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Multiple-Step Melting in Two-Dimensional 
Hexatic Liquid-Crystal Films 

Chia-Fu Chou," Anjun J. Jin, S. W. Hui, C. C. Huang, 
John T. Ho 

An unexpected three-stage melting transition has been observed in two-dimensional (2D) 
free-standing liquid-crystal films by in situ electron-diffraction and optical-reflectivity 
measurements. These data suggest the existence of two phases between the 2D solid 
and liquid: a hexatic phase and, at a higher temperature, an intermediate liquid phase 
with hexatic-like positional correlations (-40 angstroms) but no long-range orientational 
order. Previous high-resolution heat-capacity measurements have revealed a divergent- 
like anomaly at the hexatic-liquid transition that sharply contradicts the predictions of 2D 
melting theories. The observation of an intermediate isotropic phase may alter our 
understanding of 2D melting and lead to reconciliation between current experiments and 
theories. 

W h a t  processes are involved when 2D sys- 
tems melt? Theories of 2D melting (1-3) 
suggest a mechanism in which a 2D solid 
could melt through the dissociation of to- 
pological defect pairs (4). In particular, 
Halperin and Nelson (2)  proposed a two- 
stage melting process involving an interme- 
diate hexatic phase between the 2D crystal- 
line phase and the isotropic liquid. The 
hexatic phase exhibits short-range position- 
al but quasi long-range bond-orientational 
order characterized by sixfold symmetry (5). 
The 3D analog of the hexatic phase was 
first identified in a liquid-crystal (LC) corn- 
pound (6). Subsequently, hexatic order has 
been reported in free-standing LC films (7, 
8)  and various 2D systems such as colloidal 
crystals (9), high-temperature superconduc- 
tors ( 1 O), magnetic-bubble lattices ( 1 1 ), 
charge-density waves (12), and Langmuir- 

Blodgett filrns (13). Among those 2D sys- 
tems, thin free-standing LC films, without 
the complication of any substrate, have of- 
fered unique opportunities to test the melt- 
ing theories. To date, apparent discrepan- 
cies have persisted between experimental 
observations and theoretical predictions, 
including an inexplicably strong thermal 
anomaly at the hexatic-liquid transition in- 
stead of the expected continuous Kosterlitz- 
Thouless (KT)-type behavior (14). To in- 
vestigate these phenomena, we report in 
situ electron diffraction (ED), high-resolu- 
tion heat capacity (Cp) (signal to noise 
ratio - 3 x lo4), and optical reflectivity 
(signal/noise - 2 X lo4) measurements on 
2D LC films of n-pentyl-4'-n-pentanoyloxy- 
biuhenvl-4-carboxvlate 154COOBC). 

A ,  

Our experimen;al techniques for making 
ED (15), C, (16), and optical reflectivity 
(17) measurements have been described 

C.-F. Chou, Department of Phys~cs, Pr~nceton University, The LC are 
Pr~nceton, NJ 08544, USA. soaplike films suspended across an aperture 
A. J. J n .  App~ed  Materals, 3320 Scott Boulevard, Mail- (Is), with a diameter of 1 mm for ED 
stop 11 14, Santa Clara, CA 95054, USA. 
S. W. HUI, Department of B~ophysics. Roswel Park Can- and cm for Cp and 'ptical- 
cer lnsttute. Buffalo. NY 14263. USA. reflectivity measurements. The 54COOBC 

is lower [B. Marty and A. Jambon, Earth Planet. Sci 
Lett. 83, 16 [1987)]. 

36. M. Schrauder and 0. Navon, Nature 365, 42 (1 993). 
37. We thank De Beers Consolidated Mines Llmted for 

provding the Jwaneng samples; P. Deines for a -  
lowing us to use the Jwaneng samples n t h ~ s  
study; S. Boyd and M.  Girard for ther help with the 
experments; E. Galimov, A. Kadk, F. Pineau. F. 
Guyot, T. Stachel, and G. Brey for helpful com- 
ments; N. Jendrzejewski and P. Agrinier for nfor- 
m a  reviews; and two anonymous reviewers for 
their comments. P G P  contribut~on 1534 and 
CNRS contrbuton 104. 

