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X-ray scattering and atomic force microscopy study of melting of Langmuir-Blodgett films

J. K. Basu, M. K. Sanyal, M. Mukherjee, and S. Banerjee
Surface Physics Division, Saha Institute of Nuclear Physics, 1/AF, Bidhannagar, Calcutta 700 064, India

~Received 29 February 2000!

Melting of 9-ML cadmium arachidate Langmuir-Blodgett~LB! films, having logarithmic and self-affine
interfacial height-height correlations, has been studied by x-ray specular reflectivity, diffuse scattering, and
atomic force microscopy~AFM!. Although analysis of AFM images and diffuse scattering data for both films
indicates that the respective in-plane correlation of the untreated films remains unchanged up to 100 °C it is
evident from analysis of the diffuse integrated reflectivity data that a reduction of electron density at metal sites
occurs as a function of temperature. Between 100 and 110 °C the film disorders completely and the bilayer
structure breaks down. A systematic analysis of x-ray and AFM data suggest that a disordering prior to the
melting of LB films takes place predominantly via lateral motion of molecules, keeping the interfacial corre-
lation unchanged irrespective of the interfacial morphology of the untreated film.
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I. INTRODUCTION

Langmuir monolayers are quasi-two-dimensional~2D!
systems that are formed simply by spreading amphiph
molecules, consisting of polar and nonpolar parts,
water.1,2 These monolayer films on water exhibit a rich v
riety of exotic phases as a function of pressure and temp
ture. Much of theoretical3 and experimental4,5 work has been
done to understand the structure and thermodynamic
monolayer films of some prototypical molecules. Using t
Langmuir-Blodgett~LB! technique, ordered multilayer film
of amphillic molecules can be deposited by a relatively u
sophisticated technique6 of repeated dipping of a solid sub
strate through a Langmuir monolayer. As a result Langm
monolayers and LB films are ideal systems to study the
fect of reduced dimensions on physical properties. Althou
it was known that these LB films have a well-ordered str
ture along the growth direction~the z direction!, the growth
mechanism and the dependence of the structure of the L
muir monolayer and of various deposition parameters
dipping speed, film-substrate interaction, etc. on the qua
of the deposited film is not very well understood.6,7 Recently
some work was done to understand the in-plane structur
these films,8–12 which shed some light onto their growt
mechanism.12

In comparison, not much work has been done to und
stand the melting process of deposited LB films. A study
the melting of multilayer LB films, having few monolayer
should be quite interesting, since these quasi-2D system
expected to follow predictions for melting of 2D solids.13 In
some earlier works,14 it was shown that melting in LB films
proceeds via a disordering transition followed by a melt
transition at a much higher temperature. An electro
diffraction study15 on monolayers of cadmium stearat
arachidate and behenate, indicated that the monolayer m
to a liquid state through an intermediate hexaticlike pha
although the exact mechanism of disordering could not
determined. From high-resolution x-ray-diffraction studies
was interpreted that thermal melting of arachidic acid mo
layers occurred via a two-step process consisting of a slo
evolving continuous untilting of initially tilted chains, an
PRB 620163-1829/2000/62~16!/11109~9!/$15.00
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then finally chain melting due to the onset of gauche dis
ders resulting in the formation of kinks and jogs along t
chains.16 Results of some recent experiments17 on LB films
seem to match earlier theoretical predictions on the mel
of anisotropic 2D crystals,18 which proceeds via an addi
tional intermediate phase as compared to melting of isotro
2D solids. Using a combination ofin situ grazing-incidence
x-ray specular reflectivity and diffuse scattering andex situ
atomic face microscopy~AFM!, here we try to understand
the complex mechanism of melting and its dependence
the interfacial morphology in LB films.

Grazing-incidence x-ray reflectivity and diffuse scatteri
are powerful techniques for nondestructive probing
the structure of surface and interfaces. X-ray specu
reflectivity measurements provide information about the
terfacial roughnesses, thicknesses, and average electron
sities of different sublayers of a thin film.19–21 X-ray off-
specular diffuse scattering, on the other hand, provide
understanding of the lateral correlation in and between ro
interfaces; in particular, it gives height-height correlati
functions for the interfaces.20–22 Although a calculation of
diffuse scattering from multilayer systems was performed
cently, analysis of diffuse scattering data becomes con
nient if the system has conformal or correlated roughnes23

Multilayer LB films have been found to show a remarkab
degree of correlation8–12 between interfaces, so that a
analysis of diffuse scattering data from these systems
generally be based on the assumption of conformal in
faces.

