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The phase transitions from a smediicto a tilted hexatic phase are known to form a first-order transition
line that terminates in an isolated critical point, beyond which there is supercritical evolution of bond-
orientational order without a thermodynamic transition. Recent experiments strongly suggest that Amectic-
(Sm-A) to hexaticB (Hex-B) transitions are also first order, albeit in some cases very weakly so. A generalized
smectic-hexatic phase diagram is proposed that unifies phase transitions involving tilted- and untilted-smectic
and hexatic phases. Current information about S#Hex-B phase transitions is summarized and discussed in
the context ofquasicritical behavior.[S1063-651X98)00103-3

PACS numbd(s): 64.70.Md, 64.60.Fr

I. INTRODUCTION the latter has herringbone ord@tBO) in the rotational ori-
entations about the long axis of the liquid-crystal molecule.
The study of bulk hexatic phases, which exhibit long-In the case of HeB phases that transform into &-on

range bond orientational ordéBOO) but short-range in- cooling there is short-range HBO in the hexatic phase, while
plane positional order has been a very active field of researcHexB phases that transform into @r-on cooling show no
[1]. There are two aspects of this field: one involves untilteddBO fluctuations.
structures and the smectic{Sm-A) to hexaticB (Hex-B) Sincg the BO order pgramet@rwhich describes the six-
transition, and the other involves transitions from the tiltedfold azimuthal modulation hasXY symmetry, the Sm-
smecticC (SmC) to either of two tilted hexatics that are A—HexB transition was expected to exhibit 30 critical
denoted here as hexafic{Hex-F) and hexatid- (Hex-1) behavior. However, this is not consistent with the experi-

; tal effective heat-capacity exponentg;=0.5—0.65
[2]. The latter are usually denoted as smeé&ti¢cSm+) and men .
. o . [6,10] or the BO order-parameter effective exponefis
smectict (Smd) for historical reasons, but the notations ~0.15-0.25[8,11]. In addition to this, recently reported

Hﬁx-F and Hex} stress the essential BOO nature of theseheat-capacity results on two-layer filnig2] do not agree
phases. . with the expectations of 2D melting theory.
_ For symmetry reasons, S@-Hex+ (or Hexd) transi-- A number of theoretical models have been proposed to
tions must be first order, and this first-order transition I'neaddress the coupling betwednand tilt [3], HBO [13], po-
can terminate in an isolated critical point beyond which theg;tional densityp [14,15, and smectic layer fluctuations
BOO evolves supercritically without a thermodynamic tran-[16]. Although these models have vyielded several
sition [3,4]. Since there is a coupling between the tilt Ordersuccesses—scaling of the harmonics in the tilted Hex-
parameter® = ¢ exp(¢) and the bond-orientational order phase of supercritical 809115,17 and the temperature
parametetl =| ¥ |exp(6y), the tilt induces BOO in the Sm- variation of layer thickness in 460BC (butyl-
C phase. The situation is analogous to that of the liquid-texyloxybiphenyl-carboxylaje[7,14—none has explained
vapor transition in a simple fluid, except that the the detailed behavior near the S%-HexB transition. Re-
Sm-C—Hex-F (or Sm-C—Hex-l) critical point is not an cent calorimetric studies of 650B[t0] and 310/ OBC[18]
Ising point but belongs to a new universality cld8$ Ex-  suggest that all SM—HexB transitions are at least weakly
perimental evidence for this critical point has been observedirst order but with very large pretransitional fluctuatioy
calorimetrically for a mixture of 8St80SI (methylbu-  wings.
tylphenyl octylbiphenyl-carboxylate and its octyloxybiphe-  The purpose of this paper is to provide a general phase
nyl analog [4] and from x-ray smectic layer thickness data diagram that can act as a road map to unify the behavior of a
for a mixture of (100SIH+TB10A (terephthalbis- wide variety of experimental smectic systems yielding Hex-
decylaniling [5]. B, Hex+, and Hex} hexatic phases. Section Il presents the
The SmA-Hex-B phase transition in untilted systems phase diagram and Sec. Il contains a discussion of the cur-
has been even more widely investigated. The thermal propent status of the SA—Hex-B transition.
erties near such transitions have been extensively reviewed

by H_uang and Stoebé], and there are numerous structural Il. GENERALIZED SMECTIC-HEXATIC PHASE
studies (for example [7-9]). There are two types of DIAGRAM
Sm-A—Hex-B materials: those exhibiting a

