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X-ray scattering and atomic force microscopy study of melting of Langmuir-Blodgett films
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Melting of 9-ML cadmium arachidate Langmuir-BlodgétiB) films, having logarithmic and self-affine
interfacial height-height correlations, has been studied by x-ray specular reflectivity, diffuse scattering, and
atomic force microscopyAFM). 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.

[. INTRODUCTION then finally chain melting due to the onset of gauche disor-
ders resulting in the formation of kinks and jogs along the
Langmuir monolayers are quasi-two-dimensiorfdaD) chains'® Results of some recent experiménten LB films
systems that are formed simply by spreading amphiphillicseem to match earlier theoretical predictions on the melting
molecules, consisting of polar and nonpolar parts, orof anisotropic 2D crystal¥ which proceeds via an addi-
water!? These monolayer films on water exhibit a rich va- tional intermediate phase as compared to melting of isotropic
riety of exotic phases as a function of pressure and temper@D solids. Using a combination df situ grazing-incidence
ture. Much of theoreticdland experiment&f work has been x-ray specular reflectivity and diffuse scattering aadsitu
done to understand the structure and thermodynamics eftomic face microscopyAFM), here we try to understand
monolayer films of some prototypical molecules. Using thethe complex mechanism of melting and its dependence on
Langmuir-Blodgett(LB) technique, ordered multilayer films the interfacial morphology in LB films.
of amphillic molecules can be deposited by a relatively un-  Grazing-incidence x-ray reflectivity and diffuse scattering
sophisticated technigfi®f repeated dipping of a solid sub- are powerful techniques for nondestructive probing of

strate through a Langmuir monolayer. As a result Langmuikne grycture of surface and interfaces. X-ray specular

monolayers and LB films are ideal systems to study the efiofecivity measurements provide information about the in-

fect of reduced dimensions on physical properties. AIthougI?en‘acial roughnesses, thicknesses, and average electron den-
it was known that these LB films have a well-ordered struc-

. . . . 21 _ 3
ture along the growth directiotthe z direction, the growth sities of different sublayers of a thin filff.*! X-ray off

mechanism and the dependence of the structure of the Lan pecular diffuse scattering, on the other hand, provide an

muir monolayer and of various deposition parameters like nderstanding of the lateral correlation in and between rough

dipping speed, film-substrate interaction, etc. on the quality"€rfaces; in particular, it gives height-height correlation

of the deposited film is not very well understoblRecently ~runctions for the '”terfaceg- #* Although a calculation of
some work was done to understand the in-plane structure §fiffuse scattering from multilayer systems was performed re-
these film$12 which shed some light onto their growth cently, analysis of diffuse scattering data becomes conve-
mechanisni? nient if the system has conformal or correlated roughfgss.
In Comparison1 not much work has been done to underMU't”ayer LB films have been found to show a remarkable
stand the melting process of deposited LB films. A study ofdegree of correlatidi*® between interfaces, so that an
the melting of multilayer LB films, having few monolayers, analysis of diffuse scattering data from these systems can
should be quite interesting, since these quasi-2D systems agenerally be based on the assumption of conformal inter-
expected to follow predictions for melting of 2D solithsln ~ faces.
some earlier works? it was shown that melting in LB films AFM recently emerged as a very powerful structural
proceeds via a disordering transition followed by a meltingprobe, giving information in real space, for practically all
transition at a much higher temperature. An electrontypes of surfaces, especially for soft materials like organic
diffraction study® on monolayers of cadmium stearate, films.2* In addition to atomic resolution images of surfaces
arachidate and behenate, indicated that the monolayer melbme can obtain, with AFM, a quantitative morphological in-
to a liquid state through an intermediate hexaticlike phaseformation even up to a micron length scale. For instance, it is
although the exact mechanism of disordering could not bgossible to measure the local rms roughness of a surface by
determined. From high-resolution x-ray-diffraction studies, itperforming scans of different lengths. From the scaling of
was interpreted that thermal melting of arachidic acid monothis measured local roughness with scan size, it is possible to
layers occurred via a two-step process consisting of a slowlgxtract the roughness exponéft®Although AFM measure-
evolving continuous untilting of initially tilted chains, and ments are restricted to the top surface only, they provide
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FIG. 2. Schematic of the experimental sefsjgle view used to

performin situ measurements of x-ray reflectivity data at different
temperaturesSis the rotating Cu anod® is the detectorM is the

