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Positional order in Langmuir monolayers: An x-ray diffraction study
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The structural phase transition from the hexagonal to a distorted-hexdgentdred rectangulaphasethe
LS-S transition) in Langmuir monolayers of octadecanol is studied in a grazing incidence x-ray diffraction
experiment. We find algebraic decay of positional correlations, which suggests solid-like order in both phases
at the distances accessible in the present x-ray diffraction experiment. The transition is accompanied by strong
positional disorder, which is evident from the drastic increase of the exponemtvaluesn>2 close to the
transition. Remarkably, on approaching the transition, the continuous incregss apparent already at 20 °C
above it. The positional disorder is attributed to elastic distortions around pretransitional fluctuations.
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PACS numbsgs): 68.10—m, 68.18:+p, 68.35.Rh, 64.70.Md

[. INTRODUCTION tion in the direction of the reciprocal-lattice vector.
This study has concentrated on two condensed phases of
The bulk of the understanding of positional order in two- Langmuir monolayers of octadecanol on water. The high-
dimensional systems comes from theoretical studies of sysemperature phase, LS, possesses a single first-order diffrac-
tems consisting of circularly symmetric particles that do nottion peak due to hexagonal local arrangement of the mol-
possess internal degrees of freedom. In experimental studi€sules. The lower-temperature phase, S, reveals two first-
it is frequently assumed that these degrees of freedom are notder peaks of the centered rectangular unit cell due to
relevant for the positional ordering. It is well known that in a ordering of short axes of the molecules. In both phases, the
two-dimensional solid the low dimensionality of the systemmolecules are not tilted with respect to the surface normal.
gives rise to an algebraic decay of positional correlations ayve have found that, on the available length scale limited by
any nonzero temperatufé¢]. On increasing the temperature the resolution, the correlation functidB(x) exhibits alge-
the solid can either melt directly into a two-dimensional lig- braic decayG(x)«x~”. The exponent; depends on tem-
uid or form an intermediate hexatic phase, with short-ranggerature and varies froy~0.5 far from theL S-S phase
positional order and quasi-long-range orientational ofglgr  transition to about 3 close to it. There is no evidence for a
Langmuir monolayerginsoluble monolayers on a liquid characteristic lengtiie.g., a “crystallite size’} that would
surface exhibit phase transitions due to coupled orienta-limit the algebraic decay at large However, the algebraic
tional degrees of freedom of the individual molecules anddecay is limited on the smaX side at a characteristic length
their positiong3]. Numerous studies of Langmuir monolay- L of some tens of Angstros, which also depends on tem-
ers by means of grazing-incidence x-ray diffraction have priperature and increases at the phase transition. Even the
marily utilized the horizontal peak positions to determine thesmallest values of the exponentfound in the present study
lattice and thgvertical) Bragg rod intensity profiles for mi- exceed the limity<<1/3, which can be reached in the solid
croscopic structural informatiopd—6]. The information on phase before the dislocation-mediated melting transition ac-
positional correlations, which is contained in the horizontalcording to Ref[2]. One can sugge$?] that the large expo-
profiles of the diffraction peaks, has remained unused. nent is realized because of a large core energy of the dislo-
The aim of the present paper is to obtain the correlatiorcations that prevents the dislocation mediated melting. Then
functions of positional order in different phases of Langmuirthe shear modulus of the two-dimensional solid can be de-
monolayers directly by processing the experimental datajved from the value ofy and is small compared with the
without any presupposed model, and then analyze the correempression modulus. However, the increase of the expo-
lation functions themselves, rather than the peak profiles. Asent at the transitioh S-S points to another source of posi-
discussed in detail below, this is possible because the mondional disorder in the monolayeiin addition to the long-
layer is a two-dimensional powder of randomly oriented do-wavelength phonon fluctuationgelated to the distortion of
mains. The average of the structure factor over the orientathe unit cell from hexagonal to distorted hexagofantered
tions of the domains is equivalent to its integration over therectangular.
transverse component of the scattering vector. Transforming We consider orientational fluctuations of the molecules
to real space, this integration singles out the correlation funcelose to the transitionLS-S and positional fluctuations
coupled to them assuming that the effects of unbinding of
dislocation pairs are not relevant to the problem either be-
*Permanent address: Institute of Crystallography, Russian Acadzause the temperature is small in comparison with the tran-
emy of Sciences, 117333 Moscow, Russia. sition temperature for dislocation-mediated melting or be-
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at a shallow angle.=0.85x. (wheree, is the critical angle
for total external reflection to reduce the background scat-
tering from the water subphase. The footprint of the beam on
7 the water surface was>50 mn?t. The horizontal resolu-
tion was measured by scanning through the beam specularly
reflected from the water surface. It is given mainly by a
Soller collimator placed in front of a vertical position-
sensitive detecto(PSD. Smaller contributions to the hori-
zontal resolution come from the angular divergence of the
white synchrotron beam and from the small mosaic width of
the Beryllium monochromator crystgl4]. The shape of the
resolution function was found to be very close to a Gaussian
with a full width at half-maximum\/(Q,,) =0.0082 A1,
NN /NN giving rise to a spatial resolutiomﬂW&vyﬁo A. The ver-
FIG. 1. A centered rectangulédistorted hexagongkluster in  tical resolution, given by the PSD, 18/(Q,) =0.005 A%,
the hexagonal matrix and the strains it causes in the matrix. All peaks (except for the measurements performed in the
tited phase at a low surface pressure of 1 mNle in the
cause the dislocation core energies are large. The ordering wfater plane,Q,~0. The intensity was summed over the
the short axe$molecular backbongsat theL S-S transition ~ channels of the PSD, since the present study concerns the
is accompanied by a large=(9%) rectangular distortion of in-plane order in the monolayer.
the initially hexagonal unit cell and some=(.5%) change
in the molecular area. The fluctuations with the structure of
the backbone-ordered phase cause elastic distortions in the ||. DIFERACTION PEAKS AND THEIR ANALYSIS
surrounding matrix, Fig. 1. These distortions, in the same ) .
way as elastic distortions caused by localized defects of any A. Structure factors and correlation functions
nature, give rise to an additional contribution to the exponent in the powder diffraction experiment

