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Positional Order in Langmuir Monolayers
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We find that a structural solid-solid phase transition in a two-dimensional Langmuir film
accompanied by strong positional disorder. Specifically, we find by a grazing-incidence x-ray diffrac
experiment that in monolayers of octadecanol both the hexagonal phaseLS and the centered rectangular
(distorted hexagonal) phaseS have algebraic decay of positional correlations. The positional disord
is evidenced by variations of the exponenth, which drastically increases at the transition. The disorde
is attributed to elastic distortions around pretransitional fluctuations. [S0031-9007(98)08060-0]

PACS numbers: 68.18.+p, 64.70.Md, 68.10.–m, 68.35.Rh
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Positional order in two-dimensional systems is most
studied on the simplest example of a monatomic lay
whose atoms do not possess internal degrees of freed
Algebraic decay of positional correlations at any nonze
temperature is the well-known consequence of the dime
sionality of the system [1]. Langmuir monolayers (inso
uble monolayers on a liquid surface) exhibit ordering o
the short axes (backbone planes) of the molecule chai
This involves the coupling between the orientational d
grees of freedom of individual molecules and their pos
tional order [2]. The present x-ray diffraction study o
the LS-S transition in monolayers of octadecanol show
that the structural phase transition from the 2D hexagon
phaseLS to the centered rectangular (distorted hexag
nal) phaseS is accompanied by strong positional disor
der. Variations of the exponenth of the algebraic decay
are noticed as far as20 ±C above the transition. On low-
ering the temperature, a continuous increase ofh to very
large valuessh . 2d results. The disorder is attributed
to elastic distortions around pretransitionalS-type fluctua-
tions in theLS phase.

We determine the correlation function of positiona
order by directly processing the measured peak profile
without a fit to a presupposed model. This is possib
because the monolayer is a two-dimensional powd
of domains. The average of the structure factor ov
different domain orientations singles out the correlatio
function in the direction of the diffraction vector. We
find algebraic decay of positional correlations, so that w
must treat both phases,LS and S, as 2D solids on the
length scale available in present experiments,800 Åd,
in contrast to their usual treatment—due to the width o
the diffraction peaks which exceed the resolution lim
and to the small viscosity of theLS phase—as fluids.
Hence, the transitionLS-S is treated as a 2D solid-solid
structural phase transition. The effects of dislocatio
mediated melting are considered irrelevant to the proble
because of a too low temperature or large dislocation co
energies.
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The study was performed on octadecanol [3] whos
phase diagram is well established [4]. The diffractio
measurements were performed in the untilted phases a
surface pressure of 18 mNym, well above the tilting phase
transition. The tilted state of the octadecanol monolaye
has been studied previously [5]. The grazing-incidenc
x-ray diffraction measurements were performed at th
liquid surface diffractometer on the undulator beam lin
BW1 at HASYLAB, DESY, Hamburg. The horizontal
resolution, given mainly by a Soller collimator placed
in front of a vertical position-sensitive detector, wa
measured by scanning the beam specularly reflected fr
the water surface. The shape of the resolution functio
was found to be very close to a Gaussian with a full widt
at half maximum (FWHM) of0.0082 Å21, giving rise to
a real-space resolution2pyFWHM ø 770 Å.

Figure 1 (left) shows the measured diffracted intens
ties corrected for the Lorentz factor, effective area an
polarization, integrated over the vertical component,Qz ,
of the scattering vector, and with a linear background su
tracted. The present data are in agreement with the x-r
diffraction study of theLS-S transition in heneicosanoic
acid monolayers [6] as well as with our previous study o
octadecanol [5(a)] at temperatures below and well abo
the transition. However, the observation [5(a),6] of tw
overlapping broad peaks (LSI phase) at intermediate tem-
peratures was not reproduced. In Ref. [5(a)], the me
surements were performed during continuous heating
the monolayer. These observations probably indicate
nonequilibrium nature of this diffraction pattern. Strong
kinetic effects, with relaxation from a rectangular to a
hexagonal structure within tens of minutes, have been r
ported for this part of the phase diagram [7]. The tem
perature variation of the diffraction pattern, Fig. 1, is in
agreement with a first order phase transitionLS-S at 8±C,
cf. Ref. [4]. Below this temperature (in phaseS), one ob-
serves two diffraction peaks characteristic of a center
rectangular unit cell. Above 8±C (phaseLS) there is
only one peak due to a hexagonal arrangement of t
© 1998 The American Physical Society
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molecules. This peak becomes sharper with increas
temperatures, as was already observed in previous stu
of Langmuir monolayers [5(a),6] as well as of a close
related bulk system, the 3D crystals ofn-alkanes [8].

