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Structural characterization of surface hexatic behavior in free-standing 40.8 liquid-crystal films
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Electron diffraction in free-standing liquid-crystal films Bf(4-n-butoxybenzylideng4-n-octylaniline be-
tween 3 and 12 molecular layers thick reveals the unusual occurrence of the siiepti@se, a highly
correlated isotropic liquid, on the surface of smed&iéitms. The surface smectiB—smecticA’ transition is
found to be first order. Surprisingly, the temperature range of the subsequent surface BigXadise is
reduced with decreasing film thickness.

PACS numbes): 64.70.Md, 61.30.Eb

The theory of defect-mediated phase transitions in two Our experimental technique for making electron-
dimensions(2D) by Kosterlitz and Thoules$KT) [1] has diffraction measurements in free-standing liquid-crystal thin
generated considerable interest and extensive research on filens has been described elsewhgid]. Bulk 40.8 shows
subject. Their original ideas were later extended by Halperinthe following phase sequence: isotropié8 °C) nematic
Nelson, and Yound2,3] to describe a process by which a (64 °C) Sm-A (49 °C) Cry-B. Free-standing films of various
solid in 2D could melt, via two KT-type transitions, through thickness are spread in the Sinphase across a hole of 1
an intermediate hexatic phase into the isotropic liquid. Thanm in diameter in a sample holder.
hexatic phase in 2D is characterized by the existence of We have studied in detail free-standing films of 40.8 with
quasi-long-range bond-orientational order but short-rang¢hicknesses of 3, 4, 5, 6, 8, 9, 10, and 12 molecular layers
positional order. While much experimental effort has beerand found similar behavior among them. We will use the
undertaken to test these theoretical predictions, studies amsults of a ten-layer film as a typical example. Above 62 °C,
several liquid-crystal systems have proven to be among ththe film is in the SmA phase. Its diffraction pattern shows a
most fruitful [4]. diffuse ring of constant intensity, signifying the liquid nature

The liquid-crystal compoundl-(4-n-butoxybenzylidene  of this phase. The positional correlation lengthderived
4-n-octylaniline (40.8 has been extensively studied from from the radial linewidth Q,-scan is of the order of 10 A.
the point of view of phase transitions because it possessea&hen the film is cooled to about 62 °C, a temperature which
several important phases in the bulk, including the nematicgoincides with the location of the heat-capacity anomaly re-
smecticA (Sm-A), and crystaB (Cry-B). However, it is gen-  ported in a eight-layer 40.8 filfil2], a diffraction pattern
erally not expected to be a relevant system in which to studghown in Fig. 1a) is observed, which is characterized by the
possible hexatic behavid5,6]. On the other hand, recent occurrence of a sharper ring coexisting with the diffuse ring.
electron-diffraction experiments have indicated that free-The coexistence of the two diffraction rings is best seen in a
standing films of 40.8 between 6 and 12 molecular layerplot of the integrated intensity along a radial direction, as
thick do display an unexpected multistep surface-freezinghown in Fig. 2a). The broad peak is similar to that of the
phenomenon in which the outermost layers undergo phasgiffuse ring observed above 62 °C, and can be fitted by a
transitions involving an intermediate hexaBc-(Hex-B) Lorentzian function whose linewidth implies a positional
phase[7]. Furthermore, data on a two-layer 40.8 film pro- correlation length of 10.5 A, indicative of Sidiffraction.
vided preliminary suggestions for the possible existence ofDOn the other hand, the narrower peak, after subtraction of the
not only the HexB phase, but also a preceding phase withSm-A signal, can be fitted to a square-root Lorentzian func-
hexaticlike positional correlations but no long-range bond-ion, which is typically applicable in a hexatic phd4e,14.
orientational ordef8]. This unexpected phase, which we call The fitting function is 1(Q,)=A& 1+ &%(Q,—Qg)%] 2
smecticA’ (Sm-A’) [9], has also been tentatively identified whereQ, is the peak position. The value gfderived from
in a two-layer film of n-pentyl-4-n-pentanoyloxy- the linewidth of the narrower peak is 50 A. Because it is a
biphenyl-4-carboxylaté54COOBQ [10]. The existence of general rule that the surface of a smectic film is more ordered
the SmA’ phase, if confirmed, will significantly modify our than the interiof 15,16, this unexpected diffraction pattern
understanding of 2D melting. It is also interesting to seeshown in Fig. 1a) suggests a higher degree of in-plane po-
whether the S’ phase can be found in non-2D systems.sitional correlationgcomparable to some hexatic phagsies
In this study, we report electron-diffraction experiments thatthe two surface layers than in the interior $nphase. How-
establish the occurrence and elucidate the phase-transitions¥er, the lack of sixfold modulation of the diffraction inten-
properties of the S’ phase on the surface of 40.8 Sin- sity around the sharper ring indicates the absence of long-
films with different layer thicknesses. range bond-orientational order on the surfaces within our