B— 1 monochromatofSi (111) crystal facé, S1 is a variable aperture

‘ slit, and S2 and S3 are slits with fixed apertures. The scattering
FIG. 1. Schematic of a LB film deposited on a hydrophillic 9eometry is also indicated. A specular scan is performed along the

substrate. The interfaces have been labeled as shown. The dastdaxis, with q,=0, while a longitudinal off-specular scan is per-
line shown alongside is the EDP for an ideal film structure, whileformed along theg, direction but at a nonzerqg, value. A trans-
the solid line shows a disordered structure indicated by missingerse diffuse scan is performed along e direction at a fixed
molecules in the top three bilayers. nonzerog, value. All these scans are performed at abmut 0.

information complementary to that obtained from x-ray scatthe expected electron density profieDP), as a function of
tering measurements. depth for an ideal filmdashed lingand a film with propa-

In Sec. Il we first discuss the experimental details ofgating disorder(solid line), as indicated in the figure. The
deposition of our LB film and then describe our experimentalhead corresponds to the hydrophillic part of the amphiphillic
setup for performing x-ray specular reflectivity and diffuse molecules[here Cd(COQ)], while the tail corresponds to
scattering experiments, including the sample cell usednfor the hydrophobic paithere[ CH;(CH,)4g],). X-ray scattering
situ high-temperature measurements; the details of AFMs mainly sensitive to the high-electron-density head region
measurements are also provided in this section. In Sec. lll whence the separation between two head regions is detected as
give the theoretical background for a mathematical descripthe bilayer separation.
tion of surface morphology, and outline the formalism for The deposited films were subjected to thermal treatment
scattering of x rays from rough surfaces. We then discuss thim a sample cell shown schematically in Fig. 2. The cell was
results of x-ray scattering and AFM data, and finally discussnade of oxygen-free high-conducting copper for better ther-

the mechanism of melting of the LB film. mal stability. It consists of two separate parts fitted together
with screws. The main part contains an inner copper block
Il. EXPERIMENTAL DETAILS on which the sample was mounted along with the tempera-

ture sensor which was placed close to the sample. The tem-

Here we have investigated melting of 9-ML cadmium perature sensor used was AD-59@ temperature trans-
arachidat¢CdA) LB films. The films were deposited in a LB duce) capable of detecting temperature variations in the
trough(KSV 5000 from a monolayer of arachidic acid\l-  range—55°C—-150°C. The sensor was calibrated using the
drich, 99% purity on 0.5-mM cadmium chloride solution at data that it produces: a linear current output ofudA/K in
a pressure and temperature 30 mNnand 10°C, respec- the above temperature range. The heater Gmiinganin
tively, on silicon wafers. ThepH was adjusted to 6.5 using wire) was fitted beneath this copper block. A teflon spacer
sodium bicarbonate. 15@I of 1-mg/ml arachidic acid solu- was used to thermally insulate this inner block from the outer
tion in chloroform was spread on cadmium chloride solutionhollow copper block which was mounted on the goniometer
to form a monolayer. The silicon wafers were pretreated with(Optix, Microcontrole. In order to monitor the temperature
an ammonia-peroxidé30%) solution to make it hydrophilic.  of the surface of the goniometer an LM335 temperature sen-
The dipping speed of the substrate was 3 mmhiand the  sor was mounted on the goniometer with a set cutoff tem-
drying time between each up-down stroke cycle was 10 minperature to prevent accidental heating of the goniometer. The
For our work we have used Milli-@QMillipore) water with a  temperature of the heater was regulated using a home-made
resistivity of 18.2 M) cm. proportional-integrator-differentiatofPID) controller. The

