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Molecular theory of HexB-SmA-isotropic transitions in ultrathin liquid crystal films
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A microscopic theory is developed to treat the ultrathin film of liquid crystals of molecules that have no
cylindrical symmetry. The Hamiltonian is derived from the basic electrostatic interaction among electrons by
considering the dipole-dipole and dipole-quadrupole interactions between nonchiral molecules. It exhibits the
in-plane sixfold symmetry. From a unified model with the same interaction constants we are able to explain
simultaneously the layer-thinning 2w transition, the anomalous multiplex heat capacity, the strong singu-
larity in the HexB-SmA transition, and the coexistence of different phases. The theoretical calculations agree
quantitatively with recent experimental results for the free-standing 54COOBC films.
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PACS numbes): 64.70.Md, 64.60.Cn, 61.36v
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_ n _ 0'=< s(—)(—cosze—— > and ®=<—co§0——>,
During the past 40 years the characteristics and behavior d J\2 2 2 2
of liquid crystals (LC) have been an i_nterest?ng topic to respectively. For 54COOBC, the $mphase changes di-
many researchers. Compared to the increasing number ?gctlyinto the isotropic phasevithout the intermediate nem-
unusual phenomena observed in LC, theoretical developmegtic phasg The layer-positional order parameterdepends
is still limited and cannot account for some novel LC on the temperature in a completely similar fashion as the
anomaly. One of the significant theoretical works was donelirectional order®. Thus, the layer-positional order and di-
by Maier and Saup¢l], who introduced the orientational rectional order can exist simultaneoudl®)(T)=0, o(T)
order parameter to described the alignment of the molecules 0 and® (T)#0, o(T)#0]. In this case we simply ignore
parallel to a preferred axis in the nematic phase. Googns the layer-positional order, and apply only the directional or-
extend this theory to calculate the dispersion interaction ender to describe the smectic phase. Otherwise, theBhiixase
ergy between two optically active anisotropic molecules withis characterized by the existence of molecular hexatic-
chirality, and successfully explained the helical structure offositional order, described by the order parameder
the cholesteric phase, a special case of the nematic phasg{cos 3p) [6], which is different from the assumption of,
Later, Mcmillan[3] introduced a new order parameter, the Nelson and Co-worker4]. Since there is no net charge or
amplitude of a density wave in the direction of the nematicPermanent dipole, the interaction between the molecules is
preferred axis for the Smphase. Though there exist some certainly the_ dispersion mtera_ctlon and the mteract_lon energy
phenomenological theories for HBor Herringbone phase can be obtained py perturbation. In Qur.theory the interaction
[4,5] to explain the positional and orientational order, the€Neray of smectic orde(rthg .Iong-aX|s tit anglee)., which
physical features remain obscure. Hence, it is necessary counts for the Shl transitional phenomenon, is deduced

develop a microscopic model for HBxphase, which pos- rom the second-order perturbation of a dipole-dipole inter-
sesses the sixfold symmetry ' action, while the interaction energy of hexatic ordéne

: o long-axis rotation anglep), which accounts for the H&
In a previous pap€6], we proposed a unified molecular L .

model for noncylindrically symmetric liquid crystal mol- SMA tfranz!tmll‘\, IS d(;duceld fr?m thtg second-order perturba-
ecules in freely suspended films to explain the unusual phetlon ot a dipole-quadrupole interaction.
nomenon observed on 54COOBC during the BKSmA-I In addition, c_iue to the reduced symmetry of th_e surfa_ce
transitions. The theoretical results of a layer-thinning effec{ayer’ there_ exists a surface component of the Interaction
in the SnA-I transition are in good agreement with the ex- energy, which must be.ta|.<en into_account. For ultrathin
perimental datd7,8]. However, the relatively flat tempera- films, the surface_ pot_entlal Is of S|_gn|f|cant importari&
ture dependence of the heat capacity did not reconcile we y carefully cons!derlng the expenmenta! .results that ultra-
with sharp peaks observed in experiments on theB-BmA thin 54COOBC films have higher transition temperatures
transition. Therefore in this paper, aside from a more elabo'Ehan the bulk, we assume that 54COOBC possesses a strong

rate discussion of the unified molecular model, we focus Or?urface potential and the order parameter of the surface ex-

the study of the coupling constant dependence of the hea?—ee‘jS those of the interior layers.

capacity anomaly.