probing electron beam of diameter afn. The unusual char-
acteristics of the surface layers in this ten-layer film of 40.8
*Present address: Department of Physics, Princeton Universitgre similar to those of the S’ phase tentatively suggested
Princeton, NJ 08544, in two-layer films of 40.§8] and 54COOB(10].
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FIG. 2. Integrated intensity along a radial wave ve&prat (a)
59.5 °C andb) 57.5 °C, wher&Q, is the peak position. The dashed
and solid lines are fits to a Lorentzian and square-root Lorentzian
function, respectively.

interior layers remain in the Si-phase, with an electron-
diffraction pattern consisting of two sets of six Bragg spots
coexisting with a diffuse ring.

To vyield detailed information about the temperature de-
pendence of both the bond-orientational and positional or-
ders in the surface layers of the ten-layer 40.8 film, we ana-
lyze the electron-diffraction data by fitting the intensity of
the hexatic arcgy-scan as a function of the azimuthal angle
to obtain the sixfold bond-orientational order paramégr

FIG. 1. Electron-diffraction pattern from a ten-layer 40.8 film at and by fitting the |ntegrafted !nten3|ty as a functlo_n of the
(a) 59.5°C, indicating surface S: (sharp ring and interior ~Wave vector along the radial directioQ{-scan to obtain the
SmA (diffuse ring phases, andb) 57.5°C, indicating surface IN-Plane positional correlation length of the surface phases.
Hex-B (six arcg and interior SmA (diffuse ring phases. Between 59 °C and 53°C, the higher-harmonin-féld

bond-orientational order parametets,= Re(exp(6n6)) in

At around 59 °C, the outermost layers undergo a transithe surface Hex8 and CryB phases are determined from the
tion to a single-domain HeB-phase while the interior still diffraction intensityl (x) along an arc over an angular range
remains the S phase, giving a diffraction pattern exem- x of 60° by fitting to the expression
plified by Fig. 1b), in which six identical arcs coexist with a
diffuse ring. The aximuthal width of arcs diminishes gradu- _ o
ally with decreasing temperature, indicating an increase in 100 =1l 172+ nzl CenCO46n(x—307]| +1ge
the bond-orientational order in the surface layers. The coex-
istence of the HexB and SmA diffraction can be seen in the wherel g is a fitting parameter representing the background
intensity plot along the radial direction in Fig(®. The intensity. The temperature dependence of the bond-
linewidths of the sharper surface HBxand the broader in- orientational order paramet€y of the surface hexatic phase
terior SmA signals indicate positional correlation lengths of in the ten-layer 40.8 film is thus obtained and shown in Fig.
80 and 12 A, respectively. The outermost layers make an3(a). The analysis of theQ,-scan is done by fitting to a
other transition at about 55 °C to the GByphase, while the Lorentzian line shape in the Skphase and to a square-root
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FIG. 4. Phase diagram of the two outermost layers in 40.8 films
with different thicknesses obtained by electron diffraction. The
transition temperatures of the two-layer film are from R&f.
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FIG. 3. Temperature dependence (af the bond-orientational
order parameteiCg and (b) the in-plane positional correlation
length of the surface phase in a ten-layer 40.8 film. indeed a distinct phase in the surfaces that can be character-
ized as a 2D isotropic liquid with a higher degree of posi-
tional correlations than an ordinary liquid but no long-range
Lorentzian in the surface S and HexB phases. We have bond-orientational order.
not applied any deconvolution to correct for instrumental The surface phase sequence seen in the ten-layer film is
resolution, thus resulting in the apparent saturation of thalso observed by electron diffraction in the other films of
positional correlation length near the surface HixSry-B  different thicknesses that we have studied. The temperatures
transition at 55 °C. The temperature dependence of the inof the three distinct surface phase transitions as a function of
plane positional correlation lengthof the surface phases in  fjim thickness are summarized in Fig. 4. As usual, there is a
the ten-layer 40.8 film is shown in Fig(l9, in which £  general increase in the transition temperatures as the thick-
exhibits a sudden jump near 62 °C, indicating that the Surpess s reduced. However, the temperature range in which
face SmA-SmA' transition is first order. Over the 3°C he surface Smiv' phase exists does not change significantly
temperature range of the surface 3hphase ¢ increases it fiim thickness. On the other hand, the temperature range