The schematic of a typical LB multilayer film, deposited temperature stability of this controller was found to be
on a hydrophilic substrate, is shown in Fig. 1. Also shown is+0.1°C. In order to prevent the loss of heat due to convec-
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tion, and to prevent a burning out of the film, the sample celkhe sample temperature was changed in steps of 5°C up to
was kept at a pressure ef7x10 % mbar during the time 110 °C. At all temperatures up to 100 °C the reflectivity data
the films were at high temperature by using a rotary pumpvere collected up to 4.45°9), and was repeated once more
with a liquid-nitrogen trap. A kapton x-ray window was used to observe the changes, if any, taking place during the time
in the sample cell foin situ experiments. (~3.5 h) a particular reflectivity scan was being performed.
X-ray reflectivity and diffuse scattering data was collectedSignificant changes in the specular reflectivity data, during
using a 18-kW rotating-anode generat@nraf Nonius, the time of one such scan, were observed only above 95 °C.
FR59]). The x-ray beam was monochromatized using theAfter taking specular reflectivity data at 100 °C the film was
(11 face of a silicon crystal, and subsequently made to passllowed to cool down to room temperature. Specular reflec-
through an evacuated flight path before it was incident onivity data of the film were taken again at this temperature.
collimating slits just before the sample. The slits were usedrhe film was then taken out of the cell, and AFM data were
to define the beam size and geometry as well as to select theken in ambient conditions. The film was put back again
Cu Keay component(refer to Fig. 2. The goniometer on into the cell and specular reflectivity data was collected again
which the sample cell and detector were mounted is capabl@ ensure that no change has taken place in the film during
of angular displacements in steps of 0.001°. Since the direcAFM measurements. The off-specular diffuse data were also
tion of the incoming x-ray beam was fixed, the angle ofcollected at this stage. After collecting the specular data at
incidence on the sample, mounted on the goniometer, was10 °C the film was allowed to cool down to room tempera-
controlled by changing the angl@) of the goniometer head ture before collecting specular and off-specular data. The
with respect to the beam direction. The scattered beam w&#m was then taken out of the cell again to collect AFM data.
taken through an evacuated path, to reduce background sc&ince it was observed that the changes in the film structure as
tering and was detected by the Nal scintillation detectora function of temperature were irreversible and remained es-
mounted on the & arm of the goniometer. The angle of sentially the same after cooling down to room temperature
reflection was determined by the angle between the samplie high temperature data for fild was takenex situ The
surface and the detector. Specular reflectivity measuremensample was kept at a fixed temperature under vacuum for 1 h
were performed by keeping the angle of incideficequal to  after the particular temperature was attained and then rapidly
the angle of reflectiong; (6;=6;=0). Diffuse scattering cooled to room temperature. X-ray specular and diffuse re-
data were collected in two different modes. The transversélectivity and AFM data on the filmA were then collected
diffuse data were collected by performing rocking scans ofunder ambient conditions. All AFMPark Scientific Instru-
the sample, keeping the detector in fixed positigh+ 6; men) data were collected in contact mode with a silicon
=246), while the longitudinal diffuse data were collected by nitride cantilever and integrated tip using a 1063 piezo
performing a specular sca@<26 scan while maintaining a scanner. Scans were performed over several areas of the film
fixed angular offset betweefy and 6;. The incident radia- and at each position several scans of different sizes were
tion was collimated by slits having apertures of 100 andtaken.
5000 um in and perpendicular to the scattering plane, re-

spectively, with the aperture in the scattering plane determin- lIl. THEORETICAL BACKGROUND
ing the width of the incident beam in the scattering plane.
For specular reflectivity measurements a 400- slit was A. Surface morphology and roughness

