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Direct layer-by-layer freezing of a smectic liquid-crystal surface into the crystalline phase
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Electron diffraction and optical reflectivity have provided the direct confirmation of the existence of layer-
by-layer surface transitions from the smediémmediately to the crystad phase in a liquid-crystal material,
without going through an intermediate hexatic phase. The molecular interactions are found to be through
retarded van der Waals forces. Our results suggest that a smdititcan transform into a crystdd-through
three possible scenarios.

DOI: 10.1103/PhysReVE.64.050703 PACS nunier61.30~v, 64.70.Md

The phenomenon of surface freezing, which is somewhaayer freezing of SmA films [7]. In an attempt to resolve
unique in liquid crystals, has been studied extensively in rethese conflicting results and to ascertain the nature of the
cent years[1-7]. Most experiments on the surface phasesurface freezing in this material, we have conducted
transition of smectic liquid crystals have been conducted irelectron-diffraction and optical-reflectivity studies in free-
materials that exhibit a hexatic phase either in the bulk or irstanding 14S5 films. Our results indicate that the surface of
thin films. Layer-by-layer surface freezing in liquid-crystal Sm-A films of 14S5 undergoes a layer-by-layer direct
films have been identified near the smedido smecticc  Sm-A—Cry-B transition without any evidence of an interme-
(SmH) [1], the smecticA (Sm-A) to tilted hexatid2,7], and  diate hexatic phase. Our data also suggest that the molecular
the SmA to hexaticB (Hex-B) [3,4,6 transitions. The in-  binding in 14S5 is due to retarded van der Waals forces.
volvement of a hexatic phase in these surface phase transi- We have conducted electron-diffracti¢BD) studies on
tions is consistent with the occurrence of such a phase dsee-standing films of 14S5 with thickness from two to tens
predicted in the defect-mediated theory of two-dimensionabf molecular layers in an electron microscope equipped with
(2D) melting [8]. A recent experiment onN-(4-n-  a pressurized and temperature-controlled sample chamber
butoxybenzylidene4-n-octylaniline (40.8 demonstrated [12]. For films thicker than two molecular layers, there is an
that this material, which contains the Stand crystalB initial surface transition at about 75°C, above which the
(Cry-B) phases but no hexatic phase in the bulk, neverthefims are entirely in the S phase. Their ED pattern con-
less exhibits a two-stage St—Hex-B—Cry-B transition sists of a uniform diffuse ring, as exemplified in Figajlfor
sequence in a layer-by-layer manner on the surf@¢eThis  a 40-layer film at 78.4 °C. When cooled below about 75 °C,
discovery raises the intriguing possibility that the involve-the films exhibit an ED pattern, illustrated in Fighl for the
ment of a hexatic phase is ubiquitous in surface layer-by40-layer film at 72 °C, consisting of six bright Bragg spots
layer transitions in smectic liquid crystals, where the spatialvith equal intensity, in addition to the uniform diffuse ring.
dimension is effectively reduced. It is therefore important towe interpret the diffraction spots and the diffuse ring as
test this hypothesis by studying the surface freezing in otheihdicative of CryB surfaces and a SrA-interior, respec-
materials that show a direct Si—Cry-B transition in the tively. It can be further inferred from previous x-ray studies
bulk. [11] and our additional optical-reflectivitfOR) results that

One promising candidate for such a study isthe frozen CryB surfaces consist of a single outermost layer
4-n-pentylbenzenethio‘4n-tetradecyloxybenzoate (14S5,  on either side of the films. For films thicker than four mo-
which transforms directly from the Si-to the CryB phase lecular layers, there are additional layer-by-layer
at 66.5°C in the bul10]. Unfortunately, there have been Sm-A—Cry-B transitions upon further cooling, which are
conflicting reports on the surface-freezing behavior of thismost easily seen in the OR results presented below. At a
material. Mechanical and x-ray measurements on 14S5 fregufficiently low temperatur¢66.6 °C for films with tens of
standing films indicated that, upon cooling, the outermostayers, the entire film eventually freezes to the CByphase,
layers of SmA films undergo a single freezing transition producing an ED pattern composed entirely of the character-
into the CryB phase, to be followed by the abrupt freezing istic Bragg spots and no diffuse ring. Our most significant
of the entire interior at a lower temperatri0,11. These observation is that there is no evidence whatsoever of a
studies also suggested that the three-layer film might b@exatic phase in all our films of various thickness as they
somewhat unique in that the interior layer appears to show andergo layer-by-layer freezing. This represents an impor-
hexatic intermediate phase. However, a more recent studgnt definitive result on the existence of direct 2m-Cry-B
reported that 14S5 transforms from the $nphase, not to layer-by-layer freezing without involving a hexatic phase,
the orthogonal crystalline Crfg, but to the tilted hexatic since single-crystal ED is a much more sensitive technique to
Sm- phase, and that the birefringence of the Smmade it  discern hexatic behavior than the previous studies on 14S5
possible to use video imaging to observe multiple layer-by{ilms using a torsional oscillatdrl0], x-ray intralayer pow-

