,; and P,; are characterized by the
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presence of long range order within the layer. There is no such order at i > 2. In
states P,(i > 2) we have 0[x(/)] # 0 and thus, according to (20), both clusteric
and paracrystalline ordering models are equally applicable in them. The simulta-
neous realization of the conditions 6[(/)] = 0 and G, [(u*(L°))] # 0 at L° < L2
in the states Pj; and P5; indicates that partial order corresponds to the clusteric
model in this case only.

We ought to discuss the influence of the terms nonlinear with respect to K for
the characterization of partial order of the states having the shear instability
(Ci313 = 0 and/or C4 = 0). In the long wave approximation (i.e. at the account
of the terms linear with respect to K only) it follows from the condition C,, = 0,
according to (17), that there is actually no short range order in the layer. It is,
however, known from the experiment?? that there exists short range order within
the layer of the smectic A (C¢ = C,3,3 = 0). For the elimination of this and some
other contradictions the account of the nonlinear terms is fulfilled in the paper. If
the system possesses the statical shear instability (precisely speaking, C and/or
Cia13 is equal to zero) then the corresponding nonlinear terms provide the presence
of the restoring forces with respect to the dynamical temperature fluctuations of
the shear. These forces decrease the integral value (17) significantly, i.e. they
increase the translational ordering degree. In particular (see Table I), the states
characterized by the statical shear instability within the layer (Css = 0) may possess
local translational order in this direction (8[x,(/)] # 0).

Now we investigate the elastic properties characterizing the shear of the layers
parallel to each other. We modify the results of the second section of the paper
by means of the account of partial disorder for the solution of this problem. Let
the external shear stress be changed according to the harmonical law. If the radius
of the interlayer shear correlations L3 (we remind that L3 is the distance at which
8[x(L;)] decreases by e times) is much greater than the length of the excited wave,
A, then the elastic response will be similar to that of the system possessing long
range order. It is evident that in this case the macroscopic shear modulus Cts,;
coincides with the microscopic one which is investigated in the second section (i.e.
Cty3 = Cips if Ciap3 # 0, Ciyy3 = Cp3 ~ oif Ciay3 = 0). The elastic response
is, apparently, absent (i.e. C{5,3 = 0) in the case N >> L. It is not difficult to
understand that the relations mentioned can be re-formulated in following way. If
the frequency of the external shear stress is small enough, w << o, = 2u/t
(tr = L3Ky/w is the time for the transversal wave to pass along the distance which
is equal to the correlation radius, i.e. the relaxation time) then there is no elastic
response (i.e. C3;5 = 0). For the opposite case, ® >> w,, the response is the same
as in the system possessing long range order.

The possible types of the frequency dependence for the experimentally measured
macroscopic interlayer shear modulus Ct;,; are shown in the Figure 1. w, = 0 and
the micro- and macroscopic shear moduli coincide for any frequency at i < 3.
If i = 4,5 then the value of Ci;,; is essentially influenced by partial transla-
tional disorder and the shear modulus coincides with the microscopic one at
the sufficiently high frequencies (w >> w, # 0) only. The relaxation time does
not depend on the external influence frequency and w, = 2w/t =
2aVILC5 s/ VMLE ati = 4. If i = 5 then w, = w43V Ci3/VM(L$)? and the



TABLE I

rder within the layer G,,[(*(L?))], shear correlations within the layer 8{x,(L)] and between the layers 8[x;(L;) + x,(L;)]

Chs(w)
Cee Cians Cisis G [4u2(LO)] o[x,(D] Fig. 1 order 0[x)(L;) + xi(Ly)]
- +0 - £ exp(a,//L°) +0 (a) long-range B (Ls/l;)Prsts
- =0 +0 f2 exp(a,VILY) +0 (a) long-range wo(Ly/l5)B2tss
- =0 =0 FALY) o3 #0 (©) quasi-long-range 0
(two-dimensional)
#0 #0 - FALY) = #0 (d) quasi-long-range a(Ls/l5) P
=0 +0 - FHLYL) ~ oS =0 (e) intermediate wi(L,/1;) ~pim(Lssiz)
(clusteric)
*0 =0 +0 fs exp(—asL%0) +0 (d) short-range psexp( — BsLs/l5)
=0 =0 +0 f* exp(— oL =0 (e) short-range pi(Ly /1)~ 5Lty
(clusteric)
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atL = L>> 1, L, = LI>> 1, 0[x,(L)} = 8[xx(L)] = {

w2
2(y O o~
@2L) ~ T J: 0 d0:d6; L

0 at 8[x, ()] =0,
G [2(L°)] at 6[x, (D] # 0,

8[x,(Ls)] = 8[xx(L;)] = G, [20(L3))],

" de;