Sm-A—Hex-B—Cr-E phase sequence and those exhibiting a The global phase diagram shown in Fig. 1 is intended to
Sm-A—Hex-B-Cr-B sequence. CB and CrE are three- provide an overview of smectic-to-hexatic transitions involv-
dimensional3D) plastic crystaB and plastic crystak, and ing both SmA and SmE phases going to Hek- and its
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A-Sm-C—-Hex+ (or Hexd). In this region one sees a direct
70 - o N Sm-A-to—tilted-hexatic-phase transition. It should be noted
§ T Nfé % // that the freezing into a plastic crystal phase is strongly de-
60 = a < SR / pressed near the H&&—Hex+ (or Hexd) line. A possible
50 - § o 'Ng % g - NI A explanation for this phenomenon is the presence of short-
38 U§ oo 431 8|H / range HexF (or Hexd) order in the Hex8 phase and short-
40 Iy %gg 3 g < // 3 range HexB order in the Hex= (or Hexd) phase, which
- g‘”’ §§ 2 2 ) * could perturb the system enough to interfere with the nucle-
98 é ol |1 800\,; Y Q ation of a plastic crystal phase.
o % 2 ] T8 S /7 1HIE The order of the transitions is indicated with dashed lines
SR ECE-N >l /I8 representing second-order transition lines and solid lines de-
o 10k | A L 'T /S NI noting first-order transition lines. Tricritical points are de-
Q 1 1 m [ [B mf‘ noted by open circles and the SB+-Hexd critical point is
= ” A2 denoted by a filled circle. Al known Sm-
— r:i# G l lG J l I JL A—tilted-hexatic-phase transitions are first order. The behav-
-0+~ CrE *, ° G o GLN [ ior along the SmMA-SmC line is well represented by “ex-
H © 3 (J.% tended” Landau second-order transition thept@], and a
-20 |- K? o <(’ % tricritical point is expected but not yet observed near the Sm-
0 HexB B A—SmC—HexF triple point. (A Sm-A-Sm<C Landau tric-
- ritical point has, however, been observed in chiral systems
10 K?K? [20].) As described in Sec. I, symmetry requires that Sm-
C—tilted-hexatic-phase transitions must be first order, and
-50 this first-order line can terminate in a critical po[i3]. Such
X a critical point has been observed in two systdmh$| and

supercritical Sm-C—tilted-hexatic behavior has been ob-
FIG. 1. Generalized phase diagram for smectic liquid crystalsseryed in 80S[4] and in 90SI[21].
that form hexatic phases on cooling. The vertical s_,caIeTis_ Another type of phase behavior must also be considered;
—Tgoo. Where Tgop is the temperature for the smectic-hexatic the first-order freezing of a S#; SmC, or HexB phase
transition. The horizontal scale is a loosely defined general COMPYi i the CrB plastic crystal phase. This can act to truncate
sition variableX (see text The light vertical lines represent the the observation of tilted-hexatic phases and is indicated by

range of stability for smectic and hexatic phases. The letters at th -
o e presence of the lett& for a few systems in Figs. 1 and
ends of these vertical lines denote the phases observed above the . L