AFM recently emerged as a very powerful structu
probe, giving information in real space, for practically a
types of surfaces, especially for soft materials like orga
films.24 In addition to atomic resolution images of surfac
one can obtain, with AFM, a quantitative morphological i
formation even up to a micron length scale. For instance,
possible to measure the local rms roughness of a surfac
performing scans of different lengths. From the scaling
this measured local roughness with scan size, it is possib
extract the roughness exponent.12,25Although AFM measure-
ments are restricted to the top surface only, they prov
11 109 ©2000 The American Physical Society
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information complementary to that obtained from x-ray sc
tering measurements.

In Sec. II we first discuss the experimental details
deposition of our LB film and then describe our experimen
setup for performing x-ray specular reflectivity and diffu
scattering experiments, including the sample cell used foin
situ high-temperature measurements; the details of A
measurements are also provided in this section. In Sec. II
give the theoretical background for a mathematical desc
tion of surface morphology, and outline the formalism f
scattering of x rays from rough surfaces. We then discuss
results of x-ray scattering and AFM data, and finally discu
the mechanism of melting of the LB film.

II. EXPERIMENTAL DETAILS

Here we have investigated melting of 9-ML cadmiu
arachidate~CdA! LB films. The films were deposited in a LB
trough~KSV 5000! from a monolayer of arachidic acid~Al-
drich, 99% purity! on 0.5-mM cadmium chloride solution a
a pressure and temperature 30 m Nm21 and 10 °C, respec
tively, on silicon wafers. ThepH was adjusted to 6.5 usin
sodium bicarbonate. 150m l of 1-mg/ml arachidic acid solu-
tion in chloroform was spread on cadmium chloride solut
to form a monolayer. The silicon wafers were pretreated w
an ammonia-peroxide~30%! solution to make it hydrophilic.
The dipping speed of the substrate was 3 mm min21 and the
drying time between each up-down stroke cycle was 10 m
For our work we have used Milli-Q~Millipore! water with a
resistivity of 18.2 MV cm.

The schematic of a typical LB multilayer film, deposite
on a hydrophilic substrate, is shown in Fig. 1. Also shown

FIG. 1. Schematic of a LB film deposited on a hydrophil
substrate. The interfaces have been labeled as shown. The d
line shown alongside is the EDP for an ideal film structure, wh
the solid line shows a disordered structure indicated by miss
molecules in the top three bilayers.
-
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the expected electron density profile~EDP!, as a function of
depth for an ideal film~dashed line! and a film with propa-
gating disorder~solid line!, as indicated in the figure. Th
head corresponds to the hydrophillic part of the amphiphi
molecules@here Cd(COO)2#, while the tail corresponds to
the hydrophobic part„here@CH3(CH2)18#2…. X-ray scattering
is mainly sensitive to the high-electron-density head reg
hence the separation between two head regions is detect
the bilayer separation.

The deposited films were subjected to thermal treatm
in a sample cell shown schematically in Fig. 2. The cell w
made of oxygen-free high-conducting copper for better th
mal stability. It consists of two separate parts fitted toget
with screws. The main part contains an inner copper blo
on which the sample was mounted along with the tempe
ture sensor which was placed close to the sample. The t
perature sensor used was AD-590~IC temperature trans
ducer! capable of detecting temperature variations in
range255 °C–150 °C. The sensor was calibrated using
data that it produces: a linear current output of 1mA/K in
the above temperature range. The heater coil~manganin
wire! was fitted beneath this copper block. A teflon spa
was used to thermally insulate this inner block from the ou
hollow copper block which was mounted on the goniome
~Optix, Microcontrole!. In order to monitor the temperatur
of the surface of the goniometer an LM335 temperature s
sor was mounted on the goniometer with a set cutoff te
perature to prevent accidental heating of the goniometer.
temperature of the heater was regulated using a home-m
proportional-integrator-differentiator~PID! controller. The
temperature stability of this controller was found to
60.1 °C. In order to prevent the loss of heat due to conv

hed

g

FIG. 2. Schematic of the experimental setup~side view! used to
perform in situ measurements of x-ray reflectivity data at differe
temperatures.S is the rotating Cu anode,D is the detector,M is the
monochromator@Si ~111! crystal face#, S1 is a variable aperture
slit, and S2 and S3 are slits with fixed apertures. The scatterin
geometry is also indicated. A specular scan is performed along
qz axis, with qx50, while a longitudinal off-specular scan is pe
formed along theqz direction but at a nonzeroqx value. A trans-
verse diffuse scan is performed along theqx direction at a fixed
nonzeroqz value. All these scans are performed at aboutqy50.
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PRB 62 11 111X-RAY SCATTERING AND ATOMIC FORCE . . .
tion, and to prevent a burning out of the film, the sample c
was kept at a pressure of.731022 mbar during the time
the films were at high temperature by using a rotary pu
with a liquid-nitrogen trap. A kapton x-ray window was use
in the sample cell forin situ experiments.

