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High-resolution ac calorimetry has been used to characterize the excess heat cafa¢ity associated
with the smecticA (SmA) —hexaticB (HexB) transition inn-hexyl-4'-n-pentyloxybiphenyl-4-carboxylate
(650BQ. For temperature oscillations in the investigated frequency range 1.42—400 mHAL traata reveal
no frequency dependence and correspond to static thermodynamic values. The present data resolve several
discrepancies in previously report€j, values. This transition isery weakly first order, but power-law fits
could be made ta C,,. Such fits yield an effective critical exponemtz=0.65+ 0.05, which agrees quite well
with values of~0.6 reported by Huang and co-worké¢Rhys. Rev. Lett46, 1289(1981); Phys. Rev. A28,
2433(1983; Phys. Rev. Lett56, 1712(1986]. Such an exponent value disagrees strongly with the theoreti-
cally predicted three-dimensionAlY value axy=—0.007. It is proposed that thiS, behavior and also the
reported order parameter variation, which yields an effective critical expghgraf ~0.2, are consistent with
quasitricritical or quasitetracritical (strain-smeared, very weak first-orgiérehavior arising from a coupling
between the amplitude of the bond-orientational order and the in-plane positional strain.
[S1063-651%97)05908-4

PACS numbd(s): 64.70.Md, 64.60.Fr, 65.28w

. INTRODUCTION ric reinvestigation of the SAHexB transition in 650BC.

There are two motivations for this study. Specific-heat values
The critical behavior of bulk liquid crystals at smecfic- of 650BC reported by Vineet al. [4(b)] at 1.74 Hz and
(SmA) —hexaticB (HexB) phase transitions is a challenging those reported by Mahmocet al. [7] at 17 mHz differ sig-

problem that is still not well understood. The conventionalnificantly: the reported low-frequency excess heat capacity
model of a bulk hexatic proposed in 1978 is a three-AC, associated with the SiaHexB transition has an appre-

ciably larger amplitude than that reported at higher fre-
guency and the effective critical exponent reported in Ref.
[7]is larger than the value=0.60 given in Ref[4(b)]. This

dimensional3D) stack of weakly coupled 2D hexatic layers
[1]. Such hexatic liquid crystals exhibit long-range bond-

orientational(BO) order, but only short-range in-plane posi- abparent frequency dispersiondn. indicates the possibilit
tional order, and the BO order parametér=|V |exp(6y) o?gynamics%\t theysmﬁexB trgr}sition. Indeed,gcomplgx
has XY symmetry, although it differs from thXY order frequency-dependent heat capacﬂ)Z(w,T) has been re-
parameter for helium superfluid or smedfickquid crystals  ported at a smecti€ (SmC) —smectict (Sml) critical point
since the azimuthal phase is not infinitely degenerate. Strugg], which is the tilted analog of a S&-Hex8 second-order
tural information on the He& phase, which was first ob- transition.

tained by a high-resolution x-ray-diffraction study of The experimental results in Sec. Il describe the behavior
n-hexyl-4' -n-pentyloxybiphenyl-4-carboxylate (650BQ  of C, as a function of temperature and frequertoyer the

[2], is consistent with this description and leads one to expedfequency window 1.42—-400 mbiznear the SA-HexB

3D XY universality for the critical fluctuation behavior at the transition. An analysis of the data shows that the excess spe-
SmA-HexB transition. cific heatAC, is a frequency-independent real quantity that

corresponds to the static thermodynamic value. Indeed, there

In contrast to the expectation of 3RY critical behavior, | SPUTIMS
is no intrinsic frequency dependenced€, from 1.42 mHz

almost all properties investigated neby deviate markedly 174 Hz. This StA-HexB ition 1s. h
from this prediction. For example, birefringence data on®® i tZ q ISS . eIII trr]ansmt(r)]ntls, owe\;eryeryl
650BC yield an effective order parameter critical exponenf"{ea ylirst order. section 1if shows that a power-law analy-
Bo=0.19+0.03[3] and heat capacity data on 650BC yield Sis can still be made and_the effect!ﬁ@p critical exponent
the effective exponentr,;=0.60+0.03 [4]. These values S a=0.65+0.05. The discussion in Sec. IV comments on

differ greatly from the 3D XY critical exponentsayy this ey yalue and on a small secondafy, f‘??t“re that
= —0.007 andByy=0.345[5]. Indeed, Huang and Stoebe appears just below, . It is proposed that the critical behav-

[6] have given an extensive review of the thermal propertieéor of C, is consistent with quasicriticality arising from a

of many stacked hexatic phases and conclude that numerofiQUpIIng of'¥ with in-plane positional strains.

SmA-HexB experiments fail to conform to 3IXY univer-

sality. In particulara.i values in many hexatic materials lie

in the range 0.48-0.65. The structural formula and phase transition sequence on
The present work involves a high-resolution ac calorimet-cooling for 650BC M =368.5 g mol?l) are[2,4]

Il. EXPERIMENTAL METHOD AND RESULTS
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where CE represents the plastic crystalphase with her- where® is the phase shift off,c with respect toP. and
ringbone order and @& is a rigid crystalline phase that is Ci=Cs+C., whereC is the sample heat capacity a@d is
presumably the stable phase at room temperature. It shoulie empty cell heat capacity. The external relaxation time
be noted that the &-HexB and CK-CIE transitions are Tex=RGC characterizes heat flow from the sample to the
monotropic since G¢ melts into the HeB phase at 338 K. surrounding thermal bath and the thermal resistadigthe