plaCEd in front of the detector to intercept the total SpeCUlar Self-affine fractal roughness is Common|y observed in a
component, while in the case of diffuse scattering measureyide variety of physical systenf$2° Recently, LB films
ments the reflected beam was defined in the scattering plaRgere also found to exhibit this type of interfacial
by a 100um slit. The aperture perpendicular to the scatterroughness? For isotropic self-affine rough surfaces the
ing plane before the detector slit was kept wide open, in botheight difference correlation functiag(r), can be written
cases, to integrate effectively the component of scattering
perpendicular to the scattering plat@ongq, in Fig. 2). g(r)=({[z(0)—z(r)]?)=Ar?* (0<a<1), )
The melting experiments were performed on two types of
LB films, denoted here a8 and B, differing in interfacial wherez(r) is the height, with respect to a mean surface, at a
morphology. These films were prepared by depositing CdAateral distance from some origin where the height$0),
layers on Sj001) substrates having two different miscut ande is referred to as the roughness exponent. The exponent
angles(low for A and high forB). The interfacial morphol- « determines the texture of rough surfaces; a lowedndi-
ogy of films A and B exhibited logarithmic and self-affine cates a jagged surface, while a higherimplies a surface
height-height correlation functiotfsrespectively. For filnB with relatively smooth fluctuatior®®. All physical systems
the x-ray data was collected in the sample @eléitu as the that we come across exhibit this self-affine scaling only over
film was heated in fixed temperature steps. Since it was finite length scale. If this were not so then the correlation
found that no significant change occurs in the structure of théunction defined above would diverge, implying that the
film between room temperature (20°C) and 65 °C the filmroughness would grow indefinitely which is an unphysical
was heated directly to 65°C. After raising the temperaturesituation. The length scale up to which self-affine scaling is
10 mins time was allowed for the sample to equilibrate to aobserved in a surface is called the correlation length. For
set temperature before x-ray specular reflectivity data waactual physical systems the form of the height difference
taken. The temperature was kept fixed while the speculacorrelation function is modifiéd from that given above to
reflectivity data was taken and the temperature stability
+0.1°C was ensured by the PID controller. Subsequently g(r)=20?[1—exp( —r/&)?%], 2
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where o is the rms roughness of the surface, ahis the channel takes place. In such situations it is often convenient
correlation length for self-affine scaling of surface rough-to calculate the diffuse integrated reflectivity, i.e., the total
ness.g(r) can take either of these forms mentioned abovereflectivity after integration over diffuse intensity profii@-
depending on the relative magnitude of the length saale, tensity vsg,) around each point along the specular ridge. By
over which surface roughness is probed and the correlatiomtegrating over the diffuse scattering profile the effect of
length&. Equation(2) above reduces to a form similar to that lateral height fluctuations, and hence roughness, in the
in Eq. (1) in the limit r/é<1. specular reflectivity is taken care of, and the resulting reflec-
The surfaces of bulk liquids, due to the presence of thertivity profile depends only on the vertical structure of a sys-
mally excited spectrum of capillary waves, exhibit a logarith-tem. In this way it is possible to separate out the contribution
mic height-height correlation. Recently the surface and interof roughness and interdiffusiofchemical gradientin the
faces of thin films were also found to exhibit such types ofreflectivity.
correlation. The height difference correlation function for The spatial coherence length of the incident x-ray beam

capillary waves can be written as decides the region over which information about the nature
5 of surface roughness can be obtained. Since for a true self-
g(r)=20°=BKq(kr), (3)  affine fractal surface the roughness does not saturate within

where o is the true roughness, is the modified Bessel the coherence length, no true specular component of scatter-
function of the second kind. and is the lower wave-vector Nd can be identified, and the total scattering can be regarded

cutoff for capillary waves. LB films have been found to ex- @S diffuse. This is also true for surfaces with long-range cor-
hibit both self-affine and logarithmic height-height correla- relation, like logarithmic height correlation without cutoff.

tions typical of capillary waves. We earlier postulated a gen-' '€ relative magnitude of the correlation length for self-
eral correlation function for multilayer LB films with affine scaling of roughness and the coherence length decides

conformal interfaces 4% the nature of correlation functigriegs. (1) or (2)], which in
turn dictates the nature of the measured scattering profiles.

Kr 5 For capillary waves a cutoff for logarithmic correlation also
?)H{l—exp[—(rlg) “I} exists, and the nature of the diffuse scattering profile is de-

(4) cided, as in the case of self-affine correlation, by the inter-
_ _ play of beam coherence and this cutoff length.
Here o is thetrue rms roughnessyg is the Euler constant, In most experimental situations the aperture of the detec-
and« is a lower cutoff wave vector 1075_ A *_here) for  tor slit normal to the scattering plane is kept wide open to
logarithmic correlationB=kgT/my, andy is the interfacial  effectively integrate the componerd,) of scattering normal
tension. The self-affine and logarithmic correlations, ob-o the scattering plane. The total scattered intensity for a
served in LB films, appear as limiting cases of this generapyltilayer system with conformal interfaces and roughness,

g(r)=120%+B| yg+In

correlation function. and with one component of scattering integrated, can be
written ag?
B. X-ray scattering formalism
. . . . R
The formalism to obtain the scattering cross section of x  |(q, ,qz)=Io(q—z.)qZXf(qx,qZ)xg(Qz)Jrco- ®)
rays for different types of rough surfaces, characterized by 2kosin,

different height difference correlation functioggr), were  HereR(q,) is the specular reflectivity in the Born approxi-
discussed in detafP. Scattering from a surface can, gener- mation, which has been replaced by the reflectivity calcu-
ally, be separated into two components, namely, specular angted using Parratt's formalisth during data analysis to
diffuse”*%?%?!The specular component arises due to scatterayoid divergence at low, inherent in the Born approxima-
ing from the average surface, while the diffuse or off-tion Kk, (=2m/); \ is the incident radiation wavelength
specular component comes from scattering by height fluctugg r — ko(Sin6+siné;)] is the component of the wave vector
tions about this average surface. The specular component i¢rmal to the surfacey,[ = ko(cosé—cos#)] is the lateral
directional, while the diffuse component is distributed,yave vector component in the scattering plane, &nds
around the specular direction. The type of interfacial heightine  girect beam intensity. A constant background
height correlation decides the nature of the distribution ofx (=0.04 counts/sec arising mainly from detector dark cur-