In general, the smectic phase exists of the layer positional
order and the molecular directional order, which are de- A series of experimentg9—12] have confirmed that the
scribed by the order parameters HexB phase of 54COOBC possesses sixfold diffraction and

IIl. THEORETICAL MODEL
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has positional order. Therefore, it is reasonable to take aumed that the molecules are neutral and there is no perma-
molecular-layer model and assume that the molecular densityent dipoles, so that,e; =0 and,(0|p;|0)=0.

distribution possesses a hexagonal close-packed structure asTo the second-order perturbation, the interaction energy
illustrated in Fig. 1a). The molecule(0,0,0 in this model  Hj; takes the form

has twelve nearest neighbors locateda0(0), (—a,0,0),

_ b
( 1 V3_ (L v Hij=Hj+Hij+ 3
__al_al L _al__a! 1
272 2 2 where
1 V3 1 V3
_t, “a 2 i 1 < (Olay|m)ula;l0)
( ST 5 a,0/, S5 a,0| in the same layer, Hﬁzﬁe‘E ”E - Iy (4a)
ij M 0 ©
O,ia,c , —Ea,—ia,c : 1 (O|bRY| w){ u|bIP|O) +c.cC.
V3 27 2n3 HE=—5 > - s , (4b)
R4 Eo—E,
1 1 ) . .
(Ea,—ﬁa,c) in the upper layer, and and for molecules without chiralit}2]
1 0lay; bPI+baP 0
1 1 1 Hﬁb=—72 < | |J|/-L><:“| ij Ijl >:0. (40)
0,—a,—c|,| —5a--——a—c|, Rij % Eo—E,
V3 27 2v3

It is convenient to define the position of the point charges
(Ea,_ ia,—c) in the lower layer, with respect to the positioR;, in a coordinate syster 7,
2 2v3 {, which is fixed to the molecule. Therﬁik=§i

h is the di leciil , + pi(XikYiZik), Which is defined in the fixed macroscopic
wherea is the distance between moleculand its nearest  .,qrginate system, and can be expressed by means of the
neighbors in the same layer, ands the interlayer distance. Euler t f i ith Eul | 0 B
Moreover, the molecule without chirality is supposed to pos-=UIe" ransformation with Euler angles;, 6, i as Ry
sess a long-axig and short-axeg and 7. It has the reflection = Ri+ pi(&ik7ikgik), in which pi(&ik7ikdi) is defined in
symmetry with respect to thé & plane, but has no such the molecular coordinate system. According to the Euler
symmetry inz. In other words, the constituent molecules dotransformation,

not have the cylindrical symmetry because the cross section

of the molecule is assumed to be triangular rather than cir-  Xjk=C0S6; COSg; i — SiN ; 7;+ SiN 6; COS@; iy »
cular.
By expanding the electrostatic interaction Yik=C0S6; sing; &+ CoSe; i +Sin 6, sing; ik, (5)
H ik Zjg= —sin 6; i+ cos; fik ,

TS .

kil |R- -R |

jl ik . .

. . when =0 has been assumed. In this coordinate system, the
in the Taylor series, we haJe] interaction energy of moleculewith its six nearest neighbor

moleculeg in the same layerR;;=a) are the same as

I:|ij=aini]3+(bﬂq+bﬂ-p)Ri}4+--- (1)
with Hf=—DjPiP;, (63
ai;=pi - P;— 3P Gi; B; - Uy, (2a sHY=—12C("P;P;+(C{?'P;+CiZ'P)) + C{¥ FiF;
e 13CDP P 4+ (C@P 4 C@p) 4 CCTE. ..
bfi=—3{a;Bi - dij+ 25 Q; - Uy — 5p; - Uy (U - Q- )}, LG PP H(CTPH G+ GRSy
(2b) (6b)
b?jp:%{Qiﬁj'ﬁij+2ﬁj'6i'ﬁij_5ﬁj'ﬁij(ﬁij‘6i'ﬁij)}i | Let
2c

S =27cD) L =27C2 L =27c®
where we have defined the electric dip@e= 3 e;pix and Bj=27Cy",  C=27Ci7, and Q;=27C;".

the electric quadrupol®;=X.ie;5; 6 With The interaction energy of moleculewith its six nearest

Q=35 - neighbor molecules in the adjacent layerRj;~c) are the
same as
Other notation includes the intermolecular distarieg