7. The value of this contribution is not restricted by the |t is well established that the diffraction patterns of Lang-
dislocation melting theory; it increases close to h8S  muir monolayers are due to a two-dimensional powder of
transition point due to increasing fluctuations. The lerigth randomly oriented domains. In the optically anisotropic
limiting the algebraic decay at small distances is proportionahnases, the size of well-oriented domains can be directly
to the correlation length of the fluctuations; it also increasegjetermined from Brewster angle microscopy observations
close to the transition. Analogously, fluctuating disorder[ls] and is in a range of tens to hundreds of microns. The

close to the transition point below it explains the temperature, | nber of domains in the beam footprintX50 mn?) is
variation of the parameterg andL in the backbone-ordered , s o fficiently large. Taking into account that the tilt azi-

phases muth is fixed with respect to the lattice at either the nearest-
neighbor or the next-nearest-neighf®MNN) direction, one
Il. EXPERIMENT concludes that in the tilted phases the lattice orientation only
slightly varies within a domain. One can expect that the do-
The study was performed mainly on octadecanolmains of constant lattice orientation are much larger than the
CHz(CH,)1;0H. Some additional measurements were doneesolution limit of the x-ray diffraction experiment in the
with  hexadecanol CkCH,);sOH and tetradecanol untilted phases as well. Hence, we consider scattering from a
CHs(CH,)1:0H. All substances(Fluka, Germany, purity 2D powder of randomly oriented domains and neglect the
>99%) were used without further purification. finite sizes of the domains. The latter assumption is con-
The phase diagram of the octadecanol monolayers is weflrmed by the correlation functions obtained which do not
established8-11]. The diffraction measurements were per- show any cutoff length.
formed mostly in the untilted phases at a surface pressure of The considerations below are based on the well-known
18 mN/m, well above the tilting phase transition that occursapproach by Warren and Averba¢h6] who treated the
depending on temperature, between 10 and 14 mN/m. X-ragowder diffraction peak profiles in terms of the real-space
diffraction studies of the tilted phases of octadecanol werguantities and used Fourier transformation to deconvolve in-
reported earlief12,13. The isotherms monitored during the trinsic peak profiles from resolution effects. However, the
diffraction experiment reproduce the order and the surfaceriginal treatmenf{16], as well as its further development
pressure of the tilting phase transition reported in Refs(see, e.9.[17-19), was given in terms of finite sizes of
[8—11]. Other phase transitions found in the isotherm studycrystallites and mean strains in them. The concept of the
[10] were not seen. Also, our previous x-ray diffraction studycorrelation function is not used in the field of powder dif-
[12] did not reveal structural changes corresponding to thesfraction and we are not aware of the explicit representation,
reported transitions. in the powder-diffraction literature, of the structure factor of
The grazing incidence x-ray diffraction measurementshe powder-diffraction experiment in terms of the correlation
were performed at the liquid surface diffractometer on thefunction, as given below.
undulator beamline BW1 at HASYLAB, DESY, Hamburg.  The amplitude of the x-ray scattering from any set of
A beam of wavelength 1.304 A was incident on the surfaceatoms can be represented as a sum,
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A(Q)= 2 f;(QexpiQ-R)), (1) real space reciprocal space
i
whereQ is the scattering vectdthe difference between the
wave vectors of the scattered and the incident waRsis X

the position of thejth atom, f;(Q) is its scattering factor,

and the sum runs over all atoms. In the condensed phases of
Langmuir monolayers, the molecules can be represented, in
the simplest approximation, as rigid rods oriented parallel to
each other. Then the summation over all atoms of a molecule
can be performed and one can consider(fpas a sum over

the molecules, with a molecular structure fadi@0] f(Q),

the vectorsk; denoting positions of the mass centers of the
molecules. The intramolecular disorder is treated here as sta-
tistically independent of the translational order of the mass o ) ) o
centers of the molecules and leads to an effective Debye- F'G- 2. Schematic diagram of the intensity averaging in a 2D-
Waller factor that is not considered here. The vecRydie powder diffraction experiment.

in the monolayer plane and the molecular structure factor . . .
f(Q) is the only factor in the right-hand side of Ed) that angular integration redut_:es to that ovzbry_/Q, whergxy IS
depends on the vertical component of the scattering vecto € component perp_en_d|cular to the reC|proc_aI lattice vector
Q. Integrating over this component, one arrives at a purely<°’ see Fig. 2. In this integraQ in the denominator can be
two-dimensional problem, with the vect® in the layer replaced by the constafi,. Integrating the structure factor

plane. Since we do not compare the intensities of differen%ﬁ) overg_y, one Oﬁtag?s th_e delta fungjuo?l(y), w?re]rey;;s
reflections, the effective molecular fact@which includes the coordinate in the direction perpendiculail. Then the

also a Debye-Waller factor due to intramolecular disorier POWder-averaged structure factBg,(«,) =Js(Q)d«, sim-
not essential for the considerations below and can be omitlifies to
ted.

The vectorR; can be represented as a sRy=r;+u; of
the positionr; of a given molecule in the ideally periodic
reference lattice and of its displacementdue to fluctua-
tions of any nature. Accordingly, the scattering vedfocan
be decomposed into a sum of two compone@s; Qg+ k,

Sou(@= | Go,0extiandx @

whereq is the deviation from the peak position in the powder
diffraction patternq=Q—Q, (g~ kx when the circle is re-

placed by the tangential lineHerex is the coordinate in the

=2 (integer)] and  is a small deviation from it. The direction of Qo, and the correlation functionGq,(x)
structure factor is given by the square of the amplitgle ~ =Gq,(X,y=0)=Gq (XQo/Qo) describes positional corre-
averaged over fluctuations in positions of the moleculeslations between two points separated by the distariogthe
s(Q)=(|A(Q)|?). Then, proceeding from sums to integrals, direction along the reciprocal-lattice vect®. This simple
the structure factor near a given reflectiQg can be repre- representation(4) of the structure factor as a one-
sented as dimensional Fourier integral of the correlation function al-
lows us to determine the correlation function directly from
the measured profile of the diffraction peak by applying the
inverse Fourier transform.

i o Another derivation of Eq(4), which also shows the way
where the mteg'ratlon is performed over the area of the cogy, 4 systematic improvement of this approximation, can be
herently scattering domain and made by first integrating E2) over the orientations o to

Gq, (1) =(exp(iQo-[u(r)—u(0)]}) obtain

where Q, is the reciprocal-lattice vectofso that Q- r;

s(Q)zf GQO(r)exp(iK-r)er, 2

)

is the correlation function for the reflecti@p,. For describ-
ing displacive disorder, the set of functioGg, (r) is more

SQO(q)=f fdx dy Gy (x,y)
convenient than van Hove’s density-density correlation func- X Jo((Qo+ ) X2+ y2)exp( —iQox),
tion [21] {(p(r+r")p(r')).