Many measurements were made on samples from thgaciprocal of th_e thgrmal concziuctanm@J to the bat.h. The
same synthetic batch. For measurements made at MIT, igternal relaxation timer,=L?90Dy, whereL is the
small mass of 650BQfrom 4.2 to 34 my was cold-weld sample thickness ardy is its thermal diffusivity, character-
sealed into a silver cell. The high-resolution ac calorimeters:!Zes the ratIT O]f heat flow through thedsamp:jg and haﬁ a valllue
which operate with an oscillating heat inp®,exp{wt), or MIT cells from 0.015 to 0.35 s depending on the ce

have been described elsewh¢®el10]. One of the calorim- design. In.the simplest one-lump modéP], FzzKPBKS’
eters was modified so that multiple,(w) measurements where K is the thermal conductance of the liquid crystal

could be made at a series @ values at a constant sample, and the quantities;, and 7. are relaxation times

_ 2
(0.1 mK) temperature. The temperature was then c:hange%s‘/zKs and Cc/K for Fhe sample and the celirf,=7¢
by a small increment~3.5 mK nearT,) and theC, () + 75). Unfortunately, high-frequency rolloff effects for the
' o P IT cells are difficult to model over a large range, but
measurements repeated. Another calorimeter was used

: . . gs. (1) and (2) will suffice up to 2wy (62.5 mH2 if F is
measureCp(Q) at fixed frequencies as a function of tem- taken to be aegativew-dependent but-independent quan-
perature, using a slow scan rate 650 mK/h far fromT,

. X tity [12]. These equations can be extended to cover the case
and — 10 mK/h nealrT for cooling run 10c. A variety of cell

i ; X : where the heat capacity is a complex quantity
geometries were used. All cells were silver with a d|ameterci:Cﬁ”ed:C,(w)_iC,,(w), in which casd8]

of 1 cm; one cell was 1 mm thick with a helical coil of gold
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wire inserted to enhance the internal thermal conductivity |Pad

and help to reduce or eliminate temperature gradients within C'(w)= o[ Tad cosp, (©)
the liquid crystal, one was 0.5 mm thick and filled with

650BC without gold wire, and one was 0.5 mm thick but |Pd 1

contained only an~0.1-mm-thick layer of 650BC and an C"(w)= wTod sing———. (4)

~0.4-mm air gap. The data that are most extensively ana-

lyzed were obtained with this last cell on cooling run 10c.whenw <1 and|F|<1 so that no corrections for internal
For measurements made at Kent State, the cell and sampigadients is required. For a pure real heat capacity,
configuration was markedly different. The cell consisted of a

thin sapphire disk, 1 cm in diameter and 0.1 mm thick, with Cp=[Cf’”,ed(w,T)—Cempty]/m, (5)
a 5042 evanohm heater and 1@kcarbon flake thermistor
securely attached to its underside with GE varnish. A 6.1-mg Clitea=0, (6)

650BC sample was melted and spread over the top side of
the sapphire disk. The sample’s thickness was estimated where Cqnyyy is the heat capacity of the empty cétleter-
be ~0.1 mm over much of the disk. This allowed operationmined atw,) and m is the mass of 650BC in grams. For
free from high-frequency rolloff up te-100 mHz. The ap- most of the data obtainedyr;,<1 and|F|<1 are excellent
plied sinusoidal power was minimized to maintain approximations and Eq$3)—(6) were used to reduce the
T,~3mK (zero-to-peak valie and temperature was |T.d and¢ observables t€, values. For MIT data obtained
scanned in a stepwise fashion with steps ranging from 5@t f=25 mHz, it was necessary to use E¢b) and(2) to
mK away from the transition tes5 mK near the transition. make small correctionfless than 1.6% fow, and 4% for
Further details are given in RefL1]. 2wg) for high-frequency rolloff effectdi.e., w?r2, and F
The standard frequenay,=0.196 s* used in most pre- were not negligibly small, but luckily these terms were
vious work at MIT corresponds to an ac temperature oscillaslowly varying with temperatuje For Kent State data ob-
tion period of 32 s or a frequenayy/27 of 31.25 mHz. Data tained at 150—-400 mHz, Eg&l) and (2) were used with-
were obtained on 650BC at MIT over the frequency range=2K,/3Ks to correct for small (less than 4% high-
wol22-20wq (f=1.42—62.5 mHz) and at Kent State over thefrequency rolloff effects.
rangef=40-400 mHz. MIT cooling runs were carried out ~ Overviews of the temperature dependenceS pand ¢ at
starting at~347 K in the Sm\ phase; Kent State cooling 10.4 mHz (/3) are given in Fig. 1 for the range 332—-347
runs started at~-360 K in the isotropic phase. Numerous K [13]. The first-order HeB-CrE freezing transition was
heating runs were also made. seen at 334.62 K, as expected from Héfb)] where hys-
The thermal analysis equations that apply to the ac caloteresis was reported, and no further analysis or discussion of
rimetric data arg8,12) this transition will be given. The data shown in Fig. 1 were
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FIG. 1. Heat capacitg, and phase shif$ observed for 650BC The excess heat Capacitngp associated with the

with an ac calorimeter operated ab=wy/3 (frequency f SmA-HexB transition was obtained from
=10.4mH3. ¢=D+ w/2, whered is the phase shift of .. with

respect toP,.. The dashed lines represent the noncritical back- AC,=C,— C,(backgrouny, (7
ground heat capacity and the base line for the phase ghiBee
Ref.[13] for information about the G-CrK transition. WhereCp(background): B,+E(T—T,) represents the non-

critical heat capacity that would be observed in the absence

obtained on cooling run 10c, but excellent agreement wasf the transition. This background term is given by the
observed in the rangg.(SmA-HexB) +5 K on a subsequent dashed line in Fig. 1 and a comparable line for the Kent State
heating run at a scan rate ef50 mK/h. No frequency de- C, data. For the MIT data,Cp(backgroundy2.320
pendence was observed at any temperature for the G)T +0 05540 —T,) in JK?! g_1 units; Cp(background)
data over the rangé=1.42—62.5 mHz, although there is a =2.134+0.0257(T—T.) JK *g! for the Kent State data.
narrow temperature range fronT,—0.0095K to T, Typical AC, data sets from MIT and Kent State are shown
—0.037 K, where a small history-dependent shoulder “comin Fig. 2 over the rang€T — T/ <3 K. With no adjustments
plicates the situation. No frequency dependence was ohhn the magnitude of theskC, values, the overlay of the two
served in the Kent StateC, data over the rangef data sets is essentially perfect. The only differences occur
=40-400 mHz. For the latter data, the resolution very closavhenT is very close tol (T,— 0.1 to T;+0.02 K), which
to T, was not good enough to distinguish the presence ois obvious from the fact that the maximum valueX€C,, is
absence of the small shoulder feature. 75-12JK!? g in the Kent State data and