=|R,—Rj| and the unit vectori;;=(R,—R)/R;; . It is as- Hf=—2D;;P;P; (79
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4 8
gHi =73 {[CI'PiPj+ (CIPPi+ CP'P)) + CfF]
S

XFiFj+[C{"PiP;+(C{7Py;

+CiP'Py) + CYIFGF ), (7b)
where we have assumed tleat a.
Now let
18 D 18 (
BI] —SCZ_C” ) Clj _—3C2_C|J )
1+ — 1+ —2)
a a
18
_ (3)
QI] 3C2 Cij )
s

where

Dij= RGE

Ij/'L

{[<0lpg.|u><ﬂlpg.|0> (Ol pgil )

X{ | p§i|0>][<0| Psil )l Pgil0) — (Ol pgj| )

X(u|pg|0) 1}, ®)
cP=cz R E g, (CuCijtee), (93
ij ~
f,?)— 52 T g ~(CiCytec), (9b)
le M
c<2>—T 2 ~(CaCijtec), (99
IJ M

Ci<j3)_ RS E

Ijlu

12C;=4(0]py; |M)(M|Q§ni|0> +2(0]p il ) (1 9geil O)
—4(0| P |:U~></U~|Qg7;i|0> —2(0| Pni|,U«><M|CI§§i|O>,
(109
12C 5= 2(0|pgi| ) |0, [0) + 40 il ) ] a1 0)
+(0[pil ) ]zl 0) + 20 p i | (el i O)
—3(0[pil w) (1l a,,i]0), (10b)

3cogh—1

C2|C2J+C c), (99
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FIG. 1. The assumed molecular arrangement.

1 1
Hf:—igspp Z SIFiF;, (11)

whereS; and S]] can be derived fronD;; andQ;; , respec-
tively, by replacmg|0> by |s) Combining the above results,
the complete Hamiltonian is obtained [&d

1 1 1
—EiZJ DijPin—EiE’j QijFiFj—EiZ’j B;;PiP;FiF;
1
2 CiPFiF;— 2 SHPiP;— Z, SIFF;, (12
whereP;=(3 co 6—1)/2, F;=cos 3.

Assuming the interaction between nearest molecules in
our molecular model from Eq$6a—(10b) we have proved
that for the interlayer interactio;;=2D'>0, Q;;=Q’
<0, Bjj=B’'<0, andC;;=C’~0, while for the intralayer
interaction Dij:D>O, Q” :Q>0, BIJ =B>0, and C”
=C. FurthermoreSfi=S">0 andS}=S%>0 for the exis-
tence of a stable surface. In addition, it can also be shown in
the approximationc>a that D>D’, Q>|Q’|, and B
>|B’[. Hence, only one term with the coefficieBy; is im-
portant in the calculation of the interlayer interaction, and all
other terms of the interlayer interaction are negligible. Since
the statistical average value Bf;=sin 3¢, is approximately
zero, all terms involvingFgFg; in the Hamiltonian have
been neglected to a reasonably good approximation.

Applying the molecular field approximation to the Hamil-
tonian obtained above, we perform a self-consistent calcula-
tion numerically for the temperature dependence of the order
parameters for thé&l-layer film. Since we are studying the
freely suspendedli-layer film, thenth molecular layer in the
film is equivalent to the |+ 1-n)th layer. And molecules in
the same molecular layer are all equivalent because of the
translational symmetry. Then

®n(T):<Pn> and (Dn(T):<Fn>

Fi=cos3p;, Fs=sin3gp;.

Pi=——— [n=1,23... N2, or (N+1)/2], (13
Note that for molecule, p,;=2 e a; denotes the electric where
dipole moment component ary, 5= X &« Bik the elec-

tric quadrupole moment components with3= ¢, 7,<.

The ground state of the surface molecule satisfies the
equation|s)=cy|0)+c,|1), where|0) is the ground state of
molecules in the interior layers. The reduced symmetry obndA,=P,, F,, andV, . From Eq.(12) we have(a) for the
the surface requires that an additional surface energy bulk,

(A= J2I37Ae Vn%eT sing, d g den,
" JgeTe Vn'keTsin6,dOydey
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FIG. 2. (A) The reduced heat capacity of each layer of bulk

versus reduced temperaturavith the same transition temperature

of bulk (r4s=0.7979,75=0.8357). (B) ® and® of bulk versus
reduced temperaturer (7y4s=0.7979, 74=0.8357) with D

=0.03536eV and>’'/D=0.125; (a) B/D=0, Q/D=0.5319; (b)

B/D=0.298, Q/D=0.45; (c) B/D=0.4; Q/D=0.422; and(d)

B/D=0.44,Q/D=0.411.