A two-dimensional powder consists of randomly orientedwhereJy(z) is the Bessel function. The last two multipliers
domains the contributions of which add incoherently. Thein the right-hand side of Eq5) are rapidly oscillating func-
average over domain orientations is equivalent to averaggons, sinceQr>1. The main contribution to the integral
over orientations of the scattering veciQrin a single do- comes from regions where their phases compensate each
main, i.e., to integration of the structure factor over a circleother. Using the asymptotics of the Bessel function at large
|Q|=Q, Fig. 2. The scattered intensity is concentrated closarguments and expandimg: X%+ y? for y<x, one arrives
to the reciprocal lattice points and the structure fas{@) is  at Eq.(4). Further improvement of this approximation can be
large only for || small compared with the radius of the made within the framework of the stationary phase method.
circle. Then the circle can be replaced by its tangent line ané similar three-dimensional problem of x-ray scattering in a

®
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observes two diffraction peaks characteristic of the centered
rectangular unit cel[23]. Above 8 °C(phaseLS) there is
only one peak due to a hexagonal arrangement of the mol-
ecules. This peak becomes sharper with increasing tempera-
tures. The present experiment did not reproduce our previous
observation 12], performed during continuous heating of the
monolayer, of two overlapping broad peaks in the tempera-
ture range 8—10°C, similar to the diffraction pattern of the
LS, phase in fatty acidg25]. These probably point to a non-
equilibrium nature of this diffraction pattern. Strong kinetic
effects, with relaxation from centered rectangular to hexago-
nal structure within tens of minutes, have been reported for
this part of the phase diagraf26].
Figure 3 comprises peaks measured on monolayers pre-
pared in several different ways. One of the monolayére
data points denoted by circlewas compressed to 18 mN/m
at 3 °C, then expanded to zero surface pressure, heated and
compressed again for new measurements. This monolayer
was compressed and expanded 11 times with subsequent
heating after each expansion in the temperature interval from
3 to 20°C. Another monolayefcrosses was compressed
first at 7.6 °C and then heated to 31 °C keeping the surface
pressure constant. A third monolay&quares was com-
pressed for the first time at 31°C. The diffraction peaks
obtained from different monolayers at similar temperatures
coincide, thus proving that the measurements were per-
formed in equilibrium states of the monolayer and that the
result does not depend on its previous processing.
Additional measurements were performed on shorter
somormeres” S Soinee - - chain alcohols, hexadeqanol and tetradecanol, With_the'aim
0 @AY ) of expanding the ef_fectlve temperature range. Taking into
” account that shortening the chain by two methylene groups is
FIG. 3. X-ray diffraction peakgleft column and correlation ~€quivalent to increasing the temperature by 10-1229,
functions (right colump for octadecanol monolayers at a surface the state of the hexadecanol monolayer at 31.7 °C and that of
pressure of 18 mN/m. Different symbols correspond to data fronthe tetradecanol monolayer at 31 °C approximately corre-
monolayers prepared in different wagsee text The full lines are  spond to the states of the octadecanol monolayer at 43 and
fits of the structure factof7) convolved with the Gaussian approxi- 53 °C, respectively. At 31 °C tetradecanol exhibits a notice-
mation of the resolution function. The dotted line shows the resoable solubility. In order to keep the pressure constant, the
lution function. The widths of all peaks exceed the resolution limit. monolayer area was continuously decreasing during the mea-
In the right column, full lines present Fourier transforms of the syrement. This restricted the measurement time and, as a
measured peaks, divided by the Fourier transform of the resolutiopesun' the tetradecanol data in Fig. 3 are more scattered.
fur_mtion (shown k_)y the dotted Ii_r)eDashed lines show the corre- Figure 4 shows some peaks and the processing of the
lation functions given by Eq6) with the same values of and§ as  iffraction data in greater detail. The resolution function is
the fits 1o the peaks in the left column. shown in the left column by dashed lines. The widths of all

powder sample of a smectic liquid crystal was considered i eaks exceed the resolution limit. The measured intensity
Ref.[22]. Using Eq.(5) instead of Eq(4) leads mainly to an Q(d) 18 thg convolutl.on of the structure factB, () with
asymmetry of the peak profile. The present study did nofl® I’ESO|U'[.IOI’I f“”Ct'O”_R(q)’_ IQO(Q)_: SQo(q)®R(q).
reveal a noticeable asymmetry in the observed diffractionthen, Fourier transforming this equation, one obtains the
peaks of Langmuir monolayers and we restrict ourselves t@orrelation function as a ratiGQO(X):IQO(X)/R(X)y where

the approximatior(4). the tilde denotes Fourier transforms of the corresponding
functions. The right column of Fig. 4 shows the real-space
functions. The Fourier transforfR(x) of the resolution func-
Figure 3(left column shows the measured diffracted in- tion is shown by dotted lines. The Fourier transfoi‘@o(x)
tensities corrected for Lorentz factor, effective area, and pog; ihe peak is shown by thin solid lines. The resolution-
larization, with a Ilngar background subtracted, anq iNtegrrected correlation functions, i.e., the rati(!BQo(x)
grated over the vertical componef, of the scattering - - ] o
vector. The temperature variation of the diffraction pattern is=Zq,(X)/R(X), are shown by thick solid lines.
in agreement with 4.S-S phase transition at 8 °8-11]. The full width at half maximum/ of the resolution func-
Further analysis of the data showSec. Il O that the tran- tion in the horizontal plane gives rise to a distancg
sition is of first order. Below this temperatufighaseS), one = m/)W~380 A available in the experimeithe commonly
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B. Positional correlations in octadecanol monolayers
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FIG. 4. Some peaks from Fig. 3 are shown in more detail. The inserts in the left column show the same peaks in different scales. The

inserts in the right column show the correlation functions on a single-logarithmic scale.