X-ray reflectivity and diffuse scattering data was collect
using a 18-kW rotating-anode generator~Enraf Nonius,
FR591!. The x-ray beam was monochromatized using
~111! face of a silicon crystal, and subsequently made to p
through an evacuated flight path before it was incident
collimating slits just before the sample. The slits were us
to define the beam size and geometry as well as to selec
Cu Ka1 component~refer to Fig. 2!. The goniometer on
which the sample cell and detector were mounted is cap
of angular displacements in steps of 0.001°. Since the di
tion of the incoming x-ray beam was fixed, the angle
incidence on the sample, mounted on the goniometer,
controlled by changing the angle (u) of the goniometer head
with respect to the beam direction. The scattered beam
taken through an evacuated path, to reduce background
tering and was detected by the NaI scintillation detec
mounted on the 2u arm of the goniometer. The angle o
reflection was determined by the angle between the sam
surface and the detector. Specular reflectivity measurem
were performed by keeping the angle of incidenceu i equal to
the angle of reflection,u f (u i5u f5u). Diffuse scattering
data were collected in two different modes. The transve
diffuse data were collected by performing rocking scans
the sample, keeping the detector in fixed position (u i1u f
52u), while the longitudinal diffuse data were collected b
performing a specular scan (u-2u scan! while maintaining a
fixed angular offset betweenu i andu f . The incident radia-
tion was collimated by slits having apertures of 100 a
5000 mm in and perpendicular to the scattering plane,
spectively, with the aperture in the scattering plane determ
ing the width of the incident beam in the scattering pla
For specular reflectivity measurements a 400-mm slit was
placed in front of the detector to intercept the total specu
component, while in the case of diffuse scattering meas
ments the reflected beam was defined in the scattering p
by a 100-mm slit. The aperture perpendicular to the scatt
ing plane before the detector slit was kept wide open, in b
cases, to integrate effectively the component of scatte
perpendicular to the scattering plane~alongqy in Fig. 2!.

The melting experiments were performed on two types
LB films, denoted here asA and B, differing in interfacial
morphology. These films were prepared by depositing C
layers on Si~001! substrates having two different misc
angles~low for A and high forB). The interfacial morphol-
ogy of films A and B exhibited logarithmic and self-affine
height-height correlation functions12 respectively. For filmB
the x-ray data was collected in the sample cellin situ as the
film was heated in fixed temperature steps. Since it w
found that no significant change occurs in the structure of
film between room temperature (20 °C) and 65 °C the fi
was heated directly to 65 °C. After raising the temperat
10 mins time was allowed for the sample to equilibrate t
set temperature before x-ray specular reflectivity data
taken. The temperature was kept fixed while the spec
reflectivity data was taken and the temperature stab
60.1 °C was ensured by the PID controller. Subseque
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the sample temperature was changed in steps of 5 °C u
110 °C. At all temperatures up to 100 °C the reflectivity da
were collected up to 4.45° (u), and was repeated once mo
to observe the changes, if any, taking place during the t
(;3.5 h) a particular reflectivity scan was being performe
Significant changes in the specular reflectivity data, dur
the time of one such scan, were observed only above 95
After taking specular reflectivity data at 100 °C the film w
allowed to cool down to room temperature. Specular refl
tivity data of the film were taken again at this temperatu
The film was then taken out of the cell, and AFM data we
taken in ambient conditions. The film was put back ag
into the cell and specular reflectivity data was collected ag
to ensure that no change has taken place in the film du
AFM measurements. The off-specular diffuse data were a
collected at this stage. After collecting the specular data
110 °C the film was allowed to cool down to room tempe
ture before collecting specular and off-specular data. T
film was then taken out of the cell again to collect AFM da
Since it was observed that the changes in the film structur
a function of temperature were irreversible and remained
sentially the same after cooling down to room temperat
the high temperature data for filmA was takenex situ. The
sample was kept at a fixed temperature under vacuum for
after the particular temperature was attained and then rap
cooled to room temperature. X-ray specular and diffuse
flectivity and AFM data on the filmA were then collected
under ambient conditions. All AFM~Park Scientific Instru-
ment! data were collected in contact mode with a silic
nitride cantilever and integrated tip using a 100-mm piezo
scanner. Scans were performed over several areas of the
and at each position several scans of different sizes w
taken.