0=0,=(P,)), ®=0,=(F,),
V=V,=-3D0,P,—6D'0,P,—3BO,d,P,F,
—~3Qd,F,,
(b) for the two-layer film,
0,=0,=(Py), ®,=0,=(F,),
V,=V,=-3D0®,P,—3D'0,P,—3B0O,d,P,F,

~3Qd,F,—35P0,P,— 35D, F,,
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FIG. 3. (A) The reduced heat capacity, of a two-layer film
versus reduced temperaturavith the same transition temperature
of a two-layer film (rys=0.8264,75=0.8591).(B) ® and® of a
two-layer film versus reduced temperature(rys=0.8264, g
=0.8591), withD=0.03536¢€V,D’'/D=0.125, andS’/D=0.16.
(@ B/D=0, Q/D=0.5319, andS*/D=0.019; (b) B/D=0.298,
Q/D=0.45, andS¥D=0.0238; (c) B/D=0.4, Q/D=0.422, and
S9/D=0.0254; and(d) B/D=0.44, Q/D=0.411, and S%/D
=0.026.

and(c) for the N-layer film (N=3),
©n,=(Pn)=(Pn+1-n)s Pn=(Fn)=(Fn+1-n)-

The single-molecule potential of the surface layer is

V1: _3D®1P1_3D,®2P1_SB®1(D1P1F1_3Q(I)1F1
—35°0,P,— 359D, F,

while the single-molecule potential of tin¢h interior layer is
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FIG. 4. (A) ®, and®,, of a 6-layer film versus reduced tem- 0
peraturer with D=0.03536eV,D’'/D=0.125,5°/D=0.16,B/D
=0.44, Q/D=0.411, andS%D=0.026. (B) ®, and of an 11-
layer film versus reduced temperatute

6-layer
Vi=VNi1-n=—3DO,P,—3D'(0,,,+0, )P, ———"/L\_—,/\____

0
0.7781 0.7881 0.7981 0.8081 0.8181 0.8281 0.8381 T

1000

—3B0O,®,P,Fn—3QPF, ®)

[n=2,...N/2, or (N+1)/2]. FIG. 5. (A) The reduced heat capacity, of two, three- and
four-layer film versus the reduced temperaturéB) The reduced
heat capacite, of 6, 9, and 11-layer film versus the reduced tem-

It is clear that there are altogethérfor N+ 1) coupled equa-
peraturer.

tion (13) for ®, and ®,, whenN is even(or odd. After
determination o ,(T) and®,(T) at temperaturd, we can
simultaneously calculate the internal energy per square cemspace inversion symmetry, which means that the interaction
timeterU(T)szr’\,'zl(Vn>, in which densityp is the number between the moleculeand the neighboring molecujere-
of molecules per sq cm of each layer, and the specific heahains unchanged under space inversion. An example is
C,=(9U/dT),, as well as the transition temperature for shown in Fig. 1a) whenj becomeg’. Therefore, the order
comparison with the experimental data. parameterd = {cos 3p) with threefold symmetry has already
The choice of the positional order parametdr indicated the order between the moleculeand its three
=(cos 3p) is based on a Hamiltonian with sixfold symmetry. neighborg as well asj’. Consequently, the molecular den-
As revealed by Eq(4), the interaction energi;; possesses sity distribution with threefold symmetry and inversion sym-



4240 JUE SHI, LONG-PEI SHI, AND D. L. LIN PRE 60

TABLE I. Peak temperatures, 4p[ T yp=(D/kg) 7, 4] Of thenth layer in anN-layer film. The heat-capacity peaks of 5th and 6th layer
are indistinguishable.