diffusely scattered photons around the specular direction an,cg’r]t) was added to Eq(5) for analyzing the experimental
the ratio of the number of photons scattered in the specular tg4:5

those in the diffuse directions. In general, for a given inci- 1o functionsG(q,) and F(qy,q,) in Eq. (5) depend on

lder:jt angle, an increase irr: the hebight ffluc;uation or roughnese nature of the correlation functiag(r). For a perfectly
eads to an increase in the number of photons scattered in ; : -

: ooth surfac is unity, and#{(gy,qd,) can be defined
the diffuse channels at the expense of the photons scatter &(q) y (0.92)

in the specular channel, keeping the sum total of the scat-
tered photons the same. In addition to an increase in rough- Feo(Ox»0y) = 805 @ R(Gy— Oy - (6)
ness there may be a decrease in the number of specularl . ] . o
scattered photons due to the variation in electron-density grd=0" @ System with self-affine fractal height correlatigrith-
dients normal to the surface, or interfaces of the system frorRUt cutofh with exponenta=0.5, G(q,) and 7(ay.q,) can
which scattering is being studied. Such variations do noP€ defined as
contribute to the diffuse scattering channels, although a re- 3

on i i Gs/(92) =03l cony(Ax+02) g, = (7a)
duction in the number of photons scattered in the specular SAHZ Mz coniMx Mz g, =00
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Fsaltx92) =l con(Ax A2/ cony (Ox aQZ)qx:Ou (7b)
wherel ;o,,(0y,0d;,) iS a resolution convoluted Lorentzian:
b
A 2
lcon(Ox,02) = A 7 | ® R(Ax— xc)- 8 S
q>2<c+ EQ? E
Here q,. is a dummy integration variable over which the R . . . 100°C
convolution is performed with respect to the Gaussian reso- '%.002 0001 0.000 0.001 0.002'%.002 -0.001 0.000 0.001 0.002
lution functionR, centered atj,. The width of the Lorent- . q, (A" q, (A)
zian in Eq.(8) depends orA for a fixedq,, and scales with 10 -
square off, . 10% f 1
In case of a system with logarithmic height correlation 10" | .
with cutoff, the above functions can be defined as 10° k \ =
10" |
1 1-79 . 2 F 3
gL<qz>=exp(—q§o§ff>—r(T), (98 £ 19 F}
\E = 10 r 1
8 10y
1-7 1 —q’ 5 10°f 1
fL(qx,QZ)_lFl(TyE;? ) (9b) T o° . .
107 f 1
where ;F; is the Kummer function, p=BgZ/2, and 10° | =
oerr is_the effective interface roughness, as explained jqoF . o+ . + . v o o o v o0 4 ]
earlier’>?® The diffuse integrated reflectivity, can be de- 00 01 02 03 04 05 06 0.7
fined in general from Eq5) as q, (A7)

Io= | dal( ) FIG. 3. Diffuse scattering data) and fit (solid line) for (a)
b ! (9x. 0z film A and(b) film B at room temperature (20 °C), and after cool-
ing from 100 °C, all taken afj,=0.23 A~. The resolution func-

= R(d,)a, X G(q )f da, F(qy,d,) tion at thisq, position for 400xm detector slits, used for reflectiv-
02k, sin 6, z XAz ity measurements, is also shown in bd# and (b). Note that
diffuse data are collected with a 1Q0m detector slit.(c) Experi-
_ R(d,)a;, X G(0,) X Fo(d,) (10) mental speculatlower) and diffuse integrated reflectivitfuppe)
—92kgsing; 9; p(d)- profiles for filmsA (solid line) andB (O) at room temperature. The