There is calorimetric evidence that the 650BC transition~35 J K1 g~1 in the MIT data. This difference, due largely
is very weaklyfirst order: a hysteresis of 1 mK was ob- to the lower density of Kent State points negy, is of no
served and th€,(T) data within=10 mK of T differed in  consequence for our data analysis.
a small but systematic way on heating and cooling. Further- Figure 3 compares the preseiC, data with values ob-
more, phase shift data to be described below suggest a twtained from the ac calorimetric, data of Vineret al.[4(b)],
phase coexistence region frofig— 0.2 to T,+0.01 K. The which were obtained on a very thin c€R0 um of liquid
fact that any latent heat must be extremely small was conerysta) at 1.74 Hz and exhibited no frequency dependence
firmed by a nonadiabatic scanning rdimear-ramp relax- over the range 0.65-1.74 Hz. We usedgbackground)
ation method8,14]), which measures total enthalpy changesline taken from the data given in Re[f4(b)] and this was
(integratedC, wings plus latent heatand agreed well with ~ determined to be 6.380.03200T—T,) J K tg ! on the as-
the acC, data The integrated excess enthalpy associatesumption that the liquid-crystal density is 1.0 g¢in
with the SmA HexB transition is 4.95:0.03J g, as deter- Clearly, the largeB, value of 6.38 is physically unreason-
mined by ac calorimetry. The total enthalpy from nonadia-able, but that has no effect on the shape of &@€,(T)
batic scanning is the same within0.05J g*. Thus the la- curve. As shown in Fig. 3, a scaled versmnAﬁ:p(Vmer)
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FIG. 3. Comparison oAC,(SmA-HexB) data for 650BC ob- w&
tained atf = 10.4 mHz withscaledAC,, values atf =1.74 Hz from o" 0.00
Ref.[4(b)]. In the latter case, the quantity shown is A&, [4(b)]; | |
1
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matches oun C, data extremely well. ThAC,(Viner) data T (K)
were systematically smaller than the pres&t, values by a
factor of 1/1.35-0.74. Even with this scaling up of FIG. 4. (a) Phase shiftp observed for 650BC in run 10c neBg
AC,(Viner) values, the scaled maximum value of atf=10.4 mHz. The dashed line is the same as that shown in Fig.
~85JK gt is far smaller than the MIT maximum of 1. (b) The quantityC,,sing—1/wR should be zero if the heat ca-
~35JK1lgL pacity of cell plus sample is a pure real quantity, there is no two-
The 650BC heat capacity data at 17 mHz reported byhase coexistence, and there are no high-frequency effects associ-
Mahmood et al. [7] only cover the rangel,—1.6 to T, ated with internal temperature gradient€,,, is defined as
+1 K. Th|s |S too narrow a temperature range to a”ow an| PaJ/w|Ta(J andR is the thermal resistandmverse Conductanﬂ:e
unambiguous choice of @,(background) line from the Ref. o_f the link between the sample cell and_the thermal bath. The open
[7] data. We have arbitrarily chosen the line cwcle_s_correspond t€, run 10c data points that were not used |n_
C,(backgroundy- 2.50—0.0347T—T,) J K1 g—l in order the flttlng.procedure. The smooth curve represents the behavior
topachieve the best match between A€, data and scaled observed in a later run 11c.
p
AC,(Mahmood) values. Although thiB, value of 2.50 is ' _ . '
quite reasonable physically and agrees well with the MITfor T¢ in the four experimental studies. Vinet al. [4(b)]
and Kent State values, a negative value for the sléps  report T.=340.44 K[values of 340.73 and 341.08 K have
unexpected and suspect unless it arises from some instraiso been reported for oth&, studies by Huang’s group
mental effect such as a slightly incorrect calibration of the[4(a),4(c)]] and the uncertainty in the absolute accuracy ap-
thermometer (thermocouplg With this choice of pears to be+0.2 K [4(a)]; data from Mahmoocet al. [7]
Cp(background), a scaled version aiC,(Mahmood) yield 340.935 K(no absolute accuracy citgdhe MIT value
matches ouAC, data as well as the 1.3%(Viner) data is T.,=340.85-0.2K; and the Kent State value i$.
shown in Fig. 3. In the case of R¢f], theAC,(Mahmood) = =341.02£0.3 K. Note also that the MIT sample was very
data were systematically larger than the prege@f, values  stable: a very small; drift of —0.125 mK/d was observed
by a factor of 1.61, i.e., 0.82C,(Mahmood) overlays our over the first 8 d, but three runs over the subsequent 7 d
data extremely well. Note that the unscaled maximum valushowed noT. drift within our resolution of better than
of AC,(Mahmood) is 16.9 JK'g™* and the scaled maxi- *1 mK.
mum is 10.5JK*g™% Before undertaking an analysis of thé&C,, data, we wish
The conclusions to be drawn from Figs. 2 and 3 plus theéo present detailed phase shift data for MIT run 10c, which is
discussion above afC, (Mahmood is that four completely the cooling run at 10.4 mHz shown in Figs. 1-3. Figu(@ 4
independent ac calorimetric studies on three different goodshows the temperature dependencepaiearT.. This is a
quality 650BC samples all yield thesame shapefor  detailed view of the data in Fig. 1, and the dashed line in Fig.
AC,(T). The major difference between previously published4(a) is the same as that in Fig. 1. Although it is known that a
C, data on 650B(4,7] appears to lie in systematic multi- dip in ¢ is a characteristic of second-order transitions, the
plicative errors in the absolute magnitude of the peak. Onsignificant fact here is that thé dip very close tal is not
comparison relevant to sample quality is digsolutevalues  large enough to be consistent with second order. As a quan-
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TABLE |. Least-squares values of the adjustable parameters for fitihg data of run 10c with Eq8). The AC,, data were obtained
from C, values measured at 10.4 mHz a@g(backgroundjy2.320+0.05540T—T,) J K~ 1gl Quantities held fixed during a fit are
enclosed in square brackets. Rafgé410 point$ has|t| =102, rangeB (688 point$ has|t|,,=3%10"2, rangeC (942 point$ has
|t|max=6%10"3, rangeD (1161 point} has|t| ma=10"2, and range (1322 point$ has|t|ma=1.5X 1072, In all fits, |t| nn=1.1X 10" *. The
units of A* andB, are JK'1g™L. The estimated standard deviatiomgor AC,, points are shown in Fig. 5.