. Examples of this freezing into @-are the SMA-Cr-B

SmA and below the hexatic phase. Solid phase transition lines a L o
first order and dashed lines are second order. In the lower rig ansition in 40.8[22], the SmC—Cr-B transition in 40.7

hexatic region, Hex-is observed above the symbbland at lower 123 and the Hex@—Cr-B transition in PHOAB[24,25 and
temperatures there is a G-Cr-G transition. In the absence df ~ IN many other recently studied materi426—28 not in-
the symbolG indicates that the hexatic phase is Hexwhich ~ cluded in Figs. 1 and 2. Indeed, the phase diagram for binary
transforms into CG at the indicated temperature. mixtures of 650BC and 40.89] exhibits SmA, HexB,
Cr-B, and CrE phases but no tilted-hexatic phases, and this
tilted analogs HeXr and Hext. In this diagram, the vertical diagram corresponds closely to the middle of Fig. 1 with the
axis iIsT—Tgoo, WhereTgog is the smectic-hexatic transi- Cr-B phase region replacing that of the tilted hexatics and
tion temperature. The horizontal axis is a qualitative compotilted plastic crystals. It should be noted that there do not
sition variable denoted as. For homologous series such as appear to be any cases of transitions betweeB @nd the
n(10)OBC and TBnAX is directly proportional to the value plastic crystals CE, Cr-J, Cr-G, or any tilted hexatic phase.
of n, where nonintegral values such as 3IBOBC repre-
sent a binary mixture of two adjacent homoldgsntaining 1. DISCUSSION OF Sm-A—Hex-B TRANSITION
73 wt % 410)OBC in this casg¢ The slopedT/dX of the
Sm-A-SmC line is arbitrary, but the compounds exhibiting The principal concern in this section is the behavior of the
asmC phase are p|otted 2t values that proper]y represent Sm-A—HexB transition. Table Il diSplayS the basic informa-
the temperature range of the %phase‘ The conventional tion that is available for all the SA—HexB SyStemS known
names of the liquid crystals discussed in this paper are dd0 us. When high-resolution heat-capacity data are available,
fined in terms of their proper chemical names and structuraihey have been fitted with the power-law form
formulas in Table I. In both Figs. 1 and 2, the vertical lines e A .
are terminated at the top by the symblor I indicating AC,=A~[t| *f(1+Dy[t|*)+B;, D
which of these phases lies at temperatures above the position ]
of the horizontal bar. At the bottom of many of the vertical Where AC,=C,—C,, (backgroung, t=(T—T)/T is the
lines here and in Fig. 2 the symbdss G, J, andK denote reduced temperatureaejf is the effective critical heat-
the temperature at which the liquid crystal transforms orcapacity exponent, ari8; is the contribution of the singular
cooling into one of the plastic crystal forms 8(-Cr-G, Cr-  free energy to the regular heat-capacity behavior. For
J, or the rigid crystal CIK. second-order transition8_ =B, is required and\ is usu-
Figure 2 is a detailed view of the region between twoally A;=0.5. A stepAB.=B_ —B_ #0 is a signal of a first-
triple points: the SmA—HexB—HexF (or Hexd) and Sm-  order discontinuity. For some of the fits given in the litera-



TABLE 1. Listing of liquid-crystal compounds by
mula. ¢ denotes a phenyl ring.
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common name, chemical name, and structural for-