III. THEORETICAL BACKGROUND

A. Surface morphology and roughness

Self-affine fractal roughness is commonly observed in
wide variety of physical systems.20,25 Recently, LB films
were also found to exhibit this type of interfacia
roughness.12 For isotropic self-affine rough surfaces th
height difference correlation functiong(r ), can be written

g~r ![^@z~0!2z~r !#2&5Ar2a ~0,a,1!, ~1!

wherez(r ) is the height, with respect to a mean surface, a
lateral distancer from some origin where the height isz(0),
anda is referred to as the roughness exponent. The expo
a determines the texture of rough surfaces; a lowera indi-
cates a jagged surface, while a highera implies a surface
with relatively smooth fluctuations.20 All physical systems
that we come across exhibit this self-affine scaling only o
a finite length scale. If this were not so then the correlat
function defined above would diverge, implying that th
roughness would grow indefinitely which is an unphysic
situation. The length scale up to which self-affine scaling
observed in a surface is called the correlation length.
actual physical systems the form of the height differen
correlation function is modified20 from that given above to

g~r !52s2@12exp~2r /j!2a#, ~2!
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wheres is the rms roughness of the surface, andj is the
correlation length for self-affine scaling of surface roug
ness.g(r ) can take either of these forms mentioned abo
depending on the relative magnitude of the length scaler,
over which surface roughness is probed and the correla
lengthj. Equation~2! above reduces to a form similar to th
in Eq. ~1! in the limit r /j!1.

The surfaces of bulk liquids, due to the presence of th
mally excited spectrum of capillary waves, exhibit a logari
mic height-height correlation. Recently the surface and in
faces of thin films were also found to exhibit such types
correlation. The height difference correlation function f
capillary waves can be written as

g~r !52s22BK0~kr !, ~3!

where s is the true roughness,K0 is the modified Besse
function of the second kind, andk is the lower wave-vector
cutoff for capillary waves. LB films have been found to e
hibit both self-affine and logarithmic height-height corre
tions typical of capillary waves. We earlier postulated a g
eral correlation function for multilayer LB films with
conformal interfaces as12

g~r !5H 2s21BFgE1 lnS kr

2 D G J $12exp@2~r /j!2a#%.

~4!

Heres is the true rms roughness,gE is the Euler constant
andk is a lower cutoff wave vector (;1025 Å 21 here! for
logarithmic correlation,B5kBT/pg, andg is the interfacial
tension. The self-affine and logarithmic correlations, o
served in LB films, appear as limiting cases of this gene
correlation function.

B. X-ray scattering formalism

The formalism to obtain the scattering cross section o
rays for different types of rough surfaces, characterized
different height difference correlation functionsg(r ), were
discussed in detail.20 Scattering from a surface can, gene
ally, be separated into two components, namely, specular
diffuse.9,10,20,21The specular component arises due to scat
ing from the average surface, while the diffuse or o
specular component comes from scattering by height fluc
tions about this average surface. The specular compone
directional, while the diffuse component is distribute
around the specular direction. The type of interfacial heig
height correlation decides the nature of the distribution
diffusely scattered photons around the specular direction
the ratio of the number of photons scattered in the specula
those in the diffuse directions. In general, for a given in
dent angle, an increase in the height fluctuation or roughn
leads to an increase in the number of photons scattered
the diffuse channels at the expense of the photons scat
in the specular channel, keeping the sum total of the s
tered photons the same. In addition to an increase in rou
ness there may be a decrease in the number of specu
scattered photons due to the variation in electron-density
dients normal to the surface, or interfaces of the system f
which scattering is being studied. Such variations do
contribute to the diffuse scattering channels, although a
duction in the number of photons scattered in the spec
-
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channel takes place. In such situations it is often conven
to calculate the diffuse integrated reflectivity, i.e., the to
reflectivity after integration over diffuse intensity profile~in-
tensity vsqx) around each point along the specular ridge.
integrating over the diffuse scattering profile the effect
lateral height fluctuations, and hence roughness, in
specular reflectivity is taken care of, and the resulting refl
tivity profile depends only on the vertical structure of a sy
tem. In this way it is possible to separate out the contribut
of roughness and interdiffusion~chemical gradient! in the
reflectivity.