Fit Range T (K) Qe A 108" AT/AT Dy D;/Df B B, X2
1 A 340.848  0.645 1.653 1.014  [0] [1] -0.232 [B:] 1.11
2 B 340.847  0.645 1.671 0.990 [0] [1] —-0.229 [B:] 1.22
3 C 340.848  0.656 1.495 1.001  [0] [1] —0.183 [BJ] 1.35
4 D 340.848  0.652 1.561 0.999 [0] [1] —0.198 [B:] 1.54
5 E 340.848  0.651 1.569 0.997  [0] [1] —0.200 [BJ] 1.53
6 A 340.851  0.645 1.572 1.128  [0] [1] -0.130 —0.334  1.03
7 B 340.852  0.640 1.618 1.171  [0] [1] -0.121  -0.372  0.97
8 C 340.851  0.649 1.502 1.140  [0] [1] -0.104 —-0322 091
9 D 340.850  0.651 1.493 1.114  [0] [1] -0.114 —0.299  1.09

10 E 340.849  0.653 1.485 1.086 [0] [1] -0.122 —-0279 110
11 C 340.850  0.641 [0.79 1.666 1.099 26.9 0.169 —0.381 [BJ] 0.92
12 D 340.850  0.657 [0.79 1.416 1.097  —0.918 22.059 —0.095 [B:] 1.10
13 E 340.849  0.655 [0.75 1.469 1.068 551  —-1.899 —0.171 [BJ] 1.11

titative indication of this, Fig. @) shows the variation of nentA is the corrections-to-scaling exponekt=0.5. Note
[Capsing—(1L/wR)], where the apparent filled cell heat ca- that if a.4>0.5, the correction ternA™Dj t*1™ %eft will di-
pacity Cypp is defined agP.d/w|T,d. If internal gradient verge afT, rather than go to zero as it usually does. Thus we
effects were negligible at all for f=10.4 mHz, the transi- || explore also the purely empirical choick=0.75 used
tion was second ordefno two-phase coexistenceand the iy the analyses of Ref§4] and[6]. The usual scaling con-
heat qapacit;(:p was a pure real quantityd’'=0), then the  gtraint onB, is B =B,

quantity plotted in Fig. ¢) should be zero everywhere.  Taple | shows the fitting parameters obtained over five
[Capping—(L/wR)] is zero overT 5K, except for the  y5nges offt| with three different fitting forms. Fits 1-5 are
range fromT;—0.04 toT.+ 0.01 K. The subsequent run 11c simple power-law fits WithB;rEB; required. These fits

has an even smaller anomaly beloW, and the low- yiag 4 =0.65+0.05, where the uncertainty represents 95%
temperatureC,, shoulder discussed latésee Fig. Jhas also  nfigence Iimits obtained with tHe test. The 95% limiting
decreased. We believe that the narrow region of anomalous, ,es of F(v,v) are 1.22—1.11 for rangeA—E, respec-

phase behavior observed in run 11c indicates first-order twoﬂvely. These fits 1—5 are not too bad in quality, as indicated

phase coexistence, but the extra anomaly for run 10c is reb'y thexﬁ values, but there are small systematic trends to the
lated to the low-temperatui€, shoulder.

residualsA C(obs)—AC,(fit) as shown in Fig. &). In or-
der to improve the fits it is necessary (@ allow B] # B
with D} =0, (b) allow D; #0 with A=A;=0.5, or(c) al-

In order to avoid any misleading subtle anomalieCin  low D; #0 with A=0.75. Fits 6-10 of typda) are better
near T, associated with the anomalous behavior in Fig. fits than fits 1-5, as shown by tb(é values and the residuals
4(b) and also to avoid systematic perturbation<Cipvalues  shown in Fig. Bb), but e still equals 0.65. Fits of typéb)
related to a finite amplitude fofT,{, data in the range are also better than fits 1-5 and comparable to fits 6-10 in
340.810-340.885 K were excluded from the fits to be prequality. However, such fits are not listed in Table | since the
sented below. Although the Kent State data agree very welb /D] ratios arenegativefor rangesD andE. This means
with the MIT data(see Fig. 2 the data points are sparse very that the correction termA*Dy |t|®% “ff goes to + as
close toT. and the Kent State data have not been analyzedr_;rC in the SnA phase and goes tex asT—T, in the

Fits tOACp data at 10.4 mHz were based on the empiricalHexB phase, which does not seem physma”y p|ausib|e. Fur-
power-law form thermore, botD; and the ratioD; /D, are very unstable

v atl—a T + on range shrinking. In spite of these serious troubles, the

ACy =AZt|""e"(1+ D[t +Bc , ®) average value of; is 0.66 for such typeb) fits. Fits have
wheret=(T—T,)/T, is the reduced temperature aBd isa  €Ven be+en carried out witB =B_ .and second correctlon
critical contribution to the regulainonsingular heat capac- termsDz [t| added to Eq(8). Such fits were unphysicéhl-
ity behavior. A detailed discussion of the theoretig,  thoughD, /Dy =1) sinceA=Dy|t|** “ andB, were large
power-law expression expected and observed for)3p  dominant contributions, but opposite in sign and roughly
liquid-crystal systems is given in RefL5]. The criticalC, ~ canceling each other.
exponent is denoted ag. since the SA-HexB data do not Fits 11-13 are of typéc) above withA=0.75 andB/
yield a value fora that corresponds to any presently known =B . Such fits were not made for rangdsandB, where
second-order universality class. Usually, the correction expolt|m.=1x10"2 and 3x 103, since the fitting procedure is