Common Name

Chemical name and formula

FLUN

144’ -alkyloxyphenylaming-3-(4”-fluorophenyl-

propen-1-one-3
F- ¢-COCH=CHNH-¢-OCHy,.1

nmCOOBC

n-alkyl-4-n-alkoyloxybiphenyl-4-carboxylate

CrnHam:1-COO0-¢-¢-COO-CHony 1

nO.m

N—4-n-alkyloxybenzylideng-4'-n-alkylaniline

CnH 2n+ 1O'¢'CH:N'¢'CmH2m+ 1

nmOBC

n-alkyl—4-n-alkyloxybiphenyl—4-carboxylate

CrHam10-¢-$-COO0-GHani g

nosl 4+2'-

methylbuty)phenyl—

4'-n-alkyloxybiphenyl—-4-carboxylate
CrH2n+10-¢-¢-COO-¢-CH,-CH(CHy)-C,Hs

PHOAB

4-propionyl-4-n-heptanoyloxy-azobenzene

C,H5-CO-¢-N=N-¢-COO-GH3

PIRn

144'-

alkyloxyphenylaming-

3[5"-(2"-methylpirydil)]-propen-1-one-3
H3C'CGH3N'COC|":CHNH'¢‘OCnH2n+1

RFLn
3(4"-al

144’ -fluorophenylaminp-

Ikyloxypheny)-propen-1-one-3

CoHans 10-¢-COCH=CHNH- ¢-F

nSl

442" -methylbuty)phenyl-

4'-n-alkylbiphenyl-4-carboxylate
CiHant1-¢-¢-COO--CH,-CH(CHy)-CoHs

TBnA

terephthal-big4-n)-alkylaniline

CiHant1-¢-N=CH-¢-CH=N-¢-CH;n;,

ture (see Ref[6] for a review, AB.=0 is maintained buf\
is taken to be 0.75. Such a fitting procedure produces
rounded pseudostep By, (see Refs[10] and[18] for further
detailg. X-ray data on the intensity of the sixfold azimuthal
in-plane modulatiorCg can yield the effective critical expo-
nent B¢ since

Ce~ W~ [t|Pert, 2
For the 3DXY model,a=—0.007 and3=0.345.

For the sake of completeness for the nmOBC serie:
[6,30—34, Table Il includes #410)OBC, which does not ex-
hibit a HexB phase but undergoes a Sk-Hexd transition
[33]. Theory invoking¥-HBO coupling[13] has predicted a
Sm-A—HexB tricritical point near the Srk—HexB-CrE
triple point, but this has never been observed. The compoun
1(10/OBC exhibits a direct S—CrE first-order transi-
tion, and a 1.760000OBC mixture seems to have a “second-
order” Sm-A—HexB transition just 0.82 K above the Hex-
B-CrE freezing transition[30]. Another theory invoking
W-position order couplin§15] has predicted a StA—Hex-B
tricritical point near the Smiv—HexB—Cr-B triple point, but
this also has not yet been obsen(pdrhaps because work on
Sm-A-HexB-CrB systems is very recentThere is an ex-
perimentally implied SmA—HexB—Hex+ (or Hexd) triple
point (shown in Figs. 1 and)2such a triple point is consis-
tent with the Defontaines-Prost theory, which coupleso
molecular tilt order{3]. That theory predicts a pair of tric-
ritical points: one along the Sth—Hex-B line and one along
the HexB—tilted-Hex(Hex-F or Hexd) line. Observation of

20 r_ o n<|l§
< 5 s
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FIG. 2. Detailed view of the region between the &mHex-
B—HexF (or Hexd) and SmA-Sm-C—Hex+ (or Hexd) triple
points. Solid phase transition lines are first order, dashed lines are
second order, and the light vertical lines represent temperature
ranges over which the Si-and hexatic phases are stable. All the
tited hexatic phases shown here are Hexexcept for
3.7310/OBC and 410)OBC.



TABLE II. A summary of available heat-capacity and hexatic order-parameter information in the vicinity of tide-Siex-B transition. On further cooling, the He&-phase usually
freezes via a first-order transition into €rer Cr-B, but a rigid crystal CiX of unknown structure has also been observed. The fitting parameters for the excess heat S&paaigyT .,
a, A"/AT, andAB, in J K 1g_; where numerical values are available. The parameter uncertainties reported in the literatu€e2alein the absolute value af., +0.03 for a4 and

+0.08 forA"/A™ unless otherwise stated. FGg(T) | ¥ (T)| data, only the effective exponept is given. In the case of first-order transitiofig, corresponds to the best estimate of

the first-orderT, transition temperature. A dash in thes, A"/A™, andAB, column indicates that power-law fitting of the data was tried and found impossible.