25 February 1998: accepted 13 April 1998 

composed of liquid layers, Hex-B is a 
stacked hexatic phase, and Cry-B is a hex- 
agonal crystalline phase (19). The phase 
sequence for bulk 54COOBC is: 

Sm-A (55°C) Hex-B (53°C) Cry-B. 

We spdied two-layer filrns of thickness 
-50 A, which display 2D scaling behavior 
in the hexatic regime and hence are effec- 
tively 2D systems (20). The ED patterns 
obtained from two-layer filrns (Fig. 1) sug- 
gest the following phase sequence: 

Above 66.3"C, the film was in the Sm-A 
phase. Its ED pattern was typified by a 
diffuse ring of constant intensity that one 
expects from a 2D liquid (Fig. 1A). At 
about 66.3OC, the diffuse ring of the Sm-A 
phase sharpened in the radial direction, but 
the intensity remained uniform around the 
ring (Fig. 1B). This unexpected ED pattern, 
which we characterize as smectic-A' ism- 
A' ) ,  suggests a higher degree of in-;lane 
positional correlatiol~s than that in an or- 
dinary liquid and similar to that found in a 
hexatic uhase. However, the lack of sixfold 
modulation of the diffraction intensity 
around the ring indicates the absence of - 
long-range bond-orientational order within 
our probing electron beam of diameter 50 
Fm. At around 63.0°C, a single-domain 
Hex-B phase with long-range bond-orienta- 
tional order appeared, which features six 
svrnmetric arcs (Fie. 1C). The azimuthal , " 

kidth of the arcs diminished gradually with 
decreasing temperature, suggesting an in- 
crease in bond-orientational order. The 
film made another transition at about 
60.1°C to the hexagonal Cry-B phase, with 
an ED pattern consisting of six sharp Bragg 
spots indicative of long-range positional or- 
der (Fig. ID). 

To yield additional information about 
both the bond-orientational order and 
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bond-orientational order parameter C6 (Fig. length is Lorentzian in the Sm-A phase, but 
2A) (21 ), and by fitting the intensity of the is square-root Lorentzian (SRL) in the 
ED pattern as a function of the wave vector Hex-B phase because of the coupling of 
along the radial direction (qll-scan) to ob- hexatic order to liquid density fluctuations; 
tain the in-plane positional correlation in the Sm-A' phase, the SRL-fit gives a 
length (Fig. 2B). The radial line shape used much better result than the Lorentzian-fit 
in the fitting for the positional correlation (Fig. 3 )  (22). We did not apply any decon- 

Fig. 1. Typical ED patterns 
from two-layer 54COOBC 
films. (A) Sm-A phase at 
68.4"C, (6) Sm-A' phase at 
66.3"C, (C) Hex-B at 
61.2% and (D) Cry-B 
phase at 59.1 "C. The expo- 
sure time was typically a few 
seconds with electron beam 
current of -0.1 e/Az.s. A dif- 
fuse ring of constant intensi- 
ty in (A) is a typical ED pat- 
tern from an ordinary 2D liq- 
uid. In (B), the diffuse ring in 
(A) sharpens in the radial di- 
rection, indicating higher 
positional correlations in 
Sm-A', but the film is still in 
an isotropic phase. The six- 
fold modulation in (C) but not 
in (B) signifies the existence 
of long-range bond-orienta- 
tional order in Hex-B but not in Sm-A'. The six symmetric Bragg spots in (D) indicate the crystal- 
line nature of the Cry-B phase. Tbe radius of the diffraction circle, q,, is 1.4 A-', corresponding to an 
average in-plane distance of 5.3 A between the nearest-neighbor molecules. 