used value Z/W describes the intervat x,,<x<x,). In  peaks directly, as is described below. The fits show that the
principle, one could obtain the correlation function even forbehavior of the correlation function is not changed on some-
distances exceeding,,, provided the resolution function is What larger distances.

accurately specified, the scatter of the measured data points The diffraction peak of thé.S phase(with a hexagonal
and the intervalAq between the measured points are smallunit cell is due to six equivalent reflections that overlap after
enough. In the present study a rather large step powder average. The correlation functiGp, (x) represents
=0.0125 A~ between the data points in the wings of the correlations along each of them. In tBphase the two peaks
peaks(the central parts of the peaks were measured with in the powder diffraction pattern are due to nonequivalent
four times smaller stgplimits the range ofx to m/Aq diffraction vectors of the rectangular unit cell. These peaks
~250 A. At largerx, the correlation functions obtained by were processed independently giving rise to different corre-
direct Fourier transformation of the experimental datith- lation functions in the directions of the corresponding dif-
out any smoothingshow strong oscillations. The problem fraction vectors.

could be avoided by an appropriate interpolation of the data. One can see from the right columns of Figs. 3 and 4 that
This, however, was not necessary since we also fitted ththe correlation functions are close to straight lines in the
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double-logarithmic scale both above and below the transi- 200 1751 JNEN a

tion, thus demonstrating the algebraic decay of positional %] °

correlations. When replotted in a single-logarithmic scale < %] / 0

(insets in Fig. 4, these lines are far from being straight. The é 1;; ¢ 165

only exception is the correlation function at 8.6 °C, close to % 1051 2

the transition, which can be equally well fitted by a power & ] 1.601

law decay or by an exponential decay. There is no evidence & 193] r 5]

for a characteristic length that would restrict the algebraic ~ 192] ¢ '

decay from the side of large 191+ 1504
. . 0 5 10 15 20 25 30 V] 5 10 15 20 25 30

From the small side, the power law is seen to be re- (emperature ('C) temperture (°C)

stricted to a temperature-dependent lengtbf the order of
10 A. Hence the correlation functions may be conveniently FIG. 5. Temperature dependencies of the area per molecule
interpolated by the function ab/2 and the ratid/a of the parametera,b of the rectangular unit
cell derived from the positions of diffraction peaks.
X 21—nl2
E) } ' ©) tense part of the peak almost unchanged and hence do not
alter the largex part of the correlation function. An error in
which contains a characteristic sikeand possesses an alge- the background subtraction can be essential at the wings of
braic decayGq (x)o1/x” atx>L. The functional form of the diffraction peak and may lead to incorrect description of
Eg. (6) is just a convenient interpolation and there is nothe short-range features of the resulting correlation function.

physical meaning behind it; it merely helps to characterizéVVe assume that the background is ‘properly’ subtracted
the correlation functions by the appropriate parameters, when the wings of the peak plotted on a logarithmic scale

GQO(X) =1+

and 7. (see the insert on the bottom of Fig. dre close to straight
An advantage of Eq(6) is the possibility of performing lines, which corresponds to thkargeq) asymptotically ex-
the Fourier transformation analytically: ponential decay of the modified Bessel function in Eq.
and we do not introduce an additional small-length param-
Sq,(@)=1al""" V2K (,—gy( L] al), (7)  eter.

where K,(z) is a modified Bessel function. Equatidid)
provides a convenient interpolation formula describiafier
convolution with the resolution functigrthe shape of the ) )
diffraction peak. In the limitg—0, Eq. (7) gives rise to a Figure 5 presents the temper_ature dependenues of the
singularity Sq (g)=q 17 when <1 or to a cusp when aréa per moleculab/2 and the ratido/a of the sides of the

0 rectangular unit cell determined from positions of the dif-
6r_action peaks. At the first-order transititus-S, the area per
molecule decreases by approximately 1.5% while the unit
cell distorts by about 9% ib/a with respect to a hexagonal

C. Temperature dependencies of structure
and correlation parameters

7>1. The structure factof7) may be used to fit the peaks
when the scatter of the experimental data prevents direct a
plication of the Fourier transformation to obtain the correla-
tion function. The curves in the left column of Figs. 3 and 4
are obtained by numerically convolving E€7) with the  Cell (b/a= V3). .
Gaussian approximation for the resolution function. The val- 19uré 6 shows the temperature dependencies of the ex-
ues ofn andL thus obtained are used to calculate the correlPonents and the Ie_ngtkL as detgrmlned from the fits of Eq.
lation functions by Eq(6). The results are shown in the right () t0 the peak profiles. When, in tiphase, two peaks are
columns of Figs. 3 and 4 by dashed lines. They are in a goo bs_erved af_‘d processed_ separately, two values result _a_nd
agreement with the correlation functions obtained directly b)} eir mean is presented in Fig. 6. Both parameters exhibit
Fourier transformation of the peak profiles.

The fit of Eq.(7) to the data requires proper subtraction of

the background scattering from the water. We measured the 31 " 254 I
intensity in a range of scattering vectors sufficiently wide to _
4
’O\o

30

[
<

reach the background level on both sides of the peaks. Priorz , ! '\

=

to integration overQ,, the background was subtracted by 2 /'
|
n

length L (&)

interpolation of the intensity observed far from the peak in
(Qxy:Q7) space, assuming that the background depends lin-
early on the in-plane@,,) and the vertical Q,) components . O—pn
of the wave vector transfer. A linear variation of the back- ol o
ground in the relevant range of scattering angles is only an 0 10 20 30 40 30 0 100 300 030
approximation. Measurement of the scattering from the pure temperatuce ('C) temperatuce (C)

water surface in the same range of the scattering angles also r|g_ g Temperature dependencies of the expongand the
does not completely resolve this problem since the influencgngth L derived from fits of Eq(7) to the peaks in Fig. 3. Full

of the monolayer on the background scattering is not presympols correspond to the octadecanol monolayers. Open symbols
cisely known. In practice, the parametefsand (to a lesser correspond to the hexadecanol and tetradecanol monolayers at
exten} L are not sensitive to small variations of the back-31 °C, with the temperature axes shifted by 11 °C per two methyl-
ground level because these variations leave the central irne groups.
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—r 11 FIG. 8. Peak profiles and correlation functions for the mono-
12 14 16 24 26 28 30 32 layer in the tilted state at the surface pressure of 1 mN/m. The
-1 . . .
o, @A) line-types are as in Fig. 3.