Reported
Crystal order of Hysteresi8 Gap used in Est. min. gap

Compound phase T. (K) transition (mK) fit (mK) neededmK) Ao AIAT AB, Bt Refs.
450BC Crg 345.425 2nfl 0.48 1.00 ye% [31]
650BC Crg 340.44 2nd 50 ~50 0.60, 0.64 1.18 0.250 [31,32

340.85 very weak 1st ~1 75 ~50 0.65-0.05 1.09:0.09 0.157 0.19 [10,17]
650BC CrE 340.45 weak 1st 15 100 ~120 0.49 1.22 yes [32]
+10% 408
750BC CrE 337.525 2ntl 0.62 1.10 ye% [31]
260BC Crg 373.17 2nd 0.59 1.10 ye% (6]
360BC Crg 348.54 2nd 0.58 1.08 ye% [31]
460BC CrE 340.41 2n8 0.60,0.49  1.25,1.30 yés [6,31]
370BC CrE 344.14 2nd cool ~40 ~60 0.56 1.28 yes [31]
1.75100BC CrE 375.45 2nd cool ~60 ~78 0.58 0.97 yes [30]
2(100BC CrE 367.82 2nd cool ~60 ~88 0.64, 0.67 1.10, 1.11 ybs [30,37
2.251008BC CrE 360.645 2nd cool ~60 ~100 0.58 1.04 yés [30]
2.6(100BC CrE 350.77 2nf8 cool ~60 0.58 1.16 yés [30]
3(100BC CrX 340.2438)¢ 2nd cool 60 ~105 0.56, 0.59 1.33,1.41 ~0.18 [24,30,31,33

339.63 weak 1st 14.6 375 ~260 coex. 0.680.10 1.33:0.1 0.200 [18]
3.0510)0BC CrX 339.0 1st? cool ~100 0.76 1.61 yés [34]
3.73100BC Hex4'-CrK 330.75 1st cool ~ 260 coex. ~260 - - - [33]
4(100BC SmA-Hex4'-CrK  ~327.55 1st cool 610 coex. - - - [33]
PHOAB CrB 361.59 1st cool ~320 coex. ~375 - - - [24,25
34CO0BC CrB 338.53 1st cool =150 coex. ~200 0.42, 0.8% yes [26]
54COO0BC CrB 328.56 1st cool ~90 coex. - - - [27]
64CO0OBC CrB 331.05 1st cool =140 coex. ~200 0.48, 0.7% yes [26]
RFL6 CrB 1st 0.15 (8]
FLU9 CrB (8]
PIR5 CrB 0.25 (8]
PIR7 CrB 381.66 1st 340 200 0.150.08 1.39 0.18 0.20 [8,28]
PIR9 CrB 385.38 2nd? 0 200 0.180.08 1.06 ? [28]

8 or nmOBC a fractional value of n means mixture; e.g. (LBEBC is a mixture of r=1 and =2 compounds with 75 wt % of the latter.

bFor most nmOBC compounds, only cooling data are available, but it is reported ififRéiat there is no hysteresis greater than the resolutiod k).

°No experimental data or details are available, just the fitting parameters given in a table ip6RRafsl[31].

9The entry “yes” with this footnote indicates the qualitative presence of a step because fitting was carried out \WiruBmg A =0.75,D1 #0, andB} =B_ . However, this empirical
correction term mimics a ste(see Refs[10,18)). Unfortunately, Refs[30—34 do not reportD; values, but see footnote 17 in REB0].

€The data close td and the fit parameters differ somewhat for R¢g%,30,33; see Ref[18] for further details.

fFor the mixture of B3 and n=4 with 73 wt % 410)0BC, the phase sequence in $mHexB—Hexd —CrK. For pure 410)0BC, there is a direct StA—Hexd transition with no Hex-
B phase.