Fig. 2. Temperature de- 
pendence of (A) the 
bond-orientational order 
parameter C,, (B) the in- o,s 1 
plane positional correla- b 
tion length, and (C) si- $ 0.4 - 
multaneously measured 1 
heat capacity C, (0) and 0.2 

optical reflectivity (A) 2 o,o - 
in two-layer 54COOBC 5 
films. The ED patterns 
in Fig. 1, the structural so - B - 
analysis in (A) and (B), 
and the optical-reflec- 5 - 
tivity data in (C) un- 5 2 - 
ambiguously point to 8 - 4 0  - 
a distinctive three-stage 
melting transition se- 5 
quence. The dashed 

20 - I / . - 
0. 

lines at 66.3", 63.0", and n 
1.00 ' I ' l l  I ,  I ! ,  I ,  

60.1°C signify the Sm- 
A-Sm-A', Sm-A'-Hex- 
B, and Hex-B-Cry-B - 0.254 

transitions, respectively. 

56.0 58.0 60.0 62.0 64.0 66.0 68.0 70.0 

T ec) 

volution to correct for instrumental resolu- 
tion. which resulted in the amarent satura- 

L L 

tion of the positional correlation length 
near the Hex-B-Cry-B transition (Fig. 
2B). In addition, we also performed simul- 
taneous high-resolution C, and optical-re- 
flectivity measurements of a two-layer 
54COOBC film (Fig. 2C). 

Taken together, the experimental data 
establish the existence of an unusual se- 
quence of phase transitions (23). The be- 
havior of the order parameter C6 (Fig. 2A) 
suggests no long-range bond-orientational 
order above 63.0°C, and a monotonic in- 
crease in the bond-orientational order in 
the Hex-B phase with decreasing tempera- 
ture from 63.0' to 60.1°C. The film under- 
went an apparently continuous transition at 
about 60.1°C to the Cry-B phase. However, 
the temperature dependence of the in-plane 
positional correlation length between 69" 
and 60.1°C (Fig. 2B) reveals three distinct 
phase regions, corresponding to the Sm-A 
(above 66.3"C), Sm-A' (66.3" to 63.0°C), 
and Hex-B (63.0' to 60.1°C) phases. This 
conclusion is further reinforced by the op- 
tical-reflectivity data (Fig. 2C), which also 
exhibit three distinct phase transitions at 
66.3", 63.0°, and 60.1°C, in excellent 
agreement with the behavior of the posi- 
tional correlation length. The most impor- 
tant observation here is the existence of the 
Sm-A' phase. On the basis of ED (Fig. 1B) 
alone, one could argue that the Sm-A' sig- 
nal could be the result of ~owder diffraction 
from a multidomain Hex-B sample spatially 
averaged bv the electron beam of diameter - ,  
50 pm. However, our data indicate that (i) 

Fig. 3. Radial q,, scans from a two-layer 
54COOBC film at 68.4"C (Sm-A), 66.3% (Sm-A'), 
and 60.6"C (Hex-B phase). The corresponding 
positional correlation lengths are 14.5 ? 0.6, 
33.1 2 1.3, and 76.5 2 4.0 A, respectively. The 
points are data and the solid lines are Lorentzian 
fits in the Sm-A and square-root Lorentzian fits in 
the Sm-A' and Hex-B phase. The abscissa is nor- 
malized to the peak position, q,, of the radial line 
shape. 
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the bond-orientational order parameter 
vanishes above 63.0°C, (ii) the positional 
correlation length increases sharply below 
63.0°C, and (iii) the optical reflectivity has 
a distinct anomaly indicating a pronounced 
in-plane lnolecular density change (24) at 
63.0°C. The consistent and re~roducible 
behavior of these results all point to the 
existence of a Sm-A'-Hex-B transition at 
63.0°C and strongly suggests that the Sm- 
A' is indeed a distinct 2D isotronic ~ h a s e  . L 

with longer range positional correlations 
than an ordinarv 2D liauid. The nature of 
the Sm-A' phaie is not yet apparent. It 
could be a disordered ~ h a s e  with closer 
packing than the Sm-A and stronger orien- 
tational fluctuations than the Hex-B ~hase .  
The existence of this intermediate phase 
may be related to the strong anisotropy of 
the LC molecules, but its possible occur- 
rence in other non-LC 2D svstems has vet 
to be explored. 