N 12 11 10 9 8 7 6 5 4 3 2 %
(Bulk)

TLnp 0.8223 0.8223 0.8223 0.8223 0.8223 0.8223 0.8223 0.8224 0.8226 0.8234 0.8263 0.7978

Tip(°C) 6450 6450 6450 6450 6450 6450 6450 6454 6462 6495 66.14  54.44

Tomp 0.8042 0.8042 0.8042 0.8042 0.8042 0.8042 0.8043 0.8045 0.8055 0.8098

T,up(°C) 57.07  57.07 57.07 57.07 57.07 57.07 5711 5719 57.60  59.37

T3np 0.8001 0.8001 0.8001 0.8001 0.8002 0.8004 0.8007 0.8021

Teup(°C) 5539 5539 5539 5539 5543 5551 5563  56.21

Tanp 0.7989 07989 0.7989 0.7990 0.7991 0.7996

T,p(°C) 5490 5490 5490 5494 5498 5518

Toup 0.7982 07983 0.7985 0.7987

Tsup(°C) 5461 5465 5473  54.81

metry exhibits sixfold symmetry diffraction as a whole. tribution of P;P;F;F;. Moreover, the sign of cannot be

All the constants can be derived theoretically when thesixeq in our model. For this reason, we simply neglect the
molecular states are known. We determine these couplinggyt of P,F/F; in the calculation. In other words, we I€t

constants in the following from the experimental data for the_ o/ — .
bulk and two-layer film of 54COOB(7,8]. For conve- Finally, the surface constar8” is determined by the
nience, we define the reduced temperaturg ks /D) T, the  gpa-| transition temperatures;=0.8594 orT¢=79.72°C
reduced internal energy=U/pD, and the reduce heat- f the two-layer film[7,8]. The other surface constast is
capacityc, = du/dr=C, /pkg instead of temperatur€, in-  yatermined by the heat-capacity peak temperatuge
ternal energyJ, and heat capacitg, , respectively, in the _ gog7 orTp=66.3°C observed in the HBXSMA tran-
numerical calculation. For example,;i»f~5><_1013cmz, W€ sition for a two-layer film[8]. Thus, we haves’/D=0.16
have 7?}/%1-45( 10°Cy(cm? K/ ud) with Ke=  and S¥D=0.026 whenD, D', Q, and B are chosen as
1.38x 19 (MJ/K); above. Employing the coupling constants thus determined,
~ We first determineD andD’ from the bulk SPA-l tran-  \ve calculate the order parameter and the temperature-
sition temperature 70°Q7,8]. For instance, we adjust gependent heat capacity. It is found, as is indicated in the
D'/D=0.125; then, from the calculation fd,(7) above  experimen{8], that the HeB-SmA transition of a two-layer
the HexB-SmA transition temperature, the bulk 2 tran-  fiim is weak first order as shown in Fig(l8. SinceS” is
sition temperature of=0.8357 can be found independent g fficiently large to provide strong surface potential, the ef-
of constants), B, andS”=S"=0. SinceTg=(D/kg) 75 COI-  fect of surface enhancement outweighs the interlayer inter-
responds to 70 °C ankl;=8.6164<10 °eV/K, we findD  actions. This explains why the internal energy of interior
=0.03536eV. In this case the relation between temperaturgyyers becomes lower than the bulk, and eventually renders
T and the reduced temperature is T=(410.43) K  the layer-thinning phenomenon, and the phase transition in
=(410.43—273) °C. On the other hand, the valuef/D  yjtrathin films takes place above the bulk transition tempera-
cannot be chosen arbitrarily as it may change the detail of thg)re.
transitional behavior. According to experimen8], our As indicated above, there may be more than one set of
calculation shows thdd'/D~0.1. coupling constants that yield the consistent results with the
SecondQ as well asB are determined byyp, the tem-  experimental data for 54COOBC filnj3,8]. In the present
perature at which the heat capacity for bulk Be&mA tran-  paper, we pick the following set for our computation.
sition peaks. Note that,p=0.7975 corresponds tdp
=54.3°C[8]. TheB dependence of the transition order and D B
the shape of the heat-capacity peak is depicted in Fig. 2. Itis = = = —
clearly seen that a largé& (B/D>0.4) results in a sharper Diev D D D D D
peak, and that the corresponding transition changes from @p3536  0.125 0.411 0.44 0.16 0.026
second order to a weak first order. Hence, the sharp peaks of
the experimental heat capacity in RE8] implies thatB/D
=0.44 and themQ/D=0.411 whenD'/D=0.125 andryp
=0.7975. Though bottB and C are the coupling constants
between long-axis directional order and hexatic-positional In Fig. 4, the order parametei®, and &, for (a) a
order, which account for the detailed shape of the heaté-layer and(b) 11-layer films all vanish above the bulk
capacity peaks in the H&SmA transition, the part of SmA-l1 and HeB-SmA transition temperatures, due to the
PiP;F;F; is actually responsible for the sharp heat-capacitysurface-enhanced order. Due to the interlayer coupling of
peak, which is consistent with the experimental observationsmectic order® , for all n disappears simultaneously, while
while the part ofP;F;F; gives a rather flat peak. Therefore, @, for differentn vanishes at different temperatures due to
the contribution ofP;F;F; should be smaller than the con- the lack of direct interlayer interaction in the hexatic order.