9TheseC,, data were fit witha™ # o~
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the latter is difficult since HeB—tilted-Hex lines seem to be sition line to the left of the putative SthA—HexB tricritical
steep(largedT/dX) and freezing into a rigid crystal phase point. In the absence of this coupling, the first-order latent
can intervene. There are, however, H&xHex+ transition heat AH would decrease to zero at an isolated tricritical
lines near SnE—Hex+—-HexB and HexB—Hex+-Cr-G point and remain zero along the subsequent second-order
triple points [35,36, which have not yet been studied in line. However, a quasicritical system is always first order,
detail. with AH decreasing rapidly to a very small value but re-
Now let us review the present status of the 8mHexB  maining nonzero. In such a situation, the pretransitighjal
transition. Transitions that are described as probably first owings should be dominated by the multicritical point rather
der have been reported previously in PHOAB,25 and  than the underlying second-order fixed pdi¥7]. See Ref.
3.7310)0BC [33], and definite first-order StA—HexB  [10] for a further discussion of weakly first-order quasicriti-
character has been observed in 34COOBC, 64COQE;  cal SmA—HexB transitions. It should be noted that in Ref.
54COOBC[27], and PIR728]. Except for 3.7810)0BC, all  [26] Mahmoodet al. speculate that the He&-phase may be
of these systems exhibit the Sh+HexB—CrB sequence. & fluctuation-induced phase sen_smve to .posmonal order.
Indeed, no second-order Sh-HexB transition is yet es- 'NUS they suggest that the relative scarcity of the Bex-
tablished in systems with the SA-HexB—-CrB sequence. phase is due fo the fact ihat either Eer CrE can have a
PIR9 is the best presently known prospg28] although the lower free energy and preempt the hexatic.

Hex-B range of 9.25 K in PIR9 is not large compared with (in:I'T:ngrgsfrgtliaetigrf]asil?enrllflig is,zr:)c:)rb'&r)air;]gEeggzglor;]aalsg;der
those in many nmOBC compoun30]. All Sm-A—HexB b gy P

transitions in materials with the S#-HexB-Cr-E se- [7.8] is attested to by the very small, anomalies and tiny

X latent heats associated with the HBxCr-E, HexB—Cr-B,
quence and @0)OBC, where the sequence is JHex- oy e crG, and Hext—CrJ first-order freezing transi-

B—Cr-X (=Cr-K?), have been reported by the Huang group tjons. Almost all the enthalpy associated with positional or-
as second order with anomalo@, exponentsa in the  ger develops very close to the smectic-hexatic transition, and
range 0.48-0.67see Table Il and Re{6]). However, we the achievement of true long-range positional order is sig-
believe that both 650B({10] and 310)OBC [18] exhibit  npjficant for x-ray or electron-diffraction studies but counts
weak first-order transitions with substantial pretransitionalkor Jittle in thermal studies.
wings. In the case of R0OBC, two-phase coexistence is  The utility of Figs. 1 and 2 is to provide a road map for
clearly established and the assignment of first order inSteaé’onsidering all the coupling features that can play a rife:

of second order is easily incorporated into Figs. 1 and 2 by:oupled to HBO, tilt, CrB-like positional density, and in-
putting the SmA—HexB tricritical point slightly to the left  pjane positional density. Note that if we disregard the 3D
of 3(10)0OBC. . _ positionally ordered plastic crystals €-Cr-B, Cr-G, and

_ The greatest mystery is why a line of Ska-HexB tran-  Cr-J for the moment and consider two order parameters—the
sitions exhibit ey values that do not fit into any simple tjjt angle ® and the hexatic BOGW—there is a neat pattern
universality class but seem close to Gaussian tricrit{eal [3,38. SMA has®=¥=0, SmC has®#0, ¥ #0 and¥
=0.5, 8=0.25, andy=1) or Gaussian tetracriticdle=3, s very small, HexB has®=0, ¥ #0, and HexF (or Hex-
B=%, and y=1). Huang and co-worker$6,30,31 have 1) has®+0, ¥ +#0 and¥ is large.
demonstrated that the width of the Sphase range, i.e.,  We do not claim that Fig. 1 is a universal phase diagram
Ti(1-A)—T¢(A-HexB), and that of the He® range, for all smectic-hexatic systems. As discussed at the end of
To(A—HexB) —T,(HexB-CrE), have no systematic effect Sec. II, there is a SA—HexB—Cr-B alternative diagram in
on the apparent critical Sth—HexB behavior. The latter which the SmA—HexB transitions are clearly first order
result implies that?-HBO coupling is irrelevant. (with the possible exception of PIR9In addition, recent
A recent high-resolution calorimetric study of 650BC studies show that THI-n homologshienyl-enaminoketone