FIG. 7. Higher-order peaks from monolayers of octadecanol andor Q; of the first-order peak a®,=3Q; andQ;=2Q;.
hexadecanol and their simulation using Eg). Different symbols ~ The exponents; were taken asy, = 7,(Q;/Q;)?, where,
denote independent measurements. The positions of the higheis the value determined from the first-order peak, and the
order peak®); were determined from the positions of the first-order |ength L was the same as obtained from the first-order peak.
peaks, the exponent was scaled a%; = Q7 , and the length. was  The good agreement between the data and the structure fac-
the same as for the first-order peaks. tors calculated by Eq6) with these values of the parameters

confirms that the broadening is caused by distortions of the

maxima at theL S-S transition temperature (8 °C). The lattice.

lengthL is comparable with the thickness of the monolayer N o
(=~22.5 A) and the simplest interpretation of this parameter E. Positional order in tilted phases

could be as the crossover from two-dimensional to three- Figure 8 shows diffraction peaks measured at a low sur-
dimensional behavior, since algebraic decay of positional orface pressure of 1 mN/m, in the tilted state of the octadecanol
der occurs in thin crystalline films at distances exceeding thénonolayer, at both high and low temperatures. Our aim was
film thickness[28]. However, the systematic temperature to test if the same analysis of the peak profiles can be applied
variation ofL suggests another origin of this parameter. Noteto the tilted phases but we did not attempt to study the tilted
that L varies from approximately 3 to 5 lattice spacings ( phases systematically. Both peaks are out of the water plane,
=4.8 A). The origin of the algebraic decay and the tem-the weaker peak, characteristically of the NNN-tilted phase
perature dependencies of the parameterand L are dis- [6,29], having a twice as large value of the vertical compo-
cussed in Sec. V. nent of the scattering vect®,. The tilt angles determined
from the Bragg rod profile§6] are 17.7° and 18.7° at 3.9
D. Higher-order peaks and 31.1°C, respectively.
The in-plane shape of the peaks can be adequately de-

For scattering due to lattice distortions, regardless of their . . . g
nature, one expects that the exponent of algebraic decay .Scnbed by Eq(7) and the correlation functions exhibit alge-

proportional to the square of the diffraction vecta, raic decay, Fig. 8. At a low temperature of 3.9 °C, the dif-

«Q?. This dependence was verified by measuring higherference between the correlations along different diffraction

: . . vectors is more pronounced. The values of the expoment
ord_er diffraction peaks qf the hexagonal phm Fig. 7. 0.42 and 0.33 at 3.9 and 31.1 °C, respectively, are somewhat
Using the common notation of the peaks, which refers to th

%maller than those in the untilted state, cf Fig. 6. On the
centered rectangular unit cell of the phaSethe observed e T )
higher-order peaks can be labeled @§) and (13). The other hand, the values of the lendth22 and 16 A, respec

eaks are very weak and the scatter of the data points tively, are larger than in the untilted statie values of the
P : y ) ; @ P Earameters presented here are, as above, the mean of the
large, which prevents direct Fourier transformation of the :
: ) values given by two peaks
measured peaks in the same way as was done with the low-
order peaks. Instead, we used the values of the parameters

determined from the first-order peaks to simulate the higher- F. Compressibility of octadecanol monolayers

order peaks. Specifically, the positions of the observed We measured the compressibility of the monolayer at sev-
higher-order peaks were determined from the scattering ve@ral temperatures, with the aim of applying it in the calcula-
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®  octadecanol 20.3°C 48
1.66 ® octadecanol 31.1°C 8
164 / ~ 153 ®  hexadecanol 31.7°C g%
< 1.62 < . g ®
<7 1.60 & et oy
1.58 octadecanol 5.2°C: 1.52 / gg v DD
1.56 ¢ peak (11) vy
154 " peak(02) 1.51 3 & o
152 / o R T o 18mNm
S0re——a—a—8— o oyon v v =1
R R - R TR T @ P SO e
surface pressure (mN/m) surface pressure (mN/m) "o g "v
FIG. 9. Pressure dependence of the peak positions in monolay- w,v' ° A%; w,,.. 2'8 N
ers of octadecanol and hexadecanol. il R i
O A 000
A <
tion of the exponenty, in the next section. The compressibil- °°<>°° f %,, 38 mN/m
ity x is the relative change of the ardain response to the | 00000 - 90000
change of surface pressuig i.e., y=—A"*(dA/dII). The ‘.oo’*‘x
reciprocal quantity is the compression modullds=1/y - t§-° *ama 416 mN/m
=—A(dII/dA). In the hexagonal phase it can be directly = . ,~'§ e “as
expressed via the change in position of the diffraction peak E st ene o
on applied surface pressute= — 3Qy(dI1/dQy). Only iso- = c "%
tropic compression can be applied to a powder sample; = Lo 0 o 432mN/m
hence, the shear elastic constant cannot be determined. In Z 0% 00 " .
phases with a rectangular unit cell, the linear compressibili- £ e .
ties along each diffraction vect®,, can be determined as : ) \ '_ 46 mN/m
Xnk=— Qni (dQni/dIT) [30]. - ",
Figure 9 presents the pressure dependencies of the posi- — : -
tions of the diffraction peaks at different temperatures. The 13 14 15 16 17 18
two peaks of the phas® (Fig. 9, lef), show quite different 0, A%

responses to the applied pressure: the position of the nonde-
generatd02) peak remains unchanged within the accuracy of 2
the measurements, while the compressibility in the directiori'@"Sition is seen between 38 and 41.6 mN/m.
of the degeneratéll) peak is xy;;=0.67 m/N. The area
compressibility is theny= y1;/cos(y*/2)=0.85 m/N and