The existence of the Sm-A' ~ h a s e  allows 
US to have a possible explanation for the 
puzzling behavior of C, (Fig. 2C), which 
exhibits a single sharp symmetric peak at 
66.3"C that can be fitted by a simple power 
law (25). The thermal hysteresis of this tran- 
sition is found to be 80 2 50 mK, and the 
transition appears to be weakly first order. 
Because the phase transition at 66.3"C was 
previously interpreted as a Sm-A-Hex-B 
transition (25), the pronounced pretransi- 
tional behavior and divereent character of - 
the C, anomaly were thought to be. incon- 
sistent with the KT-tvne behavior exnected , 
in such a transition (Fig. 4). Until now, it 
has been unclear why the Hal~erin-Nelson 
model (2)  is so si~cc~ssfi~l in dkscribing the 
bond-orientational order derived from stnlc- 
tural lneasurelnents in hexatic LC films (7, 
8, 20) but fails to give a proper account of 
the C, data (1 4). Because our ED data in the 
two-layer 54COOBC film suggest that the 

Tc T 

Fig. 4. Theoretlca prediction of the C, proflle for a 
KT-type transltlon In two dimensions (27). The 
heat capacity should involve only an essential sin- 
gularity at the transition temperature T, that is not 
expected to be observable, as w e  as a broad 
hump far above T, due to the gradual dissociation 
of defect pars-for example, dislocation pairs in 
the crystalline phase and disclination pairs in the 
hexatic phase. 

transition at 66.3"C corresponds, not to the 
Sm-A-Hex-B transition, but to the Sm- 
A-Sin-A' transition, which is not expected 
to be KT-like, the power-law anomaly in the 
heat capacity is not necessarily surprising. 
Because there is no symmetry breaking in- 
volved, the Sm-A-Sm-A' transition should 
be first' order, which is consistent with slight 
thermal hysteresis observed (26). 

Our measurements lead to the follow- 
ing important observations. The existence 
of the Sm-A' phase as a 2D isotropic 
liquid with $nhanced positional correla- 
tions (-40 A )  has not been anticipated. 
The transformation of the Sm-A phase 
first to the Sm-A' phase and not directly 
to the Hex-B phase could fundamentally 
alter our understanding of the 2D melting 
phenomenon. Our ED and optical-reflec- 
tivity data have una~nbig~~ously revealed 
the 2D Sm-A-Sm-A' -Hex-B-Cry-B 
transition sequence in two-layer 54COOBC 
films. This observation may help to rec- 
oncile the discrepancy between the Halp- 
erin-Nelson inodel ( 2 )  and the C, data. 
One possible explanation of these obser- 
vations is the following: near 60.l0C, the 
dislocation pairs in the crystalline phase 
(Cry-B) start melting through a KT-type 
transition into free dislocations in the 
hexatic phase (Hex-B); around 63.0°C, 
the dislocations, which are disclination 
pairs, start dissociating through another 
KT-type transition into a 2D liquid with a 
low density of free disclinations (Sm-A'); 
and finally at about 66.3"C, all disclina- 
tion pairs inelt into an ordinary liquid 
with free disclinations (Sm-A). The ap- 
parently continuous Sm-A' -Hex-B tran- 
sition at 63.0°C and Hex-B-Cry-B tran- 
sition at 60.1°C have not been resolvable 
in our C_ measurement at the current 
level of aicuracy. Our results suggest, how- 
ever, that these two transitions are excel- 
lent candidates for observing KT-type be- 
havlor in an LC system. 
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