[10] shows that the Sm—HexB transition in this prototypi-  derivatives exhibit SmC—Hex+—HexB sequences and a
cal and best-studied hexatic compoundvésy weaklyfirst  sm.C—Hex+—HexB triple point[35], and JTH-n homologs
order. The first-order character is small and subtle and WOU'(’enaminoketone derivativeexhibit the SmA—HexB—Hex-
be Very difficult to detect if the scan rate were too h|gh TheF_Cr_G Sequence for severad and have a HeR—Hex-
proposed explanation of this result for 650BC wgsasi-  F_CrG triple point[36]. These results suggest that the Hex-
critical or quasitetracritical behavior based on a¥|*  pB_ijlted hexatic line can also be located much further to the
(strain coupling between the BO amplitud# | and thein-  ight than in Fig. 1(and with an opposite slopgT/dX). It
plane positional strain10]. Such an order-parameter strain should be noted that both these phase sequences are compat-

(or density coupling could generate a line of quasicritical jple with the Defontaines-Prost mode].
points that would be second-order points in the absence of

such coupling. Thus we propose that all 3mHexB tran-
sitions are at least weakly first order with some smeared
small latent heat effects rounding thg peaks, as is seen in
essentially all SmA—HexB transitions that were previously The authors wish to thank G. Nounesis and G. lannac-
described as second order. Thus we denote théSinex-B chione for helpful discussions. This work was supported in
transition agquasicritical in the sense of Bergman and Hal- part by the National Science Foundation under Grant No.
perin [37], who developed a strain coupling theory for the DMR 93-11853. One of the authof@.K.) wishes to ac-
quasicritical behavior of a compressible Ising model. This isknowledge support from the Fulbright program and the Min-
indicated in Figs. 1 and 2 by question marks along the tranistry of Science of Slovenia during a stay at MIT.

ACKNOWLEDGMENTS



3020 Z. KUTNJAK AND C. W. GARLAND 57

[1] P. G. deGennes and J. Proghe Physics of Liquid Crystals [20] T. Chan, Ch. Bahr, G. Heppke, and C. W. Garland, Lig. Cryst.
(Clarendon, Oxford, 1993pp. 547-551, and references cited 13, 667 (1993; H. Y. Lui, C. C. Huang, Ch. Bahr, and G.

therein. Heppke, Phys. Rev. Let6l, 345(1988.
[2] There is also a third tilted hexatic, the smedti¢er hexatict ) [21] E. K. Hobbie, H. Y. Liu, C. C. Huang, and J. Liang, Phys. Rev.
that will not concern us here. A 37, 3963(1988.
[3] A. D. Defontaines and J. Prost, Phys. Rev4E 1184(1993.  [22] K. J. Lushington, G. B. Kasting, and C. W. Garland, J. Phys.
[4] H. Yao, T. Chan, and C. W. Garland, Phys. ReV5E 4585 (Parig Lett. 41, L419 (1980.
(1999, and references cited therein. |23 E. Bloemen and C. W. Garland, J. Phy®arig 42 1299
[5] S. Krishna Prasad, D. S. Shankar Rao, S. Chandrasekhar, M.

(1981); R. J. Birgeneawet al, Phys. Rev. A27, 1251(1983.
[24] C. C. Huang, G. Nounesis, R. Geer, J. W. Goodby, and D.
Guillon, Phys. Rev. A39, 3741(1989.

E. Neubert, and J. W. Goodby, Phys. Rev. Léatd, 270
(1995.

[6]C. C. Huang and T. Stoebe, Adv. Phyk2, 343 (1993, and [25] C. C. Huang, G. Nounesis, and D. Guillon, Phys. Re\33
references cited therein. 2602 (1986

[7IR. Pindak, D. E. Moncton, S. C. Davey, and J. W. GOOdby’[ZG] R Mahmoc;d M. Lewis, D. Johnson, and V. Surrendranath
Phys. Rev. Lett46, 1135(1981); J. W. Goodby and R. Pindak, ' T N ! ’ !