FIG. 10. Diffraction peaks along the 11.5 °C isotherm. A phase

octadecano[8-11] is inclined towards higher temperatures
on increasing the surface pressure. The broad diffraction

K=1.18 N/m. Here,y* is the angle between th@,; and . . -
o . - : peaks in theL S phase at this temperature indicate that the
Qi1 reciprocal lattice vector&cf. [31)). A similar anisotropy monolayer is in a disordered state close to the transition and

and close values of the compressibility were found in the,[h moressibilit nnot be determined from the positions
phaseS of behenic acid[30]. The compressibility of the € compressibility ca P

: . : : of the maxima. Apparently the peak positi@h, decreases
phasel S is much lower(Fig. 9, righy. (This phase was not . . i
studied in Ref.[30].) From linear fits we found valueg on compression from 18 to 38 ”."\"m' V.Vh'Ch woulld corre
=0.41, 0.29, and 0.08 m/N for hexadecanol at 31.7°C an&pond to a thermodynamically impossible negative com-

octadecanol at 31.1 and 20.3 °C, respectively. The last vaIu%reSS'b'“ty'
is smaller than the compressibility of the crystalline phase

CS of behenic acid ¢~0.15 m/N)[30]. From the values G. Comparison of monolayer and bulk systems
given above, the compression modukis- 1/y takes on the The results of the present study can be compared with the
values 2.4, 3.45, and 12.5 N/m, respectively. detailed x-ray diffraction studies of the closely related bulk

Attempting to determine the compressibility of octade-system, rotator phases ifalkanes, by Sirota and co-workers
canol at 11.5°C, close to the transitit/$-S, we occasion- (see Ref[34] and papers cited thergiriThe latter system is
ally observed[32] this phase transition on compression, a three-dimensional crystal consisting of weakly coupled lay-
rather than by cooling, Fig. 10. The transition pressure isrs, with the hydrocarbon chains aligned parallel to each
approximately 40 mN/m. Although the observation of such aother either normally to the layer or tilted. The coupling
transition is not surprisingl(S-S phase transition lines in- between layers gives rise to the diffraction pattern of a three-
clined to higher temperatures on increasing surface pressudémensional crystal, which consists of two compongft&:
have been reported in many isotherm and Brewster angle 5-shaped Bragg peak reflecting the long-range translational
microscopy studigsthis is, to the best of our knowledge, the order and the diffuse scattering around it due to disorder in
first diffraction observation of the backbone-ordering transi-the positions of the molecules. The Bragg peaks appear weak
tion at a constant temperature. In the related bulk systenbecause of the large mean square displacenferisand are
rotator phases of bulk alkanes, the transition temperaturesxperimentally not distinguished from the strong diffuse
also increase under the action of the high pressurd3fs scattering, pointing to strong positional disorder in the rota-
Thus, theL S-S phase transition line in the phase diagram oftor phases ofi-alkanes. In a two-dimensional solid, by con-
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trast, the mean square displacemept$) diverge[1], true  the phasesS andLS as either solids or fluids remains am-
Bragg peaks are absent, and the power-law decay of theiguous and requires further studies, in particular, higher-
structure factor reflects quasi-long-range positional order. resolution diffraction experiments.

The two systems exhibit very similar microscopic struc-
tures and, what is more important in the context of thelV. INTERPRETATION OF POSITIONAL CORRELATIONS
present discussion, similar temperature dependencies of the

peak shapes. In the rotator phases of mixtures-afkanes The aim of this section is to consider possible sources of

[34,35, broadening of the diffraction peak of the hexagonalthe observed algebraic decay with anomalously large expo-
T nentsz. In addition to the most general source of algebraic

phaseR,, on cooling, similar to the observations presentedd lona- lenath  th I oh ) HNO-
above, was found. Mixing alkanes of different chain lengths ecay, —long-wave'eng ermal - phonons In —a - two
weakens the coupling between the layers and makes the bg_l_mensmnal solid1], we consider thermal f!qctuatlons Spe-
havior of the bulk system more similar to that of a mono—CIfIC to Fhe obsgrved structural phase transiiS. These
layer. The peak broadening was attribufd, 35 to scatter- fluctuations, with the structure of the backbone-ordered

ing from domains of the backbone-ordered phRgaith the phase, distort the unit cell and cause elastic strains in the
orthorhombic unit cell. In the monolayer system, similar dis-Surroundlng matrix, Fig. 1. The algebraic decay of the cor-

X i . . relation function due to these strains is a consequence of the
order manifests itself in an increase of the exponent

. . e : d dimensionality of the system.
which points to strains in the matrix around the fluctuation as The correlation functior(3) can be written in the har-

a source of scatteringsee discussion in the next section onic approximation a6 (r)=ex—U(r)], where
The characteristic size of the fluctuation, given by the IengtHﬂ PP Qo '
L, remains smal(several lattice spacing®ven close to the

transition. U(r)=3([Qq- (u(r)—u(0))]?

Another similarity between two the systems can be found
in the variation of the peak profiles close to the transition. In _ E (1—cosk-r){|Qy- Uk|2>- (8)
the mixtures of-alkanes in the hexagonal pha3g close to K

the transition to the orthorhombic phaRe, the Bragg com-
ponent of the peak apparently disappears, which probablproceeding from the sum in E¢B) to an integral and ap-
indicates a transition from the hexagonal crystal to a stacke@roximating the angular integral over the orientation& afy

hexatic [35]. Similarly, the observations on octadecanol the product of the angular integrals of each of the factors one
monolayers at 8.6 °C presented in Fig. 4 may mean a transgets