Q SP sd

Ill. THEORETICAL RESULTS
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The surface layer, on the other hand, must experience thenN %
HexB-SmA transition at the highest temperature due to the ;|-
enhancement of the surface potential. The siz® pffollow
the order D(T)>D,(T)>D5(T)>DYH(T)>D5(T)
>dg(T), the interior layers change into a 3nphase while o

1| =

the outermost layer remains in a Hephase. Therefore, the 9 -
coexistence of Sthand HexB phases is understood theoreti- . _
cally.

In the case that the coupling between directional otder —
and positional as well as orientational order) is weak 6| —

enough such as those shown in Figs. 2 and 38fa0.3, the
HexB-SmA transition is of second order in nature. This cor-
responds to the KT transitidrl5] because the order param-
eter &, vanishes continuously and the temperature- 3 _
dependent heat capacity has the characteristic hump. On the
other hand, the Skl transition is of strong first order in
nature as the order parametey, drops sharply to zero and
the heat capacity peak diverges. In the case that the coupling ¢
betweend and(p is strong enough oB is Iarge enough, the 0.837  0.84  0.843 0.8  0.849  0.852  0.855 0.858 T
HexB-SmA transition would becomes weak first order. An i 6. The thickness of a stable filthl) versus reduced tem-
example forB>0.4 is shown in Figs. 2 and 3. Our calcula- peraturer.

tion seems to confirm the experimental findings of

54COOBC that the HB-SmA transition is first order rather L

than of second order. two order parameters, the directional ord) of the mo-

The HexB-SmA transition in free-standing liquid crystal 'ecular long axis and the positional ordé(¢) of the mol-
films behaves quite differently. As is shown in Fig. 5, the €cules, to_dgscrlbe, respectively, the_smectlc an_d hexatic
heat capacity exhibits multiplex peaks implying the |ayer_by_phase of liquid crystals. From theoretical calculations, we
layer melting phenomenon. The transition temperature fopave investigatedi) the lack of direct interlayer interaction
films of 2—11 layers calculated for the same set of paramcomponent for hexatic order @’ <0, (i) the enhancement
eters are listed in Table I, and they differ from the corre-of the surface potential or large enough positBfeand S¢,
sponding experimental values by about 1 °C. The calculatedii) the existence of a direct interlayer interaction component
heat capacity peaks of 3—11-layer films are compared witfior smectic order oiD’>0, and(iv) the existence of the
the data available in Ref8]. It is found that quantitative coupling between the intralayer hexatic and smectic order or

2 |

1

agreement is achieved by assumi@,~C, and p~ large enougtB. By applying our theory to 54COOBC liquid
5x10%cn?, which corresponds toa~15A. Only the crystal, the calculated results are quantitatively consistent
2-layer film has a higher peak than the experiment. with the experimental observations. We also show by the

The above results demonstrate that thinner films possesgnishing hexactic positional order that the BeRmA tran-
higher transitions and the 9 transition occurs through a sition is second order or weak first order and the latter ap-
series of a layer-thinning process. In other words, the freeplies to 54COOBC ultrathin films as is already evidenced by
standing liquid crystal films thin in a stepwise manner as thebservationg13].
temperature increases. The situation is illustrated in Fig. 6. In The different behavior between individual molecular lay-
Table Il the transition temperatures calculated from the samers in the HeB-SmA transition is a result of the strong
set of coupling constants are compared with the experiment&urface-enhancing effect. The surface potential with constant
layer-thinning transition data of Reff7]. It is seen that the SP originally strengthens the smectic order of different inte-
agreement is generally good and the discrepancy is withinior layers(determined byD"). It enhances the hexatic order
1°C. of different interior layers through the hexatic-smectic cou-
pling effect(determined byB), and thus causes the distinc-
tion among molecular layers in the film. Consequently, the
phase transition of molecular layers takes place at different