diffuse integrated profiles have been shifted with respect to the
Here 75(d,) = fdg,F(dx,d,). In specular reflectivity mea-  experimental data for clarity.
surements the widths of the detector sliim our case
400 pwm) are kept much wider than the incident slit |t js clear from Fig. 3 that for logarithmic correlatiafp
(100 um here to intercept the full specular beam, including ~ 7, but for self-affine correlatiotfp> F,,. Hence in our
divergence, and also to effectively integrate over the diffusgase this scaling of the experimental data was effectively
component §y) of scattering. Thus the intensityq,) atthe  done during experiment for the film with logarithmic inter-
specular positiond,=0) can be written, from Eq5), as,  facial correlation A), while the scaling had to be done nu-
R(a,) merically for the film with self-affine correlationB(). Both
_ 429 Fp and Fy, were evaluated numerically for the fil@ from
I(qZ)_lc’ZkO sin 6 X Fl0z) X G(0), (12) the respective transverse diffuse profiles measured at differ-
entq, values. The value of this ratio was then extrapolated
where over the entire range of the measured specular reflectivity
data and then the reflectivity data at all temperatures for film
+w i
fw(qz):f da, F(qy.q,). (12) B_ Were_scaled b)RS(q;) to convert them to the respective
—-w diffuse integrated profiles, which is equivalent to reflectivity

is the half-width of the d qf profiles of zero roughness.
Herew is the half-width of the detector aperture used for . oho1d be mentioned here that it is possible to extract

specular reflectivity_measurements, and is indica_ted in Fig.. he roughness exponent of a given surface from the slope
The quantlt)_/ that_ls actually mea_sL_Jred ex_penmentally of the o vs scan size plot obtained from AFM measurements.
1(q). The diffuse integrated reflectivity,(q,) is related 10 5 the other hand, by analysis of diffuse scattering line

the experimentally measured reflectivity as, profiles [Egs. (7) and (9)], one can extract the functional
| z form of the height difference correlation functigfr) and
n(d2) - —D=R5(q ). (13)  hence the roughness exponent. Statistically, the scaling of
()  Fw ‘ rms roughnessr (actuallyo?) is equivalent to the scaling of
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g(r), the height difference correlation functi@rwhich im-  even when the sample is heated up to 85 °C. The presence of
plies that for a given surface the roughness exponent obstrong Kiessig fringes up to 85 °C indicates that the film has
tained using AFM and x-ray measurements should be theyore or less uniform thicknegand hence equal number of
same. bilayerg within the coherence length of our x-ray beam.
Beyond this temperature the amplitude of the first observable
Kiessig fringe €,=0.05 A~1) starts to decrease and
vanishes totally at 100 °C. This may be an indication that the
film thickness becomes inhomogeneous. At 110 °C, the bi-
The transverse diffuse reflectivity data at room temperalayer structure for both the film& andB breaks down com-
ture and after cooling to room temperature from 100 °C forpletely, as is evident from the disappearance of the bilayer
both the films are shown in Fig. 3. Only the profiles takenBragg peaks in the respective x-ray specular reflectivity
aboutq,=0.23 A~1 have been shown here. All the profiles, data. No physically meaningful fit to the 110 °C data could
at room temperature, for filnB are best fit by Lorentzians be obtained, and hence the respective fitted profiles were not
[Eq. (8)], with the widths scaling aqﬁ, indicating that the presented. The general trend in melting seems to be similar
interfaces in the film are self-affine fractals with exponentfor both the films. As discussed earlier, for LB filn#s
a=0.5, as was found earliér? The profiles of the same diffuse integration was effectively performed during the
film after being cooled from 100 °C are also Lorentzians, theexperiment(with 400-um-detector slits For films B the
only difference being in the value of the fit paramefer experimental reflectivity profile had to be scaled to convert
which at room temperature is 0.014 A and after being cooledhem to the diffuse integrated profiles. The effect of
from 100°C is 0.08 A . This implies that the conformal this scaling for the room-temperature reflectivity data of
interfacial roughness exponestdoes not change even up to film B is shown in Fig. 3. The lower set of curves are the
100 °C. The diffuse reflectivity data at 110 °C is very weak, experimental data for filma andB, while the scaled data are
and hence no meaningful information about the conformathe upper set of curves. The close matching of the two data
interfacial correlation could be obtained from this data. Forsets is evident. It may be noted that background counts, 0.04
film A, the transverse diffuse reflectivity data are fit by Kum-per secs as mentioned earlier, also increase during this scal-
mer function[Eq. 9b)], indicating the presence of logarith- ing operation of measured reflectivity data for filga For
mic correlation. The only fit parametéris B, which turns  showing the similarity of the diffuse integrated reflectivity
out to be 1.6 A for all profiles at room temperature, and at profiles of filmsA andB an additional constant background
100 °C again indicating that the correlation of the interfaceshas been added to the experimental dat#do account for
remain unchanged up to this temperature. The diffuse data &te effect of background scaling. A similar scaling was also
110°C seem to indicate that the conformal interfacial correperformed on all the data at higher temperatures up to
lation remains unchanged, although a definitive value of the.00 °C.
parameteB could not be obtained. We have used Eq$10) and(13) to perform the scaling of
Figure 4 shows the diffuse integrated reflectivity data, andneasured reflectivity profiles for filma and B, and R(q,)
the fitted profiles, at different temperatures for fillhandB.  was calculated on the basis of a model EDP of films consist-
Strong Bragg peaks ai,=0.107, 0.226, 0.339, 0.457 and ing of slices of different thickness, with each slice having a
0.569 A~! and well-defined separation between the peakonstant average electron dengifED) to carry out the fit-
(0.115-0.003 A~1) are observed in the reflectivity data, ting procedure. The thickness of the slices in the high-