The spatial coherence length of the incident x-ray be
decides the region over which information about the nat
of surface roughness can be obtained. Since for a true
affine fractal surface the roughness does not saturate w
the coherence length, no true specular component of sca
ing can be identified, and the total scattering can be regar
as diffuse. This is also true for surfaces with long-range c
relation, like logarithmic height correlation without cutof
The relative magnitude of the correlation length for se
affine scaling of roughness and the coherence length dec
the nature of correlation function@Eqs.~1! or ~2!#, which in
turn dictates the nature of the measured scattering profi
For capillary waves a cutoff for logarithmic correlation als
exists, and the nature of the diffuse scattering profile is
cided, as in the case of self-affine correlation, by the int
play of beam coherence and this cutoff length.

In most experimental situations the aperture of the de
tor slit normal to the scattering plane is kept wide open
effectively integrate the component (qy) of scattering normal
to the scattering plane. The total scattered intensity fo
multilayer system with conformal interfaces and roughne
and with one component of scattering integrated, can
written as12

I ~qx ,qz!5I 0

R~qz!qz

2k0 sinu i
3F~qx ,qz!3G~qz!1C0 . ~5!

Here R(qz) is the specular reflectivity in the Born approx
mation, which has been replaced by the reflectivity cal
lated using Parratt’s formalism19 during data analysis to
avoid divergence at lowqz inherent in the Born approxima
tion, k0 (52p/l; l is the incident radiation wavelength!,
qz@5k0(sinui1sinuf)# is the component of the wave vecto
normal to the surface,qx@5k0(cosuf2cosui)# is the lateral
wave vector component in the scattering plane, andI 0 is
the direct beam intensity. A constant backgrou
C0(.0.04 counts/sec arising mainly from detector dark c
rent! was added to Eq.~5! for analyzing the experimenta
data.

The functionsG(qz) andF(qx ,qz) in Eq. ~5! depend on
the nature of the correlation functiong(r ). For a perfectly
smooth surfaceG(qz) is unity, andF(qx ,qz) can be defined
as

FS~qx ,qz!5dqxc^ R~qx2qxc!. ~6!

For a system with self-affine fractal height correlation~with-
out cutoff! with exponenta50.5, G(qz) andF(qx ,qz) can
be defined as

GSA~qz!5qz
3I conv~qx ,qz!qx50 , ~7a!
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FSA~qx ,qz!5I conv~qx ,qz!/I conv~qx ,qz!qx50 , ~7b!

whereI conv(qx ,qz) is a resolution convoluted Lorentzian:

I conv~qx ,qz!5F A

qxc
2 1FA

2
qz

2G2G ^ R~qx2qxc!. ~8!

Here qxc is a dummy integration variable over which th
convolution is performed with respect to the Gaussian re
lution functionR, centered atqx . The width of the Lorent-
zian in Eq.~8! depends onA for a fixedqz, and scales with
square ofqz .

In case of a system with logarithmic height correlati
with cutoff, the above functions can be defined as

GL~qz!5exp~2qz
2se f f

2 !
1

Ap
GS 12h

2 D , ~9a!

FL~qx ,qz!51F1S 12h

2
;
1

2
;

2qx
2z2

4p2 D , ~9b!

where 1F1 is the Kummer function, h5Bqz
2/2, and

se f f is the effective interface roughness, as explain
earlier.12,26 The diffuse integrated reflectivityI D can be de-
fined in general from Eq.~5! as

I D5E dqxI ~qx ,qz!

5I 0

R~qz!qz

2k0 sinu i
3G~qz!E dqxF~qx ,qz!

5I 0

R~qz!qz

2k0 sinu i
3G~qz!3FD~qz!. ~10!

Here FD(qz)5*dqxF(qx ,qz). In specular reflectivity mea
surements the widths of the detector slits~in our case
400 mm) are kept much wider than the incident s
(100 mm here! to intercept the full specular beam, includin
divergence, and also to effectively integrate over the diffu
component (qx) of scattering. Thus the intensityI (qz) at the
specular position (qx50) can be written, from Eq.~5!, as,

I ~qz!5I 0

R~qz!qz

2k0 sinu i
3FW~qz!3G~qz!, ~11!

where

FW~qz!5E
2w

1w

dqxF~qx ,qz!. ~12!

Here w is the half-width of the detector aperture used
specular reflectivity measurements, and is indicated in Fig
The quantity that is actually measured experimentally
I (qz). The diffuse integrated reflectivityI D(qz) is related to
the experimentally measured reflectivity as,

I D~qz!