3219

4P '
41, SN + Cog* + 21,C,100% + - iy Sin'd; + Cisis0s
3
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Appendix | (to Table I)

Correlation of the order parameters with the local elastic moduli

fi = exp(= 22T/ CeCra), a; = 20T/*VCqCopim

f2 = exp[ = 4nT/I(1,Ce)*(Cls13) ], o, = 4VATHH(1Ce)>(Ciaia) ™,
fs = w — 8T/PLCye ay = 8T/H,Ce,

fi=1 a, = V7, T/I’m,
fi=Vm, af = 8TPVC,Cpapn,

fs=1 as = 32T/*(Ci313)"*(Coe)™,

5 =1 af = 60T/3H(Cl315) " (Cri)™,
= expl = 2T I0(CelYC a3 IVICos)s B, = 4T/U,Cy,

po = exp]{— (27T In(4 - 1,Cyoo/C1313)/13Ces), B; = 8T/ Cy,

e = 1, By = 4w VL TIPVCLC i,
pr =1, B = 8T/*V/C,,.Cpya,

ps = 1, Bs = 167T/*\/CiCisrs,

ns =1, p: = 80T/*VLC, Chipi

relaxation time 7 = [2(M)YL3/I(Ci3,3)"*]w ' is a monotonously decreasing fre-
quency function.

We can similarly investigate the macroscopic shear modulus within the layer
Ct; and (using Table II) order in the direction of the normal to the layer and the
shear modulus CY,,; as well.

We had considered the correlation properties of the system in this section. By
analyzing (17) it can be noted that there are following connections between them:
firstly, there is a one-to-one correspondence between the properties described in
Table I-—order within the layer, the correlations characterizing the shear within
the layer and of the layers and secondly, the same dependence between order in
the direction of the normal to the layer and the correlations of the layers bend
considered in Table II. However, the three local shear moduli can be equal to zero
for molecules of arbitrary shape independently from each other (see the second
section). Thus, there is no connection between the correlation properties described
in different Tables for the states where C;; # 0. For example, the change of the
order type within the layer is sure to lead to the qualitative change of the shear
correlations within the layer and between the layers but it can also not change
order types over the normal to the layer and the correlations of the layers bend.
Such a differentiation of the correlation properties allow to distinguish 7 - 3 = 21
(7—Table I; 3—Table II) qualitatively different states. If C;; = 0 then, according
to (14), Cy3,5 = 0. Therefore we can consider another 8 states where Cs;; = Cy3p5
= 0. Two from these 29 states are characterized by short range order in all of the



TABLE 11

Order over the normal to the layer G,,,[(43(L3))] and the shear correlations associated with the layers bend 6[x;(L)]

G Css G [4u3(L)] order 8[x5(L)]
- +0 Fa(LYL)=s318 long-range s, exp(Ba/L)
- = Fa(L8y=svsns long-range wiy exp(Bs, VITL)
#0 +0 F3LY/5) 32 quasi-long-range Wy(L/T) ~B32
=0 *0 fas exp(—as;LY/L) short-range 0

(one dimensional)
#0 =0 £ exp(—aslyYl) short-range w3z exp(— Byl
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8x;(L)] = G,[4G3(LY)] at

/2
iy ~ [, dods, |

w2

L=L1">>11,=LY> [

do,

[
13209

4
1

41,Cyp SN0 + Cipny0* + — Cs, Sin6; + Cly?
3
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Appendix Il (to Table Il)

Correlation of the order parameters with the local elastic moduli

16T 2el3Cyy5
fa = CXP[— 121,Cs:5: ln—ﬁ;— ’ o = BTELCon,
, 16T 2el,Cyy3 ,
fa= CXP[- 12L,Cs In Téa— ’ a3 = 16T/N*1LC;y5,
fa =1, oy, = 165 TVL/IPVC5,Cos,
fa=1, oy = dnTLIPC,,,
fa=1, a3y = 4TIV C;5,Css,

T

W3y = GXP[- P_C——\/m], By = M TPV Cy5,Cas,

_ _ 2mT .
B = P T R(1)7(Chs) (Copa ™

By = 2w T/(L)(Cas) " (Caan)™,
pa = 1, Bx = 4w VELT/EVC15,Cass
pi = 1, Bis = 4w T/ (C33) (Chysi )™

directions and are left beyond of our investigation. Three states cannot be described
by the extreme cases of rodlike, disc-like and spherical molecules. Thus, 24 states (a
crystalline one and 23—smectic ones) differing qualitatively from each other in
translational order and elastic properties are considered in the paper (see Table III).