Ill. DATA ANALYSIS
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FIG. 6. Log-log plots oAC,— B, vs|t| for 650BC data at 10.4
mHz. The values oB, are B; =B_ =—0.200 for fit 5 andB_
—0.122,B, = —0.279 for fit 10. Both fits are based only on data
where|t|=1.1xX 10"*. Deconvolved points fot|<1.1x 10™* are

FIG. 5. (a) Plot of the residuals versus the reduced temperaturéhown for completeness. 64typical error bar for lafgleis shown
t for fit 5, whereo is the estimated standard deviation. Note theon the fit 5 plot; at|t|<10~* the error bars are smaller than the

systematic trends: the residuals for T, (@) change from slightly
positive att=10"2 to slightly negative at=10"* and the trends of
the residuals forT<T,. (O) are opposite to this(b) Plot of the

residuals versus for fit 10.

very unstable when large correction terms are allowed fo

narrow |t| ranges. They? values and residual®ot shown

plotted points. See the text for further details.

the C, values calculated with Eq$3) and(5) to be system-
atically too low. A deconvolution calculation was made us-
ing the least-squares fitting form and the measlifggd val-
rues at every point close td.. The ac method yields an
averageC, over a temperature window of widtHB,d. Far

from T, the C, variation can be taken as linear over a

for fits 11-13 are essentially the same as those for fits 8—1Q,5row range and thET,J amplitude has no effect on the

This is not surprising since the principal role of the

A=D1 |t|%75 @i terms is to act as a mimic function gener-
ating a rounded pseudostep. W« the average value of
ATD|t|O75 efi— ATD] [t|%75 @eft is 0.190 for range€—E
(the “step” values range from 0.209 f& to 0.196 forD to
0.165 forE). The stepAB.=B_ —B; in fits 8-10 averages
0.187(ranging from 0.218 foC to 0.185 forD to 0.157 for
E). Furthermore, the value of the critical exponemiyf

value of C,. However, if AT=T—T, is small (possibly
even smaller than |T,J) and C,, varies strongly with tem-
perature, the method will yield a low value fGr,. By com-
bining a trial fitting form, likeA|t|~*+ B, with the observed
|T.d value at a point one can “deconvolve” the data and
extract the underlying tru€, value that has been distorted
by the finite| T,J used. The results of this deconvolution are
shown in Figs. 6 and 7. The data points used for the fits of

=0.64) for the fits 11-13 agrees well with the other fits. Therun 10c were outside therange where the finit€T,J am-

greatest source of uneasiness about fits of {gpés the very
unstable behavior db; andD;/D; with range shrinking.

plitude effect matters. In Fig. 7 such points are shown as
filled circles, and open circles are the deconvolved points.

In our view, such fits merely appear to avoid violations of Two features of run 10c are immediately obvio(®:decon-
scaling and are not theoretically more appealing than fitvolved points close td@ . fall on the fit curve very well for

6—10, whereAB+ 0 violates scaling explicitly.

Log-log plots of AC,— B, versus|t| are given for fits 5
and 10 in Fig. 6. Only points witht|=1.1x 10 * were used
in the fits, but points witHt|<1.1x10™ 4 have been added

T>T. and(b) there is a small “shoulder” below  that lies
between t=—2.8x10"° (AT=-9.5mK) and t=—1.1
X104 (AT=—37.5mK). This shoulder has an integrated
area of~0.04 J g for run 10c. Also shown in Fig. 7 are

after a deconvolution correction was made as described be&, data from an early ruiirun 4c, carried out ai,) and a
low. Since very many points were available in the wings, theater run(run 11c, carried out at @p). Both of these runs
data shown in Fig. 6 have been merged for clarity and taequired small systematic corrections with E¢B. and (2)

reduce the random scatter. For X.50 3<|t|<4x10 3
nine adjacent points are merged and|tr-4x 10 2 eleven
points were merged. For run 10c, thg,J amplitude was
13.5 mK zero-to-peak far frori, and ~9 mK att==*=2.5
X107° (or T,+8.5mK), where C,~18JK 'g~% This

for high-frequency rolloff due to finitevr;,,; and F effects.
The run 4c and run 1llc data points after high-frequency
rolloff corrections andT,J deconvolution are shown in Fig.
7 with the same fit-10 theory curve given for run 10c.

It should be stressed that tk®, shoulder is present in the

moderately large amplitude is desirable for improving theraw data and is not an artifact related to the deconvolution

overall signal-to-noise ratio, but close 1q it clearly causes

procedure. Other runs in addition to those shown have dem-
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appear if the sample were heated again into the isotropic
phase, but that was not tried.