Mol. Cryst. Lig. Cryst.75, 233(1981: S. C. Davey, J. Budai, Phys. Rev. A38, 4299(1988.
R. Pindak, J. W. Goodby, and D. E. Moncton, Phys. Rev. Lett.[27] A.J. Jinet aI_., Phys. Rev. E53, 3639(1996.
53, 2129(1984. [28] G. lannacchione, E. Gorecka, W. Pyzuk, S. Kumar, and D.

[8] E. Gorecka, L. Chen, S. Kumar, A. Krowczynski, and W. Finotello, Phys. Rev. '5_1’ 3346(1995. _
Pyzuk, Phys. Rev. B0, 2863(1994; E. Gorecka, L. Chen, A. [29] J. W. Goodby and R. Pindak, Mol. Cryst. Lig. Cry%6, 233

Lavrentovich, and W. Pyzuk, Europhys. Le2Z, 507 (1994. (1981); see also C. C. Huang, Phys. Rev28, 2433(1983.
[9] C.-F. Chou, J. T. Ho, S. W. Hui, and V. Surendranath, Phys[30] G. Nounesis, R. Geer, H. Y. Liu, C. C. Huang, and J. W.
Rev. Lett.76, 4556(1996, and references cited therein. Goodby, Phys. Rev. 40, 5468(1989.

[10] H. Haga, Z. Kutnjak, G. lannacchione, S. Qian, D. Finotello, [31] T. Pitchford, G. Nounesis, D. Dumrongrattana, J. M. Viner, C.
and C. W. Garland, Phys. Rev. 36, 1808(1997. C. Huang, and J. W. Goodby, Phys. Rev33 1938(1985.
[11] C. Rosenblatt and J. T. Ho, Phys. Rev28, 2293(1982; see  [32] J. M. Viner, D. Lamey, C. C. Huang, R. Pindak, and J. W.

footnote 14 in this paper. Goodby, Phys. Rev. 28, 2433(1983; G. Nounesis, C. C.
[12] T. Stoebe, C. C. Huang, and J. Goodby, Phys. Rev. B&ft. Huang, and J. W. Goodby, Phys. Rev. L&, 1712(1986.

2944(1992; T. Stoebe and C. C. Huang, Phys. Re\a@zR32 [33] T. Pitchfordet al, Phys. Rev. A34, 2422(1986.

(1994; A. J. Jinet al, Phys. Rev. Lett74, 4863(1995. [34] G. Nounesis, Ph.D. thesis, University of Minnesota, 109%
[13] R. Bruinsma and G. Aeppli, Phys. Rev. LetB, 1625(1982. published.

[14] G. Aeppli and R. Bruinsma, Phys. Rev. L88, 2133(1984). [35] W. Pyzuk, E. Gorecka, J. Szydlowska, A. Krowczynski, D.
[15] A. Aharony, R. J. Birgeneau, J. D. Brock, and J. D. Litster, Pociecha, and J. Przedmojski, Phys. Re\62=1748(1995.

Phys. Rev. Lett57, 1012(1986. [36] D. Pociecha, E. Gorecka, A. Krowczynski, J. Szydlowska, and
[16] J. V. Selinger, J. PhygParig 49, 1387(1988. J. Przedmoojsk{private communication
[17] J. D. Brocket al, Z. Phys. B74, 197 (1989. [37] D. J. Bergman and B. I. Halperin, Phys. Rev.1B, 2145
[18] H. Haga and C. W. Garland, Phys. Rev5E 603 (1998. (1976; see also M. A. deMoura, T. C. Lubensky, Y. Imry, and
[19] C. C. Huang and J. M. Viner, Phys. Rev.25, 3385(1982; A. Aharony, ibid. 13, 2176(1976.

M. Meichle and C. W. Garlandbid. 27, 2624(1983. [38] R. Bruinsma and D. R. Nelson, Phys. Rev2B 402 (1981J).