It is necessary to study the frequency dependence of the elastic moduli for the
experimental identification of the states investigated. The x-ray analysis of trans-
lational order is desirable for the verification of the classification. The investigation
of the frequency dependence of the elastic moduli is necessary inasmuch as just
such an experimental technique analyzed in accordance to the results obtained in
the paper allows to determine the main parameters of the theory— the local elastic
moduli. Even the combined investigation of the statical elastic properties and
translational order is insufficient for the experimental identification (for example,
the two techniques do not allow to distinguish qualitatively between the states Ps;
and P,)).

Note that the standard classification!®-1* allows to distinguish between only two
smectic states differing qualitatively by translational order and elastic properties.
The first one corresponds to the model “liquid layer”!* the second one—“liquid
column”.® The extension of the classification is connected in the paper with the
consideration of the “intermediate” types of translational ordering in the fixed
direction and the specification of the interconnections between different correlation
properties.
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013 13 CII;IS

10 2t
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\ . N . -
0 50 100 w,Hz @ 50 100 w,Hz

FIGURE 1 Frequency dependence of the interlayer macroscopic shear modulus Ctyy5
a) Ctyy; = Ciaps = const for the phase Py; (in particular, P,,, i.e. for a crystal)

b) Cty3 = Cfyys ~ o for Py; (in particular, P,,, i.e. SmB)

0 at o <<w,

Cpas = constant at @ >> w, for P,; (in particular, P,,, i.e. SmF,)

€) Ciyys = {

0 at o<<wo . . R
d) Ctsys = { ¢~ o at °m >> wp for Py, (in particular, Py,, i.e. SmA,)

e) Cty;; = 0 at any o for Py; (in particular, Py, i.e. SmF,)

+ + + + + —experimental curve C,3,3(®)/Cy33(w*). (0* = 0, 1 Hz) for the smectic B phase of
the compound 408; — — — — — — experimental curve of the shear modulus G’ of the non-oriented
sample cholesterole-miristate in the smectic A phase.

4. DISCUSSION

24 states differing qualitatively by the elastic properties and translational order are
considered in the paper. In accordance with the known thermodynamical definitions®
we shall demonstrate that different states may be considered different phases. In
the high temperature limit T >> o the system entropy has the form'!

§ = 2, In[T/w;(K)]. (21)

Different states are characterized by different values of the local elastic moduli.
The jumping discontinuity of these moduli (or of their temperature derivatives)
leads to the similar alteration of the frequencies (6) and, hence, of the entropy
(21). It is not difficult to notice (Tables I and II) that the entropy increase cor-



TABLE III

Classification of mesomorphic phases according to translational order and elastic properties

rol Systemsand Radio] pt 12:33 19 February 2013

P,
Py Py P, P, (clusteric) P, (cl
Cr SmB SmF, SmF, SmF, ?
1, D) (S, D) (5,D) S, D (S,1,D) ) (
+ ? ? + + +
D) (D)
? ? ? ? ? SmA, 5
S, D) (5,1, D) (S,1,D) (S) (S, D) (S, D (S
€D, D, ? ? ? +
3s. D) s, 1, D) (.1, D) ) (s, D)
G + D, ? + + +
>
2 (1, D) (1, D)
ygalline, Sm—smectic, D—columnal, ?—the new phases, + —the phases not considered in the paper. In parentheses—the inde

e of molecules able to form a given state (S)—rodlike, (I)—spherical, (D)—disclike molecules.
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responds to the ordering decrease at such a transition. In spite of that not all of
the 24 states differ by “global” symmetry the transition between them leads always
to the jumping discontinuity of one of the free energy derivatives. Hence, such a
transition can be named a phase transition and the different states can be considered
the different partially ordered (i.e. smectic) phases.

We fulfill the classification (Table IIT) of the SLC phases in connection with
translational order and elastic properties (we shall not repeat the known results!
allowing to specify this classification by means of the account of orientational order).
On this basis we shall apply the results obtained for the description of the known
liquid crystals and discuss a possibility of the existence and the experimental iden-
tification of the new smectic phases.

It is evident that P,, is a crystalline phase. The other 23 phases are smectic
phases.