I ~qz!
5

FD

FW
5RS~qz!. ~13!
o-

d

e

r
3.
s

It is clear from Fig. 3 that for logarithmic correlationFD
.FW , but for self-affine correlationFD@FW . Hence in our
case this scaling of the experimental data was effectiv
done during experiment for the film with logarithmic inte
facial correlation (A), while the scaling had to be done nu
merically for the film with self-affine correlation (B). Both
FD andFW were evaluated numerically for the filmB from
the respective transverse diffuse profiles measured at di
ent qz values. The value of this ratio was then extrapola
over the entire range of the measured specular reflecti
data and then the reflectivity data at all temperatures for fi
B were scaled byRS(qz) to convert them to the respectiv
diffuse integrated profiles, which is equivalent to reflectiv
profiles of zero roughness.

It should be mentioned here that it is possible to extr
the roughness exponent of a given surface from the sl
of thes vs scan size plot obtained from AFM measuremen
On the other hand, by analysis of diffuse scattering l
profiles @Eqs. ~7! and ~9!#, one can extract the functiona
form of the height difference correlation functiong(r ) and
hence the roughness exponent. Statistically, the scalin
rms roughness,s ~actuallys2) is equivalent to the scaling o

FIG. 3. Diffuse scattering data (s) and fit ~solid line! for ~a!
film A and~b! film B at room temperature (20 °C), and after coo
ing from 100 °C, all taken atqz50.23 Å21. The resolution func-
tion at thisqz position for 400-mm detector slits, used for reflectiv
ity measurements, is also shown in both~a! and ~b!. Note that
diffuse data are collected with a 100-mm detector slit.~c! Experi-
mental specular~lower! and diffuse integrated reflectivity~upper!
profiles for filmsA ~solid line! andB (s) at room temperature. The
diffuse integrated profiles have been shifted with respect to
experimental data for clarity.
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FIG. 4. Obtained electron density profile
~EDP’s! at different temperatures for filmA ~up-
per panel!. The same EDP’s were used to matc
the calculated reflectivity profiles~solid lines!
with the respective diffuse integrated profile
(s) for films A ~left panel! and B ~right panel!.
Only a scaled background was added to the
flectivity profiles of film B at each temperature
~refer to the text!. Since no meaningful fit to the
data at 110 °C for filmsA and B could be ob-
tained, we have not presented those calcula
profiles. All the profiles were multiplied with re-
spect to their immediate lower curves by a fact
of 100 for clarity.
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g(r ), the height difference correlation function25 which im-
plies that for a given surface the roughness exponent
tained using AFM and x-ray measurements should be
same.

IV. EXPERIMENTAL RESULTS

A. X-ray scattering

The transverse diffuse reflectivity data at room tempe
ture and after cooling to room temperature from 100 °C
both the films are shown in Fig. 3. Only the profiles tak
aboutqz50.23 Å21 have been shown here. All the profile
at room temperature, for filmB are best fit by Lorentzians
@Eq. ~8!#, with the widths scaling asqz

2 , indicating that the
interfaces in the film are self-affine fractals with expone
a50.5, as was found earlier.9,12 The profiles of the same
film after being cooled from 100 °C are also Lorentzians,
only difference being in the value of the fit parameterA
which at room temperature is 0.014 Å and after being coo
from 100 °C is 0.018 Å . This implies that the conforma
interfacial roughness exponenta does not change even up
100 °C. The diffuse reflectivity data at 110 °C is very wea
and hence no meaningful information about the conform
interfacial correlation could be obtained from this data. F
film A, the transverse diffuse reflectivity data are fit by Kum
mer function@Eq. 9~b!#, indicating the presence of logarith
mic correlation. The only fit parameter12 is B, which turns
out to be 1.6 Å2 for all profiles at room temperature, and
100 °C again indicating that the correlation of the interfac
remain unchanged up to this temperature. The diffuse da
110 °C seem to indicate that the conformal interfacial cor
lation remains unchanged, although a definitive value of
parameterB could not be obtained.