IV. EXPERIMENTAL RESULTS

A. X-ray scattering
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FIG. 5. Atomic force microscopyAFM) images (5<5 um?) FIG. 6. Atomic force microscopyAFM) images (X1 um?)

for film A. (a) The as-grown film(b) After cooling from 100°C.  for film B. (a) The as-grown film(b) After cooling from 100 °C.
(c) After cooling from 110°C. Typical height profiles along the (c) After cooling from 110°C. Typical height profiles along the
lines drawn on the respective images are also shown side by siddines drawn on the respective images are also shown side by side.

electron-density head region was taken €%A and in the disorder sets into the chains, whereby the chains no longer
low-electron-density tail region the thickness of each sliceretain their vertical orientation, leading to destruction of the
was taken to be 50 Arefer to Fig. 1. The only fit param- ordered bilayer structure. Also, since molecular packing is
eters were the AED’s of the slices representing the headonsiderably relaxed, interlayer diffusion could become
region, the sizes of all the slices and the AED of the sliceslominant at this temperature.

representing the hydrocarbon tail region being kept fixed.
The tail AED’'s were fixed at a theoretical value of
0.3 electrons/&. Note that we have used a very simplified
model for the films, since it brings out the essential features AFM images for filmA before heat treatmeitas grown,

of the melting process. A clear trend of reduction of theafter being cooled from 100 and 110 °C, are shown in Figs.
density of the head regions with an increase of temperaturg(a), 5(b), and %c), respectively. The height profiles drawn
up to 100°C is evident from the EDP’s obtained at eachbeside each topographical image represents the height varia-
temperature from an independent fitting of the respective diftion along the line drawn through the respective images, the
fuse integrated data for the fild. In order to obtain a uni- heights being defined relative to the minimum height along
fied picture of the melting mechanism irrespective of thethe particular line. The untreated film is very smooth, with
nature of the interfacial correlation of the films, we used theonly small pinhole defects present. At 100 °C, the film ap-
respective EDP’s at each temperature, as obtained forilm pears to have cracked, with large craters having opened up.
to match the diffuse integrated reflectivity profiles at all tem-As the line profile indicates, the depth of a typical crater is
peratures for film®. Only a scaled background was added tonearly the same as the total film thickness. A similar mor-
the calculated profiles. The close matching indicates that thphology is also seen for the film at 110 °C, with a noticeably
mechanism of melting up to 100°C is independent of thehigher defect density as compared to that at 100 °C.

type of interfacial correlation present in the untreated film. AFM images for filmB before heat treatmeiths grown,

The trend of density reduction with temperature could eithemafter being cooled from 100 and 110 °C, are shown in Figs.
be due to vertical molecular interdiffusion or due to a lateral6(a), 6(b), and 6c), respectively. The height profiles drawn
expansion of the film. Since diffuse scattering measurementseside each topographical image represent the height varia-
ruled out significant vertical molecular interdiffusion, this tion along the line drawn through the respective images, the
trend of density reduction is a signature of lateral motion ofheights being defined relative to the minimum height along
molecules, leading to an expansion of the film. Here we havéhe particular line. The as-grown film is quite smoothly in-
used a much simpler model to extract the same informatiorterspersed with pinhole defects, as can be clearly seen from
A better fit could be obtained with more parameters, but thehe typical height profile shown along side the topographical
essential information obtained remains unchanged. Atmage. After cooling from 100 °C, the film is found to con-
110°C, the bilayer structure of the film is destroyed and thesist predominantly of domaifsof different heights in the

film disorders irreversibly. It appears that at this stage gauchdirection. The typical size of domainsis0.5 um. Within a