1. P, is an “intermediate” phase. Similar to a crystal it possesses long range
order in all directions but is characterized by the instability relatively the slow shear
of layers parallel to each other (i.e. similar to a liquid crystal this phase is a fluid
one). In accordance with the experimental results?! P,, can be identified as the
smectic B. It is essential that these experimental results cannot be described in
terms of the known theoretical concepts'!* since in the long wave approximation
long range order within the layer is destroyed at C,3;; = 0 due to the Landau-
Peierls divergence.® The contradiction indicated can be interpreted by means of
the account of second order with respect to the wave vector K. It is shown (see
Table I) that though order within the layer differs from the ordinary crystalline
(P,;) one “by the great influence of dimensional effects”!® (G,,, ~ exp(a,//L")—
for the crystal, G, ~ exp(az\/i/\/ﬁ’)—for the smectic B) at C,5,; = 0, but
C}3;3 # 0 but it still is a real long range one. The validity of the theory presented
may be also evidenced indirectly by the qualitative correspondence (see Figure 1)
of its results for the dynamical shear modulus Ci;,; ~ @ to the experimental re-
sults.?! For the quantitative estimation of the value Cj;,; we write down from (6):
C4y,5 = C}315l3K%/161%. Using the experimental resuits,?? Ct; 5 = 7 - 10® dyne/cm?,
at 2m/K, ~ 5145 A and putting typical values / = 5 A, I, ~ 30 A we get Cj3;; =
8 - 10* dyne/cm. Hence, it follows according to (6) that K;; = 9, 6 - 10~2 dyne.
Such a value for Ks; in the smectic phase is by 4-5 orders higher than the typical
values,? K;; ~ 1076 dyne, in the nematic phase.

Thus, the smectic B possesses long range order in all directions but differs from
the ordinary crystal by the great influence of dimensional effects within the layer
and by the instability relatively the slow shear of the layers parallel to each other.

2. Phases P;,, P,; and P}, are characterized by quasi-long-range order (i.e. by
intermediate between short and long range ones) within the layers, by the zero
value of the statical shear moduli within the layer and between the layers
(C = Cty;3 = 0 at w = 0). In terms of the known notions®” these three phases
are not distinctive from each other and identified as the smectic F. In accordance
with the Landau-Peierls theorem® it can be accepted® that long range order is
destroyed because of the absence of the interlayer shear correlations in this phase.
This interpretation is applicable for the description of Py, in the present paper.
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The existence of two other phases, P,, and PJ}, is bound with the influence of the
nonlinear effects (see Tables I and III).

3. Ps, and P%, are characterized by short range order within the layer and by
quasi-long-range one in the direction to the normal to the layers. In accordance
with these properties they can be identified as the smectic A phases. Order along
the normal to the layer is completely enough analyzed in the literature.*>-14 In
addition to the results already known we describe short range order within the
layer as well. For this purpose we estimate the value of the correlation radius
L,, = P(C1313)"*(Cé6)**/32T (see Table I and Appendix I) of the smectic A (to be
precise: Ps,) at the room temperature T = 4 - 10~ erg. It is not difficult to show
from the expression for the force constants (5) of the Morse potential'® that
[®11| = |®}}] - exp[—g(V3 — 1)] (g is the parameter of the long range interaction;
g decreases at the interaction increase). Whence it follows, according to (6), that
Cie = 8+ ,Cyexp[—g(V3 — 1)]. Putting C;; = 4 - 10'° dyne/cm?, 22 and using
the value Ci3;; = 8 - 10* dyne/cm calculated above we get

L./l = 179 exp(—0,55g) (22)

It is clear from this relation that the correlation radius within the layer increases
at the increase of the long range interaction. Similar results can be obtained for
some other smectic phases by using Tables I and II and Appendixes I and II. We
get L, /[ =7 for the values g = 6 at which the Morse potential corresponds to the
Lennard-Jones potential. This result is in good agreement with the experimental
data® according to which (L,,// = 5) and satisfy the main approximation in our
paper, L, /l >> 1, as well.

Note that all the shear moduli of this phase have the same form of the frequency
dependence. It is evident that the shear modulus of the non-oriented sample must
have a dependence of the same type. This result describes (see Figure 1) experi-
mental data?® qualitatively.

Thus, the existence of short range order within the smectic A layer is provided
by the high frequency (described by means of the account of the terms nonlinear
with respect to the wave vector) intermolecular correlations. The nonlinear effects
allow to interpret the shear rigidity of this phase at the sufficiently high frequencies
of the external effects also.

4. Py3(Dy) is characterized by short range order along the axis OZ and by long
range order in the directions parallel to the plane XOY.