We have studied the dependence of the multiplex heatemperatures and displays heat-capacity peaks of different
capacity anomaly on coupling constants in the BSmA  magnitudes, which renders the appearance of the multiple
transition and the coexistence of a different phase in freelheat-capacity anomaly. Though the other surface potesftial
suspended film of liquid crystal. In our theory we introducealso contributes directly to the surface enhancement, its con-

IV. CONCLUSION AND DISCUSSION

TABLE Il. SmA-I transition temperaturess, [ Tg=(D/kg) 75] of an N-layer film.

N 12 11 10 9 8 7 6 5 4 3 2 o0
(Bulk)
Tg 0.8375 0.8380 0.8387 0.8395 0.8407 0.8419 0.8433 0.8452 0.8477 0.8515 0.8591 0.8357

T (°C) 70.74 70.94 71.23 71.56 72.05 72.54 73.12 73.90 74.92 76.48 79.60 70.00
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tribution is rather small compared witB° and is of less C
significance.

From the above discussion, we emphasize that when the
constantB is positive and larger enough, we predict a strong
singularity in the SmA-HexB transition. This is the case of
strong coupling between smectic ordéy and hexatic order 0
(¢), and has been observed receipfly]. On the other hand, 100 | D
when the coupling between smectic ord@ and hexatic
order(¢) vanishes, the H&B«SmA transition displays a very
weak singularity and is consistent with the KT transition
[15]. It is observed in Figs. (@) and 3a) that the curves
marked(a) for B=0 and(b) for B<0.3 correspond to the
KT transition with its characteristic hump of the heat capac-
ity. The curves(c) and(d) for B>0.4 imply the strong cou-
pling between hexatic and smectic order, which results in the
HexB-SmA transition with strong singularity and displays the

v

800

characteristic phase transition of weak first order. As a result %:0
of the strong coupling between hexatic and smectic order, 400 +
0, displays a distinct drop wheh,, jumps to zero as is seen
in Figs. 2b), 3(b), and 4, which results in a H&SMA
transition with strong singularity. o ‘ ‘
Finally, let us take a look at a different arrangement of 0.7781 0.7881 0.7981 0.8081 0.8i81 0 8281 08331 T
molecules in the structure shown in FigbL The molecule
at (0, 0, 0 has eight nearest neighbors af,@,0), FIG. 7. The reduced heat capacity of a six-layer film versus
(—a,0,0), reduced temperature (a) Q’/D=0 and(b) Q’'/D=0.001.
1 V3 1 V3 would vanish onc&’'/Q=0.1%. As an example, only two
(— -a,—=a,0|,|za,—=a0/, of the original three heat-capacity peaks of a six-layer film
22 2 2 can be found in Fig. 7 whe@’'/Q=1/411, indicating that
1 V3 1 V3 the direct interlayer interaction for hexatic order would baffle
—Za-—ao0ll=Za —=ao0 the observed multiple heat-capacity anomaly. Hence, this
27 2722 molecular arrangement is not appropriate for our model,

while our model of a close-packed structure is reasonable, as
its direct interlayer interaction is very small and results in
hexatic disorder.

in the same layer, and (0;9¢) in adjacent layers. There are
twelve second nearest neighbors at0(*=c), (—a,0,£c),

1 V3 1 V3 Recent experimen{d4,16,17 for a two-layer 54COOBC
( —-—-a,—=a,*c|,|za,——=a,*xc|, film observed other phaséthe so-called HeR; and HexB,
272 2 2 or SmMA’ and HeB) in a hexatic liquid crystal. Therefore, in
1 V3 1 V3 the forthcoming paper we would expand our unified model
- -a,——a,*c|,|=a,—a,*c and introduce an order parame{ens(6p)) [18] by applying
2 2 22 the same microscopic method we developed in this paper.

in the adjacent layers. The interlayer interaction for hexatic
order betweert0, 0, 0 and its nearest neighbors in the adja-
cent layer is zero, while that betweéh 0, 0 and its second Two of us(L. P. Shi and J. Shiare grateful to the Natural
nearest neighbors is larger than zero, nam@y>0. How-  Science Foundation of China for financial support under
ever, we have seen that the multiple heat capacity anomal@rant No. 19474073.
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