IV. DISCUSSION

The most important issue to discuss is the values of the
critical exponents at the SlHexB transition in 650BC. It
has long been knowf¥%,6,7] that the effectiveC, exponent
a.#=0.60-0.64 and the effective order parameter exponent

o iS Bey=0.19[3]. These values are far from the 3DY uni-

o run 10c versal values and the possible influence of short-range her-
N ringbone orientational orddrl6] has been eliminated as a
2 significant factor inmOBC compound$17]. The same ef-
o fective BO order parameter exponents have also been ob-

served in systems with the phase sequencA-$texB-CrB,
where there is no indication of even short-range herringbone
order: B¢=0.25 and 0.20 in PIR5 and PIR7
(alkoxyphenylamino-methylpirydil-propenonegl8(a)] and
Be=0.15+0.03 for 1-4 -(fluorphenylaming-3(
4"-hexyloxypheny}-1-propene- 3-on¢RFL6) [18(b)].
It is known from the multicritical scaling oCg,, order
) parameter harmonics[19,20 that the sixfold bond-
e Y 1 orientation order paramete¥ in the tilted Hex phase of
) ) . . supercritical  methylbutyl  phenyl  octyloxybiphenyl-
2 A 0 1 2 carboxylate(80SI) conforms to the 3IXY universality class
and Cg,, data for the HeB phase of RFL6 seem to lie in a
104 x t crossover region between mean field and 3 [18h].
FIG. 7. C, data for 650BC obtained in three cooling runs at rl-]|ovyev_er, It s Iallsol c:_ezir ghat t:e_$iml-|exB en_thalp;l/bbeh- s
different times. The total time spent at high temperaturés ( navior 1S very closely linke to the in pane.posmona ehav
>335 K) was 2 d for run 4c, 9 d for run 10c, and 13 d for run 11c. lor [18'21'22 rather than the phase beha\/_lor‘Bf There is
The run 10c data used for the fits in Table | are shown as filled’€"Y little energy associated with ﬂucw_at'ons Of BO order,'
circles; open-circle points in the gdj<1.1x 10~* have been de- PUt changes in the lateral nearest-neighbor distances will
convolved to correct for any systematic effects of a fijitey ~ Nave a definite effect on the energy. In particular,
amplitude. Data for runs 4c and 11c have also been deconvolvel@mperature-dependent changes in the in-plane wave vector
where necessarfglose toT,). The smooth “theory” curves are the do=27/l, wherel is the lateral distance between molecules,
same in all three boxes and represent fit 10 given in Table I.  and in the in-plane positional inverse correlation lengtire
given by a theoretical mod¢R1] as Aqy=qo(T) —qo(Te)
onstrated that the low-temperature shoulder feature is not|D[(|¥[?~FA|t|'"%, which is proportional to the
sensitive to frequency but is time dependent. The size of thigegative of the excess critical enthalpy(T)—H(T.) and
anomalous shoulder decreased monotonically with time aAK2=|B|(|‘I’|2>1/2+ C(|W¥|?). Fits to positional powder
high temperature§.e., 337 K£T<347 K). In parallel with ~ x-ray data on 460BC with this model are good and are re-
this decrease in the integrated afeathalpy of the shoul- ported[22] to yield a.4=0.49 and aAq, amplitude ratio
der, there was a slight but systematic increase in the maxionsistent with the heat capacity amplitude rafio/A™
mum value ofAC,, observed af;. Such changes were also =1.3, in agreement with results from Huang's grd@3].
mirrored in the behavior of the phase shift As time spent The theoretical coefficient8, C, and D arise from a¥
at high temperatures increased, the anomal@ygsing  density  coupling  term Fy_,=[Bql¥|cos6@— )
—(1/wR) values belowT, decreased in size and in tempera- +Cq|¥|?]|pg|? in the free energy wittB, taken as a con-
ture range, while the peak valuesTatslightly increased; see stantB<0 andC, taken asC+2D(q—q) with D<0 and
Fig. 4. For runs 11c and a subsequent heating run 12h, tHé unspecified. Furthermoré¥| is replaced by(|¥|?)'2 so
C, shoulder is almost gone, as shown in Fig. 7, and théhat amplitude fluctuation effects are not included. Near the
Copsin ¢—(LiwR) anomaly narrowed to an almost sym- transition, whereBZ(|W|?)/[ x5+ (q—0g)?+Cq(|W|?)]<1,
metrical peak about 25-30 mK wide, as shown in Fig. 4.the sixfold modulation would not appear as a significant fea-
Note that essentially no changes occurred in the behavior dfire in the structure factos; and the main effects of the
Cp 0r Copsin ¢—(L/wR) for T>T,. During the evolution of  coupling term area) a renormalization off¢, (b) a “mag-
the C,, shoulder, its center position shifted very slightly from netothermomechanics” type effect from th&|%(q—qo)
T.—0.026 K for early run 2c t@.—0.018 K for later runs 8c  strain coupling that links anomalous thermal contraction to
and 9h. The shoulder is too weak to allow an estimate of itshe critical energy, analogous to that observed for order-
position for runs 10c, 11c, and 12h. It should be noted thatlisorder phenomena in N8I [24], and(c) an increase in the
freezing of the HeB phase into the @& phase at the end of in-plane correlation lengtlj;= 1/x. The connection between
run 10c did not cause the shoulder feature to increase in thenthalpy and in-plane positional behavior is supported by
subsequent runs 11c and 12h. We speculate that the shouldemrk on pentyl-pentanoyloxybiphenyl-carboxylate
which was effectively annealed away by run 12h, would re-(54COOBQ, which exhibits the sequence 3rHexB-CrB

40 run 11c

20
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and a weakly first-order bulk transition with @m HexB [31] predicts that there are marginally relevant correction
coexistence over~90 mK [25(@)]. In two-layer films of terms whose effect on the critical behavior is unknown but
54COOBC theC,, peak is related to a dramatic increasein  presumed to lead only to logarithmic corrections to scaling.
without any sixfold modulation and G, peak occurs at the However, a detailed treatment in the spirit of Bergman and
temperaturg~ 3 K lower) where electron diffraction shows Halperin has not been carried out fo|?(strain coupling
the onset of sixfold BO order modulati¢@5]. It should be  where|W¥| is theXY order parameter amplitude and the strain
noted that sharpening of the diffraction rinidicating a  is explicitly in-plane rather than isotropic. If SmHexB
substantial increase i)) occurs at a temperature above thatansitions have positional quasitricritical character, this
where sixfold modulation first appears in many materials thaf,,,1q explain why a wide range of hexatic materials exhibit
exhibit a HexB phase[25(c)]. Further evidence of the cou- g mast the same SmHexB heat capacity exponents since
pllng O.f ¥ and posmonal variables is prQV|ded by the ultra- the key factor is the in-plane elastic stiffness not some field
sonic in-plane longitudinal sound velocity of 850B@6], |4 iapie that tunes the free-energy coefficientbf? to zero
which exhibits just the kind of dip af, that is seen in inal int where the transition changes f )
NH,CI, a prototypical compressible Ising system. atasingle point where t ges over from sec
.ond order to first order in the usual way. Another comment