The averaging of the scattered intensity due to
two-dimensional powder of randomly oriented domain
considerably simplifies the analysis of the position
correlations. Consider a purely two-dimensional proble
with the scattering vector,Q, in the monolayer plane.
The structure factor,ssQd, for the scattering by an in-
dividual domain in the vicinity of a reciprocal-lattice
vector, Q0, can be represented as a Fourier transfor
ssQd ­

R
Gsrd expsiq ? rd d2r, of the correlation func-

tion, Gsrd ; GQ0 srd ­ kexphiQ0 ? fusrd 2 us0dgjl,
whereusrd are displacements of the atoms from their po
sitions in the ideal lattice andq ­ Q 2 Q0. The average
over domain orientations is equivalent to integration
ssQd over a circle of radiusQ. The scattered intensity is
concentrated in the vicinity of the reciprocal-lattice poin
and the integration over the circle can be replaced by th
along the line perpendicular toQ0. Hence, one obtains
the powder-averaged structure factorSsqd ­

R
ssQd dq'

as a one-dimensional integral,

Ssqd ­
Z

Gsxd expsiqxd dx , (1)

whereq ­ Q 2 Q0 is the wave vector measured in th
powder diffraction pattern,x is the coordinate alongQ0,
and Gsxd is the correlation functionGsrd, with the co-
ordinate perpendicular toQ0 equal to zero. The mea-
sured intensity,I sqd, is the convolution of the structure
factor, Ssqd, with the resolution function,Rsqd, I sqd ­
Ssqd ≠ Rsqd. Then, Fourier transforming this equation
one obtains the correlation function asGsxd ­ Ĩ sxdyR̃sxd,
where the tilde denotes Fourier transforms of the corr
sponding functions. Thus, the correlation function in th
direction of the diffraction vector (with resolution effects
deconvolved) can be directly determined from the powd
diffraction experiment, as shown in Fig. 1 (right).

In the range from tens to hundreds of Å, the correlatio
functions in Fig. 1, plotted on a double-logarithmic scal
are close to straight lines and hence support a pow
law decay, rather than an exponential decay which wou
be expected for hexatic phases (replotted on a sing
logarithmic scale, these lines are far from straight). Th
only exception is the correlation function at 8.6±C, close
to the transition, which can be equally well fitted to
power decay or to an exponential decay. There is
evidence for a characteristic length (e.g., a “crystalli
size”) which would restrict the algebraic decay from th
large x side. The correlation functions are characterize
by the lengths,L, of the order of 10 Å, which restrict the
power law at smallx. Hence the correlation functions
may be conveniently interpolated by the function,