very slowly upon cooling. Below 59 °C, howeveg in-  of the surface HeB phase decreases noticeably with de-
creases much more rapidly in the surface Heghase. The creasing film thickness. This trend is somewhat surprising,

behavior of the order paramet€ in Fig. 3@ suggests N0 gince the hexatic phase is generally expected to be more

long-range bond-orientational order above 59 °C, and &reyalent as the effective dimension becomes closer to 2.
monotonic increase in the bond-orientational order in the gince our electron-diffraction data in the ten-layer 40.8
surZace HeiB phase with decreasing temperature fromm gyggest that the surface transition at around 62 °C cor-
59 °C to 55 °C. The surfaces undergo an apparently continyssponds, not to the Si-HexB transition, but to the Sm-
ous transition at about 55 °C to the CByphase. The tem-  A_gmA’ transition, which is not expected to be KT-like, the
perature dependence of the in-plane positional Co”elat'oBower-law anomaly observed in the heat capacity at that

length between 65 °C and 53 °C reveals four distinct phasgsmperaturg12] is no longer surprising. Because there is no
regions, corresponding to the Shtabove 62 °G, the sur- gy mmetry breaking involved, the surface $mSmA’ tran-

face SmA’ (62 °C to 59°G, the surface Hel (59 °C 10 jtion should be first order, which is consistent with the dis-
55 °C), and the surface Cri-(below 55°Q phases. The coniinuity of the positional correlation length shown in Fig.
most important observation here is the existence of the sur

face SmA'’ pha_se. _On the basis of the_ electron-diffraction |, summary, we report the occurrence on the surface of a
pattern shown in Fig. (&) alone, one might argue that the jjq\id-crystal material of the S’ phase, an isotropic lig-

SmA"signa! could be the result _of powder diffraction from ;4 with an enhanced positional correlation length60 A)
a multidomain Hex8 sample spatially averaged by the elec- that has not been anticipated. This affirmation of the exis-

tron beam of diameter S@m. However, our temperature- tence of this unusual phase, hitherto identified tentatively
dependence data reve@ an abrupt jump at 62 °C in the qn)y in 2D films, could fundamentally alter our understand-
positional correlation length and) the simultaneous occur- ing of melting in reduced dimensions.

rence at 59 °C of both the emergence of bond-orientational

order and a sharp increase in the positional correlation One of us(C.Y.C) acknowledges support from the Na-
length. These results strongly point to the existence of a sutional Science Council, Taiwan, Republic of China, under
face SmA’ phase between 62 °C and 59 °C, while the inte-Grant Nos. NSC87-2112-M-008-035, NSC 88-2112-M-008-
rior remains in the S Our data suggest that the Sii-is 029, and NSC889-2112-M-008-004.
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