Figure 4 shows the diffuse integrated reflectivity data, a
the fitted profiles, at different temperatures for filmsA andB.
Strong Bragg peaks atqz50.107, 0.226, 0.339, 0.457 an
0.569 Å21 and well-defined separation between the pe
(0.11560.003 Å21) are observed in the reflectivity data
b-
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even when the sample is heated up to 85 °C. The presen
strong Kiessig fringes up to 85 °C indicates that the film h
more or less uniform thickness~and hence equal number o
bilayers! within the coherence length of our x-ray beam
Beyond this temperature the amplitude of the first observa
Kiessig fringe (qz.0.05 Å21) starts to decrease an
vanishes totally at 100 °C. This may be an indication that
film thickness becomes inhomogeneous. At 110 °C, the
layer structure for both the filmsA andB breaks down com-
pletely, as is evident from the disappearance of the bila
Bragg peaks in the respective x-ray specular reflectiv
data. No physically meaningful fit to the 110 °C data cou
be obtained, and hence the respective fitted profiles were
presented. The general trend in melting seems to be sim
for both the films. As discussed earlier, for LB filmsA,
diffuse integration was effectively performed during th
experiment~with 400-mm-detector slits!. For films B the
experimental reflectivity profile had to be scaled to conv
them to the diffuse integrated profiles. The effect
this scaling for the room-temperature reflectivity data
film B is shown in Fig. 3. The lower set of curves are t
experimental data for filmsA andB, while the scaled data ar
the upper set of curves. The close matching of the two d
sets is evident. It may be noted that background counts, 0
per secs as mentioned earlier, also increase during this
ing operation of measured reflectivity data for filmB. For
showing the similarity of the diffuse integrated reflectivi
profiles of filmsA andB an additional constant backgroun
has been added to the experimental data onA to account for
the effect of background scaling. A similar scaling was a
performed on all the data at higher temperatures up
100 °C.

We have used Eqs.~10! and~13! to perform the scaling of
measured reflectivity profiles for filmsA and B, andR(qz)
was calculated on the basis of a model EDP of films cons
ing of slices of different thickness, with each slice having
constant average electron density~AED! to carry out the fit-
ting procedure. The thickness of the slices in the hig
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electron-density head region was taken to be 5 Å and in the
low-electron-density tail region the thickness of each sl
was taken to be 50 Å~refer to Fig. 1!. The only fit param-
eters were the AED’s of the slices representing the h
region, the sizes of all the slices and the AED of the slic
representing the hydrocarbon tail region being kept fix
The tail AED’s were fixed at a theoretical value
0.3 electrons/Å3. Note that we have used a very simplifie
model for the films, since it brings out the essential featu
of the melting process. A clear trend of reduction of t
density of the head regions with an increase of tempera
up to 100 °C is evident from the EDP’s obtained at ea
temperature from an independent fitting of the respective
fuse integrated data for the filmA. In order to obtain a uni-
fied picture of the melting mechanism irrespective of t
nature of the interfacial correlation of the films, we used
respective EDP’s at each temperature, as obtained for filmA,
to match the diffuse integrated reflectivity profiles at all te
peratures for filmsB. Only a scaled background was added
the calculated profiles. The close matching indicates that
mechanism of melting up to 100 °C is independent of
type of interfacial correlation present in the untreated fil
The trend of density reduction with temperature could eit
be due to vertical molecular interdiffusion or due to a late
expansion of the film. Since diffuse scattering measurem
ruled out significant vertical molecular interdiffusion, th
trend of density reduction is a signature of lateral motion
molecules, leading to an expansion of the film. Here we h
used a much simpler model to extract the same informat
A better fit could be obtained with more parameters, but
essential information obtained remains unchanged.
110 °C, the bilayer structure of the film is destroyed and
film disorders irreversibly. It appears that at this stage gau

FIG. 5. Atomic force microscopy~AFM! images (535 mm2)
for film A. ~a! The as-grown film.~b! After cooling from 100 °C.
~c! After cooling from 110 °C. Typical height profiles along th
lines drawn on the respective images are also shown side by s
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disorder sets into the chains, whereby the chains no lon
retain their vertical orientation, leading to destruction of t
ordered bilayer structure. Also, since molecular packing
considerably relaxed, interlayer diffusion could becom
dominant at this temperature.

B. Atomic force microscopy

AFM images for filmA before heat treatment~as grown!,
after being cooled from 100 and 110 °C, are shown in Fi
5~a!, 5~b!, and 5~c!, respectively. The height profiles draw
beside each topographical image represents the height v
tion along the line drawn through the respective images,
heights being defined relative to the minimum height alo
the particular line. The untreated film is very smooth, w
only small pinhole defects present. At 100 °C, the film a
pears to have cracked, with large craters having opened
As the line profile indicates, the depth of a typical crater
nearly the same as the total film thickness. A similar m
phology is also seen for the film at 110 °C, with a noticeab
higher defect density as compared to that at 100 °C.

AFM images for filmB before heat treatment~as grown!,
after being cooled from 100 and 110 °C, are shown in Fi
6~a!, 6~b!, and 6~c!, respectively. The height profiles draw
beside each topographical image represent the height v
tion along the line drawn through the respective images,
heights being defined relative to the minimum height alo
the particular line. The as-grown film is quite smoothly i
terspersed with pinhole defects, as can be clearly seen f
the typical height profile shown along side the topographi
image. After cooling from 100 °C, the film is found to con
sist predominantly of domains11 of different heights in thez
direction. The typical size of domains is;0.5 mm. Within a

e.