Gsxd ­ f1 1 sxyLd2g2hy2, (2)
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FIG. 1. X-ray diffraction peaks (left) and correlation func-
tions (right) for octadecanol monolayers at the surface pressu
18 mNym. Different symbols correspond to the data from
monolayers prepared in different ways. The circles deno
the monolayer deposited at 3±C, compressed to 18 mNym,
expanded to zero surface pressure, and compressed ag
to 18 mNym at a new temperature after heating. Th
compression-expansion cycles were repeated on the sa
monolayer 11 times on heating from 3.0 to 20.1±C. The
crosses denote the data due to another monolayer which w
compressed to 18 mNym at 7.6±C and then heated to 30.1±C
without expansion. Squares denote a monolayer deposited a
first compressed at 31.1±C. Hence, the diffraction peaks are
essentially independent of the way in which the monolayer w
prepared. The triangles denote the monolayer of hexadeca
at 31.7±C, which corresponds approximately to the state of th
octadecanol monolayer at 42±C, due to the shortening of the
chain by two methylene groups. The full lines over the peak
are the fits to the structure factor (3) convolved with the Gaus
ian approximation to the resolution function. The dotted lin
shows the resolution function. The widths of all peaks excee
the resolution limit. On the right, full lines present Fourie
transforms of the measured peaks, divided by the Fouri
transform of the resolution function (shown by the dotted line
When two diffraction peaks are observed due to a center
rectangular unit cell, they are processed separately and
correlation functions in directions of the corresponding diffrac
tion vectors are determined. Dashed lines are fits to Eq. (
with the same values ofh and L as the fits of the peaks on
the left.
5865
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which contains a characteristic sizeL and exhibits al-
gebraic decayGsxd ~ 1yxh for x ¿ L. The functional
form of Eq. (2) is just a convenient interpolation and the
is no physical meaning behind it; it helps only to chara
terize the correlation functions by the appropriate param
ters,L andh. An advantage of Eq. (2) is the possibility
of performing the Fourier transformation analytically,

Ssqd ­ jqjsh21dy2Ksh21dy2sLjqjd , (3)

whereKmszd is a modified Bessel function. Equation (3
provides a convenient interpolation formula describin
(after convolution with the resolution function) the shap
of the diffraction peak. The curves in the left column o
Fig. 1 were obtained by numerically convolving Eq. (3
with the Gaussian approximation for the resolution fun
tion. The structure factor (3) may be used to fit the pea
when the scatter of the experimental data prevents the
rect application of the Fourier transformation to obtain th
correlation function. We tried both to fit the peak profile
to Eq. (3) (Fig. 1, left) and the correlation functions ob
tained by Fourier transformation of the peaks to Eq. (
(Fig. 1, right) and found coincidence of the results.

Figure 2 presents temperature dependencies of the
ponent,h, and the length,L. When two peaks are ob-
served and processed separately (in the phaseS), two
values result, and their mean is shown in Fig. 2. Bo
parameters have maxima at the temperature of the fi
order transitionLS-S (8±C). The length,L, is compa-
rable with the thickness of the monolayersø22.5 Åd and
the simplest interpretation of this parameter could be
the crossover from two-dimensional to three-dimension
behavior. The systematic temperature variation ofL in-
dicates another origin of this parameter, though. No
that L varies from about three to five lattice spacing
sa ø 4.8 Åd.

For scattering due to lattice distortions, regardless
their nature, the exponent of algebraic decay is prop
tional to the square of the diffraction vector,h ~ Q2

0 .
This dependence was verified by measuring the high
order diffraction peaks in the hexagonal phaseLS; Fig. 3.
Good agreement of the calculated structure factors w
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FIG. 2. Temperature dependencies of the exponenth of the
algebraic decay and the lengthL determined from the fits to the
peaks shown in Fig. 1.
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the data confirms that the broadening is caused by lat
distortions.

The long-wavelength thermal phonons in a two
dimensional solid are the well-known source of th
algebraic decay of positional correlations [1]. The theo
of dislocation-mediated melting imposes a limit [9
h , 1y3 on the exponent. If thermal phonons wer
considered asthe onlysource of the algebraic decay, th
exponents exceeding this limit might be due to a ve
high energy of nucleation of dislocation pairs makin
the dislocation-mediated melting scenario irrelevant [10
Then the value ofh can be used to determine the she
modulus of the 2D solid, provided the compression mod
lus K is measured independently. Our measurements
30±C give K ­ 3.45 Nym, in agreement with data on
decanol [10] and behenic acid [11] monolayers, obtain
in similar ways. Then one obtains a small ratio of th
shear modulus to the compression modulus:myK ø 0.03,
compared with the valuemyK ø 0.04 for the decanol
monolayer at its melting transition obtained in the sam
way [10]. One can expect smaller ratiosmyK closer
to the transitionLS-S, because of the increase inh.
Small values of the shear modulus may be related to
small viscosity of the phaseLS which gave the name
(“superliquid”) to this phase [12].