Our view is that one should focus on the in-plane posi- : . .
tional aspects of th&-p or W-strain coupling and ignore for about the role of elast|ch density degre_es of freedom in
the SnA-HexB problem is to note that if the bare system

present purposes the behavior of the BO order pljadeat - i ) )
gives rise to the sixfold fundamental modulation and its har\Were to be controlled by a new fixed point with>0 ('”5
monics Cey. It is physically reasonable that, depends Stead of theXY fixed point with axy=—0.007, then|W¥|*
more on the average lateral distance between moleéuies (strain coup_llng should create instabilities and weak first-
der Waals forcesthan on the “bond angles.” This view is order behavior even more e_aS|Iy.
supported by suggestions made by Mahmebdl.[7]. Thus . .Let_us now review the ewdenc.e that the./SrhiexB tran-
the problem becomes a compressidl¥ analog of the 3D  Sition in GSOBC is very Weakly_flrst ordeFirst, there is a
compressible Ising problem that was solved by Bergman anHny hysteresis of~1 mK seen in bothC,, and ¢ data on
Halperin[27]. For the compressible Ising lattice, fluctuations N€ating and coolingSecondthere is anomalous behavior in
in strain driven by the fluctuations in the spin order param-CapSing—(L/wR) that is characteristic of two-phase coexist-
eter causeyuasitricritical behavior(a very weak first-order €nce over 825-30-mK-wide region aboufl. Third, the
instability but almost tricritical behaviprrather than the —Power-law fits are significantly improved B; >B; is al-
Ising behavior that would occur for a rigid lattice. This in- lowed as in our fits 6-10, which breaks scaling in a way
stability occurs for any compressible Ising lattice with a fi- compatible with a first-order transition. Note that fits of
nite coupling coefficienti.e., dT./dp#0) sinceC,, for the ~ 650BC data withB; >B_ are also reported in Reff4(a),
bare Ising model goes to infinity &t, («>0), but a com- 4(b)] and[7]. Fourth, an apparently discontinuous jump in
parable instability should occur for @AY model withay,,. the in-plane correlation lengt of ~11 A was observed in
<0 if the finite maximum in the bar€, at T, is large  Ref.[2]. The statement that the first-order character must be
enough and the material is soft enough. The present workery weak is supported by the lack of a latent heat large
suggests that any underlyingY peak would be very large. €nough to be detected within our resolutisee Sec. )land
Furthermore, it is known thatdT./dp is large the fact that quite good power-law fits can be achieved if
(~30 K/kbar) for the 650BC S#-HexB transition [28]. B. #B; is allowed. Furthermore, a weak first-order charac-
The only elastic difference between the IBephase and a ter at Smi-HexB transitions in nmOBC homologs is sup-
crystalline phase such asEis the absence of a static in- ported by recent calorimetric work showing thail@OBC
plane shear stiffneg29]. However, since the in-plane cor- definitely has a two-phase coexistence region, but the pre-
relation length can be fairly large in a HBxphase there transitional C, wings can be fit with a critical exponent
should be high-frequency phonon modes associated with thee;=0.68+0.10[32].
small “crystallike” rafts and thus local elastic shear stiff-  The important question is why the observedys and
ness. Bers Values differ from the tricritical values of 0.5 and 0.25,
In the case of a compressible strain-coupled model, oneespectively. One possibility for weakly first-order transi-
expects Gaussian behavior where the susceptibility exponetions in which the material contracts on orderifgnaller
vis 1, as seen in NKCI [30]. The data in Ref[3] indicate lateral nearest-neighbor distances in hexatic 65DBGtrain
that 28=1— « for 650BC within moderate error bounds of smearing of the transition. The smearing makes it very dif-
+0.05. If this result is valid, the scaling relatiom+23  ficult to see small first-order discontinuities and the rounded
+y=2 vyields y=1, which would indicate a Gaussian jump in the order parameter will be mimicked by a power
SmA-HexB transition in 650BC. Another general theoretical law with a low B¢ value[30]. In the case of the ammonium
treatment of| ¥ |?(strain coupling betweem-vector order chlorides NHCI and NDCI, the first-order character is
parametersl’ and elastic straifi31] includes an analysis of greater for NHCI. The quantityAL/(AL+ 6L)=0.27 and
three-dimensionai=2 (XY) systems and indeed the liquid- the hysteresis was-0.3 K for NH,Cl, whereasAL/(AL
crystal Si\-SmC transition. In the latter case, the relevant + 8L)=0.15 and the hysteresis was0.03 K for ND,CI,
coupling is between aXY order parameter and thaiaxial ~ whereAL is the first-order discontinuity in crystal length and
strain normalto the smectic layer and such coupling is pre-AL+ 6L is the total change in length on ordering including
dicted to have no effect on the constant pressure critical bgaretransitional contributions above and beldw [33]. The
havior at a SM-SmC transition. For coupling of aiXY  effective critical exponents werBes=0.13+ 0.006[33] for
order parameter to a 3D elastic continuum, the theory in Refooth chlorides,a4=0.57+0.07 for NH,Cl, and a4=0.52
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+0.07 for ND,CI [30,34). In Ref.[30] it is shown that these quencyw,=0.196 s and above. A reanalysig7] of the
effective experimental values are compatible with the tricriti-Static limiting valueC,(w=0) for the critical 8S#80SI
cal valuesa=0.5 andg=0.25 when inhomogeneous strains Mixture indicates crossover behavior with data fdr>7
are present. X 10~* reasonably well described by E(B) with D; =0,
Our “best” values for 650BC,ae;=0.65-0.05 and  @ef=0.68, AB.=0.175, andA™/A"=1.5. The fitting pa-
2B.4=0.35+0.05 [3], are not very different from the rametersa; andAB are quite similar to those given for
NH,Cl and ND,CI values cited above and seem marginally65OBC in Table_ I, although the anlghtude ratio d_|f):ers. For
consistent with quasitricriticality in the Bergman-Halperin 8S1+80SI data in the range-7x 10 <|t|<§><1+0 , the
sense. Another possibility that should be mentioned is thagMPirical critical exponent is about 0.93, tRe/A™ ratio is