FIG. 6. Atomic force microscopy~AFM! images (131 mm2)
for film B. ~a! The as-grown film.~b! After cooling from 100 °C.
~c! After cooling from 110 °C. Typical height profiles along th
lines drawn on the respective images are also shown side by s
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domain the film is quite smooth except for the presence o
few defects. The height profile for the film after it is coole
from 100 °C clearly shows that the domain of the largest s
in the image~top left corner! presented has a thickness clo
to the bilayer thickness of the as-grown film. Moreover, t
difference in the thickness of the other domains as compa
to this domain is small, which explains why appreciab
change in bilayer spacing could not be detected from x-
measurements, even at this temperature, although the t
ness inhomogeneity is sufficient to reduce the Kiessig frin
intensity. It is known that the translational correlation leng
of LB films is ;100 Å . However, long-range bond orien
tational order may exist in these films due to a hexatic h
group arrangement.15,17 This in turn produces micron siz
domains,15 as observed here. Although the presence of
mains is clearly evident in the AFM data at 100 °C~cooled!,
it is likely that the formation of these domains starts fro
90 °C onward, since at this temperature the Kiessig frin
tend to become weaker. After the film is cooled from 110
no such smooth domains are visible, and the film becom
rougher, as is evident from the rapid fluctuations in t
height profile. It is clear that the smooth large domains t
were present in the film at 100 °C~cooled! are absent, and
the film becomes disordered at short length sca
(.100 Å ). This type of morphology is typical of a diso
dered state, typical of liquids where there is no long ran
translational or orientational order.

Figure 7 shows the plot of rms roughnesss against scan
length r for scans of different sizes for the filmA at room
temperature, after it is cooled to room temperature from 1
and 110 °C. The linear fit to the data~log-linear scale!
clearly indicates that the correlation at the surface of the fi
is logarithmic, confirming our earlier observation of the pre
ence of conformal logarithmic interfacial correlation in th
film. It is interesting to note that this correlation persists
the surface of the film even up to 110 °C, where x-ray
flectivity data indicate that the film has melted. The slope
the linear fit is proportional to the parameterB, and the in-
crease ofB with temperature is indicative of a decrease
surface tension and hence an increase in roughness.
difficult to understand whether this is purely a surface eff
~as evident from AFM measurements alone! or also takes

FIG. 7. s2 vs scan lengthr, from AFM images of filmA for an
untreated film, after cooling from 100° and from 110 °C. The so
lines are the fits to the linear portion of the respective curves.
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place within the film, since this trend cannot be unambig
ously confirmed from x-ray diffuse reflectivity at elevate
sample temperatures due to low diffuse signal-to-noise r
inherent in a lab source. We believe, that, due to disorde
the film, the adhesive force between the film and subst
decreases substantially at elevated temperatures, and as
sult B increases.

Figure 8 shows the plot of rms roughnesss against scan
length r for scans of different sizes for filmB at room tem-
perature and after it is cooled to room temperature fr
110 °C. It may be noted that the roughness of both fil
saturates to a value of about 20 Å beyond the correla
length, as found earlier.12 The self-affine nature of the films
is evident in the log-log plot here. A linear fit to the da
shows that the exponent changes from 0.5 to 0.8 as the
undergoes a melting transition. The correlation lengths
as-grown and melted films were found to be.15 and
.0.1 mm, respectively, as is clearly indicated by the lim
of the linear fits. This length for as-grown film is beyond th
coherence length of our x-ray beam (.10 mm here!, and
hence in x-ray measurements the film appears to have
cutoff.12

In conclusion, analysis of x-ray reflectivity, diffuse sca
tering, and AFM data on LB films of cadmium arachida
with two different types of in-plane height-height correl
tion, self-affine and logarithmic, suggest that melting of t
film occur predominantly through the lateral motion of mo
ecules. Here we have also developed a diffuse integra
reflectivity data analysis scheme to extract electron den
profile as a function of depth that is independent of in-pla
correlation present at the interfaces. Our results suggest

FIG. 8. s vs scan lengthr, from AFM images of filmB for an
untreated film (s) and after cooling from 110° (h). The dashed
lines are fits to the linear portion of the respective curves. Slo
are indicated alongside the respective fits. The solid lines are on
guide to the eye.
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the LB film does not behave strictly as a 2D system, sin
the interlayer coupling is important in deciding the melti
behavior. A more detailed study with finer temperature st
is in progress to understand the mechanism of melting v
close to the bulk melting point of LB films.
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