5. Py(D,) differs from P,; by ordering in the plane XOY. Ordering of P,; is
similar to ordinary crystalline one in these directions and P,; possesses the same
one as that of the smectic B (i.e. P,; is characterized by the greater influence of
the dimensional effects). P,; and P,; are experimentally found®* in columnal systems
(the columns are parallel to OZ) formed by disc-like molecules. The theoretical
investigation®'° fulfilled in terms of the model “liquid column” describes P,; quite
well but does not admit a possibility of the existence of the phase P,;. The inter-
pretation of ordering of P, is fulfilled in the present paper by means of the veri-
fication of the limitations connecting the elastic properties and ordering.
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In addition to the results concerning the known smectic types new SLC phases
are predicted (see Table III) in the paper. These phases occupy the positions
intermediate between the known ones due to their elastic properties and transla-
tional order. The new phases do not differ from the known ones in terms of the
standard notions! based on the idea of the “global” symmetry. In correspondence
to the known thermodynamic definition,? however, the separation of the new phases
is necessary since the transition between all the states considered is followed by
the discontinuity of one of the free energy derivatives. We remind that the new
phases can be experimentally identified by means of the x-ray investigation of
translational order and by measurmg of the frequency dependence of the shear
moduli (Tables I and II).

Let us discuss a possibility of the existence of translational order typical for
smectic phases in the systems formed by spherical molecules or atoms. It is evident
from the conditions C,3,; = Cyy = (P} + 4DL);/I2 (see (6), (8)) and DI} < 0
that the conversion of C,, into zero is followed by the decrease of ®}} and the
increase of the absolute value |®4Y|. [P ~ |®}} - exp(—g) in th crystalline phase
and thus, it follows from (6) that Cj33(Ps,) and C,(P,,) satisfy the estimation
Cia13(Ps2)la/16 12C44(Py;) > exp(—g). Substituting this estimation into the expres-
sion for L, considered above for the smectic A we get

L,./l =z p exp(—0,8g) (23)

where p = 0,3VFI, (C)(C,)¥4T. It follows from this relation that L./l = 7
at g < go(L,,/l ~ 7 corresponds to the experimental data mentioned above and to
their theoretical interpretation for Sm A). In particular, we have g, = 5,5 and p.
= 573 for Ru and g, = 4,3 and p. = 222 for Zn."® Such g, correspond to the range
of the reasonable values (2 < g < 10) of this parameter. By means of analogous
considerations it may be shown that the correlations over the normal to the layers
are not weaker than those in the smectic A at g < g,.

Thus, in the orientationally non-correlated systems the phases may exist in which
translational order and elastic properties are similar to those of the smectics.

5. CONCLUSION

Twenty-three smectic phases differing by translational order, elastic properties and
transforming into each other by means of phase transitions are considered in the
paper in terms of the microscopic approach on the basis of the account of the
second order with respect to the wave vector K. The known smectic phases are
studied. The existence of new SLC’s is proved in connection with the investigation
allowing a) to characterize intermediate (between the long and short range ones)
translational order in the fixed direction, and b) to verify the limitations connecting
the elastic properties and ordering. A technique of the experimental identification
of the new phases is described.
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Let us formulate the most interesting results:

1. It is shown that the anharmonism and non-centrality of the intermolecular
interaction are to be accounted in the microscopic description of the elastic and
correlation properties of the phases possessing the statical shear instability.

2. The existence of the dynamical shear rigidity at the high frequencies (0w >>
wg) and its absence at the low ones (o << w,) is connected with the availability
of local translational order. The increase of the shear moduli observed in some
phases (for example, in smectics A and B) at the frequency increase is interpreted
by means of the account of the second order with respect to the wave vector.

3. It is established that translational order and elastic properties are similarly
influenced by the orientational correlations of the long axes of molecules and by
their translational transversal correlations with the second neighbours. It is proved
on this basis that the phases not ordered orientationally but possessing translational
order and elastic properties typical for smctic phases can exist at the sufficiently
high long range intermolecular interaction.

4. It is shown that the smectic B possesses long range order in all directions but
differs from the ordinary crystal by the great influence of dimensional effects within
the layer and by the instability with respect to the slow shear of the layers parailel
to each other (i.e. Ciy3 = O at o = 0).

5. Itis found that local translational order within the layer of the smectic A and
the dynamical rigidity of this phase at the sufficiently high frequencies are main-
tained by the restoring forces connected to the terms nonlinear with respect to K.

6. It is demonstrated that the phase transitions (i.e. the discontinuity of one of
the free energy derivatives) can be not followed by the change of the ‘“‘global”
symmetry of the system.
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