The relevance of the phase transitionLS-S to the
temperature dependence of the parametersh and L,
which is evident from Fig. 2, suggests the order parame
fluctuations close to the transition as the most plausi
source of the x-ray scattering. The fluctuations with th
structure of the phaseS cause elastic distortions in the
surrounding matrix, since the centered rectangular u
cell of the phaseS differs from the hexagonal unit cell
of the phaseLS by a rather largesø9%d distortion. A
closely related mechanism, scattering by sufficiently lar
domains of the rectangular phase, was discussed by Si
(see Ref. [8]). We find that the domains remain sm
[containing sLyad2 # 30 molecules even close to the

FIG. 3. The higher-order diffraction peaks of the hexagon
phaseLS in octadecanol and hexadecanol monolayers. D
ferent symbols correspond to independent measurements.
lines are structure factors (3) with the peak positions calcula
from the position of the corresponding low-order peak, the e
ponent h scaled ash ~ Q2

0 , and the lengthL given by the
low-order peak.
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transition] and the peak broadening is due to distortion
which they cause in the matrix. These distortions give ris
to the algebraic decay whose exponent is not restricted
any universal value. Thus, the large value of the expone
can be realized, close to the structural phase transition,
the solid state of the two-dimensional system well belo
the dislocation unbinding temperature.

To calculate the correlation function of the translationa
order, we consider that the transitionLS-S is due to the
herringbone ordering of the hydrocarbon chains an
the lattice distortions are proportional to the square
the corresponding order parameter,w [2]. Then, one
obtains in the harmonic approximation,

Gsxd ­ exp

Ω
2h

Z dq
q

f1 2 J0sqxdg kw2l2

æ
, (4)

whereJ0szd is the Bessel function. Equation (4) differs
from the well-known expression for the long-wavelengt
thermal phonons [13] only by the last multiplier which
is due to distortions proportional tokw2l. In the har-
monic approximation one finds [1]kw2l ­ f1 1 sjqd2g21

(the amplitude of the fluctuations is incorporated in th
constanth). The correlation length of fluctuations,j,
provides the small-distance limit to the algebraic deca
Gsxd ~ x2h, for x ¿ j. Calculating the integral (4) nu-
merically and comparing it with Eq. (2), we find that,
if one relates the characteristic lengthL introduced by
Eq. (2) to the correlation length of fluctuationsj as
j ­ Ly1.95, the difference does not exceed a few %. Th
analytical formula (2) is more convenient for purposes o
peak fitting and we used it instead of Eq. (4). Landau th
ory predicts thatj andh diverge at a second-order transi
tion point asj ~ t21y2 andh ~ t22, wheret ­ T 2 T0.
At a first-order transition, as in the present study,T0 is not
equal to the transition temperature and these paramet
increase close to the transition but remain finite.

The positional correlations found in the present stud
correspond to quasi-long-range order in both phasesLS
andS, in contrast to a common treatment of these phas
as hexatics, based on the FWHMs of the peaks whi
exceed the resolution limit. The length limit available
in the present experiments,800 Åd does not allow one
to judge the order (crystalline or hexatic) on longe
distanced. The accessible length scale can be significan
increased (by a factor of$50, cf. [10]) with the use of the
new generation of synchrotron sources. We attribute t
peak broadening with very large values of the expone
h to elastic distortions around short-range fluctuations
the ordered phase above the transition (and correspond
disorder below the transition). Sirota [8] pointed out tha
since we are dealing in regimes where a hexatic and
solid cannot necessarily be experimentally distinguishe
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the theory of phase transitions should not be too sensi
to such a distinction. The Landau theory of pha
transitions in Langmuir monolayers, which was initiall
formulated in terms of the phase transitions betwe
2D-solid phases [14] and then reformulated in terms of
hexatic phases [2] using essentially the same free ene
expansions, complies with this demand. However, t
treatment of the phaseS as a 2D solid raises a question o
the nature of theS-CS transition which was treated [2] a
a crystallization of the mesophase. Changes in positio
order at this transition can be studied, applying the d
processing developed in the present paper, with molec
chains longer than that of octadecanol.
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