tion from the power-law decay to the exponential decay of
positional correlations. Q
_ _Any X-ray dlffrac_:tu_)n study probes _posmonal orde_r ona U(r)= Z_J [1_J0(kr)]<|Qo,uk|2>k dk, (9)
finite length scale limited by the experimental resolution. At- 77
tempts to extend the results to infinity remain ambiguous.
Additional, in particular thermodynamical, arguments havewhere(} is the area of the system or its relevant domain and
to be taken into account to characterize the long-range ordéhe bar denotes angular average. The error introduced by this
in the system. Similarities between structures of phases inommonly used approximatiorl,38,39 was considered in
two systems gave rise to two diverse interpretations of thesBef.[40] and is small at both small and largeConsider first
systems|[34,36]. Sirota [34] suggested that all phases of the well-known source of displacements, long-wavelength
Langmuir monolayers are solids and the finite widths of thethermal phonons. Their spectrum is governed by the elastic
diffraction peaks are a result of low resolution, rather thanfree energyF = %fci“muijumdzr, wherec;;, is the elastic
finite size of the coherently scattering domains. By contrastiensor andu;; = (du;/dx;+ du;/dx;)/2 is the strain tensor.
Peterson and Kenr86] suggested, based on the similarity of Proceeding to the Fourier transform, one obtains
the monolayer phases to the liquid crystalline ones and on
thermodynamical arguments, that the phases of both systems Q
are hexatics. In our opinion, neither of these suggestions Fe|=52 K2CjjUp U, (10
have yet been proven. The present study reveals algebraic K
decay of positional correlations which proves the solidlike
order in the phaselsS andS of the octadecanol monolayers where C;;(n) =cj;mnjny, and n=k/k is the unit vector in
on the length scale available in present diffraction experi-direction of the wave vector. Then one readily finds that
ment This length scale is rather limited<800 A) and does (uikul*k>:kBTCi71/Qk2, whereCiT1 denote components of
not allow conclusions on the positional order at longer disthe tensor inverse tG;; . In an elastically isotropic solid, one
tances. The accessible length scale can be significantly imasC;=u 8, + (A + x)n;n,, where\x and u are Lameco-
creasedby a factor=50, cf. [7]) with the use of the new efficients, and the inverse tensor is easily calculate@;as
generation of synchrotron sources. Designating the ph8se = =1, —n;n(A+ u)/(A+2u)]. Averaging {|Qo- Uk|2>
as a solid seems in dlsagreemen_t with its sma_lll viscosity,_ kBT(QO'é_l'QO)/QkZ over the orientations of the vector
which decreases close to the transitid®S and which gave 56 obtains
the namg*superliquid”) to this phas¢37]. Designating the
phaseS as a solid leads to a question as to the nature of the o dk
S-CStransition, which was treatd@®] as a crystallization of — M

reatdd) as. n V()= [ T30k 1D
the mesophase. Therefore, in our opinion, the description of 0 K
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It is convenient to proceed from the Laroeefficientsh and  symmetrically distinct order parameters may potentially de-
n to the compression modulu§=\+ u and the Poisson scribe the transitioh S-S [3,41,34: the lattice distortion it-

ratio o=\/(\+ u) and express; as self and the herringbone order parameter, which gives rise to
distortions as a secondary effect at the transition. Although
keT (1+0)(3—0) _, the first type of order parameter was rejected in the Landau

= Qp5- (120  theory[41,3] because it cannot explain the tilt and distortion

n= _
4K 2(1-0) azimuths for the tilting phase transitions frobhs and S

] ) phases simultaneously, we consider below the correlation
The integral(11) converges ak—0 while the largest wave  fnctions for both order parameters. The difference between
vectorkma, in @ solid film is given by the film thickness. For them concerns the temperature dependence of the parameters
k> kmax the film behaves as a three-dimensional spif]. » and L, rather than the shape of the correlation function

Doing the integral (11) by parts, one findsU(r) G(x).
~7 In(knad) and hence Gq (r)=r 7. The theory of The change of the unit cell shape caused by either of the
dislocation-mediated meltir)g predidig] a phase transition possible order parameters can be descrip&d3] by the
from the hexagonal 2D solid to a hexatic at a temperalure symmetric traceless tensaf. It is convenient to introduce

given bykgTQ5/4mK = (1~ 0)/6. HereQ, is the first-order the amplitude of the distortion and represent this tensor as

reciprocal lattice vector of the hexagonal lattice related to the fo \ hare deti®) = —1, trace(i®)=0. The free energy of

Iattic_e spacinga by Q1=477/\/§a. Then the first-order dif- the distortionsF 4= _fUCijImuijulomdzr caused by the inter-
fraction peak at the melting temperature has the exponent

ne=(1+a)(3—0)/12, which reaches the maximum value Nl strainsv u? can be rewritten as
of 1/3 when the Poisson ratio takes its maximum vadue
=1.
Zakri et al.[7] found that the monolayer of decanol on the Fa=—Q> kPuywk, (13
surface of water in contact with a drop of liquid decanol k
possess 2D-crystalline ordéon the scale of at least thou-
sands of A with the exponent of the algebraic decay increas- o . )
ing at the melting transition of the crystal. The maximumWheré Pi=cjmn;u;,, depends on the orientation of
value that they found wag=0.57 which exceeds the limit K but not on its length. Displacements, are now the
given by the theory of dislocation-mediated melting. Noteresult of the fluctuationv, : minimization of Egs.(10)
that this value is close to the smallest values found in thénd (13) gives u;=k *C;*Pjv, and hence(|Qqo- uy/?)
present study far from th&S-S transition, Fig. 6. It was =kgT(Qq-C ™1 P)%(|vy|2)/ QK.
suggested7] that the dislocation-mediated melting scenario  When the distortions are considered as the order param-
is irrelevant because of a very high energy of nucleating okter of the transition, the spectrum of harmonic fluctuations
dislocation pairs. Then the expondi®) can be large, pro- is[1] (|v|?)=w/(1+ £2k?) with the temperature-dependent
vided the Poisson ratier is close to 1. The compression amplitudew and the correlation length of fluctuatioris
modulusK can be measured independently andemains  Both quantitiesy and ¢ increase at the transition. If the am-
the only unknown. Conversely, it can be determined from theplitude of the herringbone wawg is considered as the order
observed value ofy. The ratio of the shear modulug parameter of the transition, the distortion is a secondary ef-
=[(1-0)/(1+0)]K to the compression modulus was fect in sense thatvxg? and hence (Jv,|?)=w?(1
found to be fairly small,u/K~0.04 close to the melting + £2k?)2. Then Eq.(9) can be written as
transition[7].
Applying similar arguments to Langmuir monolayers of
octadecanol, we find at 30 °C, with the valugs-0.7 and dk
K=3.45 N/m determined in Sec. lljx/K~0.03. Even if U(r)=77f T [ Jo(kr)]
the decrease of the compression modWusn decreasing
temperaturdFig. 9, righd is not taken into account, one finds
that the ratiou/K decreases to 0.007 close to the transition —
LS-Sdue to an increase of. Thus, such an interpretation of Wherez=kgTw™(Qp-C™*-P)% 27 andm=1 or 2 depend-
the exponent; leads to extremely small values of the sheariNd on the quantity considered as the order parameter of the
modulus, while the nature of the temperature dependence #f@nsition, the distortion or the herringbone order parameter
7 (as well as the nature of the characteristic lerigénd its ~ féspectively. Close to the backbone-ordering transitign,
temperature dependenc€ig. 6, remains unexplained. depends on temperature asw™ and its increase is not
The relevance — evident from Fig — of the phase restricted by any un'lversal limit. Equatigt4) gives rise to
transitionL S-S to the temperature dependence of the param¥ (r) = 7 In(r/¢) on distances>¢. The correlation length of
etersy andL suggests the order parameter fluctuations closéuctuations¢ limits the algebraic decay at smalland thus
to the transition as the most plausible source of the broadef€Places the largest wave vector in E@ll) by a
ing of the x-ray scattering peaks. Fluctuations with the struciemperature-dependent quantity. _
ture of the backbone-order&phase cause elastic distortions ~ Figure 11 compares the correlation functio@g, (x)
in the surrounding matrixFig. 1), since the centered rectan- =exd —U(x)] calculated using Eq(14) (m=1,2) with the
gular unit cell of theS phase differs from the hexagonal unit analytical interpolation formuld6). When, in Eq.(6), the
cell of the phasé. S by a rather large distortioffig. 5. Two  lengthL is chosen equal to 1.£5n the case oin=1 and