der diffraction[11], or video observation of birefringence
changeg7]. In particular, we see no evidence of an interme-
*Email address: cychao@phy.ncu.edu.tw diate phase with no positional order but with bond-
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FIG. 2. Temperature dependence(ef the optical reflectivity
and (b) the number of frozen surface laydrsfor a 64-layer film.
The solid line in(b) is a fit to the long-range power-law depen-
dence.

transition in the bulk, a two-layer film also exhibits two in-
termediate phases, including the HB¥-15]. In contrast, our
current ED experiment shows that the two-layer 14S5 film
transforms directly from the Sm-to the CryB phase at
77 °C, in agreement with previous x-ray resulid]. Thus a
two-layer 14S5 film represents an important example of a 2D
liquid-crystalline system that does not melt via the hexatic
phase, and demonstrates that defect-mediated theory offers a
likely but not unique mechanism for 2D melting.

Our determination that the low-temperature phase in 14S5
is the orthogonal CnB phase is at variance with its earlier
(b) identification as the tilted Srh-phase, whose birefringence

facilitated the use of video imaging of textural changes to

FIG. 1. Electron-diffraction pattern from a 40-layer film of 1455 monitor the multiple layer-by-layer freezing of SAfiims

at(a) 78.4°C andb) 72 °C. [7]. In fact, we conclude from the lack of birefringence in
our 14S5 films that any tilt in the crystalline phase, if

orientational order in the interior layer of the three-layer film present, would be extremely small. Unable to observe tex-
that was suggested earliglr0,11]. tural changes associated with layer-by-layer freezing, we

The free-standing two-layer smectic film is of particular used instead high-resolution optical reflectiiiy] to moni-
interest because of its possible use as a prototype to test ther the phase transitions in 14S5 films. The temperature de-
defect-mediated theory of 2D meltii@]. Previous studies pendence of OR in a 64-layer film is shown in Figa2 The
on n-pentyl-4 -n-pentanoyloxy-biphenyl-4-carboxylate variation in OR is primarily due to changes in the average
(54C0O0BQ, which possesses the SA+-Hex-B—Cry-B layer spacing. The five discontinuities in OR of roughly
transitions in the bulk, show that the bond-orientational ordeequal amount are associated with five separate phase transi-
in the HexB phase in a two-layer 54COOBC film is indeed tions, each involving a pair of smectic layers undergoing the
2D in nature[13]. Furthermore, there is evidence for the Sm-A—Cry-B transition inwardly from the surfaces as the
existence of an intermediate phase between theASamd temperature is decreased. The large abrupt change in OR
the HexB [14]. In 40.8, which has a direct S—Cry-B near 66.6 °C occurs when all the remaining interior 54 layers
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make a transition to the Cr-phase. Thus our OR data have @
revealed additional layer-by-layer transitions in 14S5 that -t~ Hex-B Hex-B Hex-B

Sm-4

Cry-B Hex-B Hex-B Sm-4 Sm-A
were not detected in mechanical and x-ray studliegs11. Oyt G BB gy Smd g, S gy TS
From the results in Fig. (3), the total numbetL of frozen = rexs S o srd
layers on each surface as a function of the temperdiuse Cry-8 Hex-B Hex-B Hex-B Sm-A
plotted in Fig. Zb). According to the long-range power-law ()
model for the molecular bm@mg forc[é?,lﬂ, the behavior = o b o Hex o
can be described by—T L ™", whereT, is the bulk tran- Cob g Smd_ gy Sweh_ an Tomd gy Smed gy S
sition temperature. The value pfis expected to be 3 or 4 for %5 = Hens S o S
either nonretarded or retarded van der Waals forces, respec¢ _v-8 Cry-B Cry-B Coy-B Hex8 Sm-A
tively. The fitting of this expression to the data on 14S5 in o
Fig. 2(b) yields n=3.81+0.02. Hence, our results suggest ~— o 7 S
that retarded van der Waals forces are the dominant long- “¢v2 CryB Sin-d S
range intermolecular interaction in 14S5 filffid]. This in- - G 4o e B
volvement of retarded van der Waals forces is in contrast to 22 o o St