B. Atomic force microscopy
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FIG. 7. o2 vs scan length, from AFM images of filmA for an
untreated film, after cooling from 100° and from 110 °C. The solid 1F
lines are the fits to the linear portion of the respective curves. [

domain the film is quite smooth except for the presence of a
few defects. The height profile for the film after it is cooled
from 100 °C clearly shows that the domain of the largest size |
in the image(top left corney presented has a thickness close TR VHTH Y B VTT R AT BT
to the bilayer thickness of the as-grown film. Moreover, the 10
difference in the thickness of the other domains as compared r(A)

to this domain is small, which explains why appreciable

change in bilayer spacing could not be detected from x-ray FIG. 8. o vs scan length, from AFM images of filmB for an
measurements, even at this temperature, although the thickntreated film ) and after cooling from 110°[{). The dashed
ness inhomogeneity is sufficient to reduce the Kiessig fringéines are fits to the linear portion of the respective curves. Slopes
intensity. It is known that the translational correlation lengthare indicated alongside the respective fits. The solid lines are only a
of LB films is ~100 A . However, long-range bond orien- 9uide to the eye.

tational order may e>l<;st in these films due to a hexatic head)ace within the film, since this trend cannot be unambigu-
group arrsangemeﬁf: This in turn produces micron size sy confirmed from x-ray diffuse reflectivity at elevated
domains;® as observed here. Although the presence of dosample temperatures due to low diffuse signal-to-noise ratio
mains is clearly evident in the AFM data at 100 t&@oled, inherent in a lab source. We believe, that, due to disorder in
it is likely that the formation of these domains starts fromthe film, the adhesive force between the film and substrate
90 °C onward, since at this temperature the Kiessig fringeslecreases substantially at elevated temperatures, and as a re-
tend to become weaker. After the film is cooled from 110 °Csult B increases.

no such smooth domains are visible, and the film becomes Figure 8 shows the plot of rms roughnessagainst scan
rougher, as is evident from the rapid fluctuations in thelengthr for scans of different sizes for fillB at room tem-
height profile. It is clear that the smooth large domains thaperature and after it is cooled to room temperature from
were present in the film at 100 °@ooled are absent, and 110°C. It may be noted that the roughness of both films
the film becomes disordered at short length scale§aturates to a value of about 20 A beyond the correlation
(=100 A). This type of morphology is typical of a disor- length, as found earliéf. The self-affine nature of the films

dered state, typical of liquids where there is no long rangdS evident in the log-log plot here. A linear fit to the data
translational or orientational order. shows that the exponent changes from 0.5 to 0.8 as the film

undergoes a melting transition. The correlation lengths for
as-grown and melted films were found to bel5 and
50.1 mm, respectively, as is clearly indicated by the limits
of the linear fits. This length for as-grown film is beyond the
. _coherence length of our x-ray beam10 xm herg, and

. I _— ) . Mhence in x-ray measurements the film appears to have no
is logarithmic, confirming our earlier observation of the Pres-c ioff 12

ence of conformal logarithmic interfacial correlation in the |, conclusion analysis of x-ray reflectivity, diffuse scat-

film. It is interesting to note that this correlation persists atigring, and AFM data on LB films of cadmium arachidate
the surface of the film even up to 110°C, where x-ray re-yith two different types of in-plane height-height correla-
flectivity data indicate that the film has melted. The slope oftion, self-affine and logarithmic, suggest that melting of the
the linear fit is proportional to the parame®rand the in-  film occur predominantly through the lateral motion of mol-
crease ofB with temperature is indicative of a decrease inecules. Here we have also developed a diffuse integrated
surface tension and hence an increase in roughness. It iisflectivity data analysis scheme to extract electron density
difficult to understand whether this is purely a surface effeciprofile as a function of depth that is independent of in-plane
(as evident from AFM measurements alpreg also takes correlation present at the interfaces. Our results suggest that

Figure 7 shows the plot of rms roughnessagainst scan
lengthr for scans of different sizes for the fillA at room
temperature, after it is cooled to room temperature from 10
and 110°C. The linear fit to the datdog-linear scalg
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the LB film does not behave strictly as a 2D system, since ACKNOWLEDGMENTS
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