the underlying critical point might be a Gaussian tetracritical2P0Ut 2.5, and\B. is very close to zero. o
point for whichy=1, a= 2, and@=1. In this scenario, the It seems that the thermal conductiviy, of hexatic liquid

SmA-HexB transition would be a quasitetracritical point, but crystals must be quite low compared to typical thermotropic

there is no clear theoretical reason for such a point to der_natenals. Recent studies of two other systems, a blue phase

. . " Ill—isotropic critical point[12] and a second-order nematic
scribe the SrA-HexB strain-coupled transition. P point[12]

: — (N)-SmA transition[38], were carried out on the same calo-
.Models that generate an isolated SihiexB tricritical rimeter in cells like those used in RéB] and in the initial
point have already been proposed by Aharatyl. [19],  g50BC rung1-mm-thick cell with gold wirg. In both cases,

who considered¥ p? coupling between the phase #f and Cp(w) values agreed very well for all frequenciess wy.
positional density, and Selingg85], who coupled the phase pany other smectic liquid crystals have shown no high-
of ¥ to the smectic layer fluctuations However, it appears  frequency rolloff effects ato, in similar cells[9,39].

that a compressiblXY model, i.e., an improved version of  The singular behavior of reported for 650BG4(c),6]

the Aeppli-Bruinsma model coupling’ to in-plane posi- s surprisingly different from the behavior observed at
tional order[21] with fluctuations in theamplitude of ¥ N-SmA transitions, which are also in the 30Y universality
taken into account and fluctuations allowed in the Iaterah|ass[40]' Studies by Marinelliet al. [41] of 8CB and &5
strain in the spirit of the compressible-vector model  nhaye shown thak is nonsingular and essentially indepen-
[27,31], is the most attractive direction for new theory. The gent of T near T.(N-SmA), i.e., the observed dip in the

deconvolvedC, data in Figs. 6 and 7 suggest that smearinghermal diffusivity D1=K,/pC, is completely due to the
due to strain inhomogeneties is limited To<T¢, which gk inC, for N-SmA transitions.

seems natural sincg, is quite small (20-44 A in the
SMA phase and becomes large (55360 A) in the HeB
phase [2,22]. It should be noted in passing that

AC,(SmA-HexB) ~|t| %2 for two-layer films [6,24] and V. SUMMARY
this AC, behavior is in agreement with the behavior of the . . _ .
two-layer in-plane thermal expansig®6], both of which are A high-resolution calorimetric study of the SwHexB

completely incompatible with the theoretical expectations fortransition in bulk 650BC has revealed a very weak first-
a 2D XY system. However, taking in-plane strain coupling order character with a latent heat too small to measure with
into account might be of significant importance. our techniques. The excess heat capadiGy,(SmA-HexB)

The smallC,, shoulder at abouf,—0.02 K visible in Fig. ~ can be well described bj |t| ™ *ef+B; with the critical ex-
7 may well be related to a depressed transition occurring ifPonent ay=0.65+0.05 and amplitude ratid\ /A" =1.09
disordered regions that are under an effective negative in+0.09, but there are small systematic deviations unBss
plane “pressure” due to the contraction associated with the#B_ is allowed. This is just one of several indications of
increase in the in-plangy and §, as T is lowered below weak first-order behavior. Such a heat capacity exponent is
T.. The slow annealing of this strain feature with time anddramatically different from the predicted 3BY value ayy
with cycling through the transition, described in Sec. Ill, = —0.007, and the effective order-parameter expong&mt
seems very reasonable for the picture of in-plane short-range0.17—0.19 obtained from birefringence studigkalso dis-
but well-correlated regionsé(=150—200 A) combined with agrees withByy=0.345.
regions that are more disordered. Comparable annealing of The limited available data suggest that the underlying
surface-induced strains with cycling has been observed foeritical behavior could be Gaussian, and it is proposed that
650BC[2(b)]. Note that the narrow and almost symmetrical this transition can be understood @asitricritical or qua-
peak inC,psing—(L/wR) achieved in late runs 11c and 12h sitetracritical where quasicritical is used in the same sense as
has been interpreted as a region of two-phase coexisten&ergman and Halperin’'s result for a compressible Ising
due to the very weak first-order character to the 650BQ0model [27]. Thus an appropriate theory would involve a
SmA-HexB transition. compressibleXY model [31] like the Aeppli-Bruinsma

In view of the absence of low-frequency dynamics for themodel[21] couplingV to the in-plane positional short-range
SmA-HexB transition in 650BC, the issue of the reported order but with fluctuations in the amplitud&”| and the
dynamics at the S@-Sml critical point in a 8S#80SI mix-  strains explicitly taken into account in the spirit of Bergman
ture (methylbutyl phenyl octylbiphenyl-carboxylate and its and Halperin. Such a theoretical model would allow quasitri-
octyloxybiphenyl analog[8] should be reevaluated. Initial criticality (or perhaps quasitetracriticalityover a range of
650BC experiments using a cell design like that employed ircomposition or a range of pressure for pure materials rather
Ref. [8] yielded apparent dynamics for 650BC that arosethan an isolated tricritical point between first- and second-
from thermal gradient effects at the standard operating freerder regimes. This possibility of a range of quasicritical
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