(1+ §2k2)m ! (14)
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17 lation function in the direction of the relevant reciprocal-
lattice vector.

We found algebraic decay of positional correlations,
G(x)xx" 7, with the temperature-dependent exponent
The values ofy vary from »=0.5 far from the backbone-
ordering phase transitidnS-S to approximately 3 close to it.
0.14 Even the smallest values of the exponentfound in the
present study exceed the limip<<1/3 imposed by the
dislocation-mediated melting theory for the exponent in the
solid phase before the melting transition.

A sharp increase of the exponent at the transitighS
points to backbone ordering as a source of the additional

positional disorder in the system. We attribute the unusually
0.0t i ' ) broad peaks to elastic distortions caused by fluctuations
0.1 1 10 100 p y
X (with the structure of the new phgsia the surrounding ma-
trix. They do not destroy the quasi-long-range positional or-
der but cause local strains that give rise to an additional
contribution to the exponent.

G(x)

FIG. 11. Comparison of the correlation functions given by Eq.
(14) with the analytical interpolation formulg), »=1. Thin solid

line: Eq. (14) with m=1. Thin dashed line: Eq(6) with L The algebraic decay is restricted, at small distances, by a
=1.15. Thick solid line: Eq.(14) with m=2. Thick dashed line: l€ngthL, which also increases close to the transition. This
Eq. (6) with L=1.95¢. length can be treated as the correlation length of the order

parameter fluctuations. At the temperatures investigated in
the present experimergt.e., not less than 0.5°C from the
transition it remains in the range of several lattice spacings,
which explains the absence of superstructure peaks ih$he
hase at positions corresponding to the structure ofShe
hase. There is no evidence for a characteristic le(@th, a
rystallite siz¢ that would restrict the algebraic decay at
arge distances. The algebraic decay of positional correla-
jons points to quasi-long-range order on the available length
cale in both phaselsS and S High-resolution diffraction
measurements that are possible at third generation synchro-
tron sources could extend the distance range by at least 50
Gimes([7].

equal to 1.9% in the case oim=2, the difference between
corresponding integrals and E@6) becomes negligible.
Therefore, Eqg.(6) is a convenient interpolation formula
which can be safely used to fit the experimental data inste
of Eq. (14). One can conclude also that the shapes of th
correlation functions for two possible order parameters disl
cussed above are not distinguishable. The two order para
eters differ in predictions of the temperature dependence o
the exponent;. One expectsyxw? when the transition is
described by the herringbone order parameter gnrdv
when the distortion of the unit cell itself can be treated as th

order parameter. The prediction of the Landau theorw is Based on the widths of the peaks that exceed the resolu-

_Ty-1 _T\-12 } | PasE )
(T .TO) hand (T To) . whelre, fﬁr a Sec?.”d order tion limit, the phase& S andS have often been considered as
transition, the temperatufép Is equal to the transition tem- ey aiics, Sirot&34] pointed out that, since we are in regimes
perature but lower than it in the case of a first-order transiy here 4 hexatic and a crystal cannot necessarily be distin-
tion. Hence, fluctuations increase at the first-order trans't'orbuished experimentally, theories of phase transitions should
but remain finite. The qualitative picture given above will o he 199 sensitive to such a distinction. The Landau theory

not change when one goes beyond Landau theory, while thgs npase transitions in Langmuir monolayers was initially
temperature dependencies of the paramejeasd¢ change.  formuylated in terms of phase transitions between 2D-

crystalline phase$41] and then reformulated in terms of
hexatic phase$3] using essentially the same free energy
V. CONCLUSIONS expansions. Hence, it complies with this demand. However,

The present x-ray diffraction study of octadecanol mono-OUr considering th&phase as a 2D solid raises a question of
layers has concentrated on measurement and analysis of tH¢ nature of th&-CStransition, which was treatd@®] as a
peak profiles. We found significant peak broadening close té'ystallization of the mesophase. A study of the structural
the first-orderLS-S phase transition. The peaks becomedifference betweert and CS phases in a high-resolution
sharper on cooling in th& phase and on heating in thes ~ €Xperiment, as well as a detailed study of positional order in
phase. Comparison of monolayers prepared in different wayd€ tilted phases, may demand further development of the
showed that the peak profiles do not depend on monolaydsandau theory of phase transitions in Langmuir monolayers.
history and hence the observed peak shapes are descriptive
of the thermal equiliprium properties pf the sygtem. . ACKNOWLEDGMENTS
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