the nonretarded van der Waals for¢esth values ofn close
to 3) that were reported in other materials exhibiting surface FiG. 3. Schematic representation of the three possible scenarios
freezing from the SmA to hexatic phasel®,4]. It should be  for the transformation of a six-layer Sw-film into a Cry-B film
pointed out than=23.12 was reported earlier for 14$3].  through layer-by-layer surface freezing.

However, Ref[7] relied on the use of birefringence changes,
which we found to be minimal. Furthermore, the valueTgf
reported in Ref[7] is significantly different from that of our
sample, which in turn is in good agreement with that re-

tially a two-dimensional phenomenon, we speculate that the
role it plays, if any, in the surface freezing of the Sin-

phase depends primarily on the extent to which the smectic

poted i ther stuces on 14550.11 e alel Adona) s on e

The first structural confirmation of the existence of direct i Y piing YPe O

o surface transitions present would be needed to clarify this

Sm-A—Cry-B layer-by-layer freezing in 14S5 reported here, . : : ; . ;

issue. In particular, it would be interesting to investigate

together with earlier observations in other systems, shows
i . . . whether the unusual presence of retarded van der Waals
that there are three possible ways in which a Arfiklm can

freeze into a CryB film upon cooling, as represented SChe_forces in 14S5 plays a key role in its somewhat unique layer-

; S 9 . ? . by-layer freezing behavior.
matically in Fig. 3 for a six-layer film. For materials that We can suggest possible reasons for the difference be-
exhibit the intermediate He® phase in the bulk, such as 99 P

i tween our results and those reported earlier. In the optical
54COO.BC[6]’ as §hown in Fig. @), the tyvo outgrmqst experiment describing the transition in 14S5 as SmSm-
layers first freeze into the HeR- phase, while the interior

- [7], the transition temperature reported was significantly dif-
fo'“:r Iayertsl remaltn n ]:[he Sn?" rt)rr]las:é(ﬂ;]en the hr)IeXE;to- ferent from that seen in this and previous experiments
e e S i e [10.11, signiing nat sample purty might rave e 0 e

. TS ' 22~ discrepancy. In the x-ray experiment suggesting a possible
layers are in the He® phase, after which the entire film ! pancy xray exper uggesting a possi

; f into the C h F terials that d ; hexatic three-layer filni11], the diffraction data were taken
rans ormz nto eh ne P ?}Seb I(Izr ma erllas fa 0 nol from a multidomain sample, making the identification of
possess the HeB phase in the bulk, one class of materials o, aiic hehavior more difficult than the single-domain data

exemplified by 40.§9] would undergo the surface transi- ¢ olectron diffraction.

tions depicted in Fig. ®), while _ar_lother clas_s_ of materials_ In summary, we have provided an experimental confirma-
exemplified by 14S5 would exhibit the transitions shown Ny, 14t the surface freezing in 14S5 films consists of direct
Fig. 3c). In Fig. 3b), the outerm_qst layers undergo a two- Sm-A—Cry-B layer-by-layer transitions. Contrary to pub-
stage SmA-Hex-B—Cry-B transition sequence before the |5 resultg7,10,11, we find no evidence for the involve-
next-to-outermost layers undergo a similar two-stage Sezant of 5 hexatic phase. Our results suggest the existence of

guence. Finally_, the t-wo interior layers transforms into thealternative pathways for low-dimensional melting not pre-
Cry-B phase, either directly from the Skphase or through dicted by the defect-mediated theory.

an intermediate He® phase. Figure @) shows the phe-

nomenon reported here in 14S5. The outermost layers first This work was supported by the National Science Coun-
transform directly from the SmA phase into the Cry8  cil, Taiwan, Republic of China under Grant Nos. NSC 87-
phase, to be followed by the next-to-outermost layers, an@112-M-008-035, NSC 88-2112-M-008-029, NSC 89-2112-
finally the interior layers. Since the He&-phase is essen- M-008-004, and NSC 90-2112-M-008-003.
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