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Localized oscillations and Fraunhofer diffraction in crystalline phases
of a monolayer

Julian Galvan-Miyoshi and Salvador Ramos
Instituto de Fsica, UNAM, P.O. Box 20-364, D.F. 01000, kileo

Jaime Ruiz-Garcia ) ) )
Instituto de Fsica, UASLP. A. Obreégo64, San Luis PotosS.L.P., 78000, Mdco

Rolando Castillo? ]
Instituto de Fsica, UNAM, P.O. Box 20-364, D.F. 01000, %iteo

(Received 2 March 2001; accepted 16 August 2001

Localized oscillations present in the crystalline phases of the heneicosanoic acid Langmuir
monolayer were studied in detail. They appear like blinking interference rings, when observed with
Brewster angle microscopy. Monolayers with localized oscillations were transferred on mica to be
characterized by atomic force microscopy. We found granules produced by the expulsion of matter
from the monolayer. However, these granules are too short to produce Newton'’s rings; the common
belief of the origin of the interference rings in the field of Langmuir monolayers. The analysis of the
light intensity distribution and the sizes of the rings are consistent with Airy patterns produced by
Fraunhofer diffraction due to the reflected light from the multilayer granules. The origin of the
blinking of these patterns is still unclear. @001 American Institute of Physics.
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I. INTRODUCTION IT reach a limiting value beyond which the monolayer cannot
be further compressed, all phases collapse in multilayers.
Amphiphilic molecules that are insoluble in water can The loss of material and, hence, the loss of interfacial area
form monolayers at the air—water interface, usually calleccan occur in several ways. LMs can fracture and break as it
Langmuir monolayer§LMs). The most common way for is usually seen with BAM inS and CS phases; buckle at
studying these monolayers has been through the measuresnstant are® form folds or ridges? etc. The different
ment of surface pressure isothermH(A,T)= y,(T) ways of collapse, as well as, the details of the multilayering
—vy(A,T), where T is the temperatureA is the area/ process are unknown. However, some similarities have been
molecule,y andy, are the surface tensions of the LM and of suggested?
pure water, respectively. However, the use of new tech- In crystalline phases of the heneicosanoic acigh (G4,
niques, such as grazing incidence x-ray diffraction, polarizedt has been observed with BAM, something that reminds us
fluorescence microscog?FM), and Brewster angle micros- of interference rings that are blinking. They suddenly appear
copy (BAM), have contributed to obtain a general picture ofand completely disappear in the same place on the mono-
the fatty acid LM, as well as, the structure of their phdses. layer, for that reason, they have been namedoaalized
At very low surface densities, an amphiphilic monolayer be-oscillations (LO).!* Apparently, this is a different form to
haves as a two-dimensional gas. A first-order phase transitiostart the formation of multilayers, where material is locally
from the gas phase to a liquid-expanded phase is observagjected from the monolayer, quite below the so-called “col-
upon compression of the monolayer. This phase is isotropitapse pressure.” Here, we present a series of experiments to
and molecules are tilted, although, this tilting is not show the behavior of these LO in monolayers that are pre-
correlated A second phase transition to a liquid condensedpared in different conditions. Atomic force microscopy
state is observed upon further compression of the monolayetfAFM) observations of transferred monolayers on mica when
Actually, the liquid condensed phase is made up of a varietyhe LO are present were also studied. In addition, we present
of mesophases, which show distinct molecular tilt. In addi-a model that explains the origin of the interference patterns,
tion to mesophases, crystalline phases have been found wigs well as a series of experiments to support that model.
a quasi-long-range positional order. They &8 and L, = However, although many of the features of these LO could
phases, which are centered rectangular with herringbone obe understood with the model, the reason of why these inter-
der.L} is a two-dimensional crystal withlN-tilt*> andCSis ~ ference patterns are blinking is still unclear.
untilted®~’ Textures of condensed phases and the precise co-
existence lines between phases have been obtained ma"”YEXPERIMENT

using PFM and BAM 1! At very high pressures, whehor
C16(99%), Gy (99%), G, (99%), and Gs(99%) were
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were used without any further purification. With the aid of a
spreading solution, fatty acids were spread onto a subphase
of ultrapure wateNanopure-UVY at pH=2. The spreading
solution was made with chlorofortHPLC; Aldrich, Mil-
waukee, U.S.A. HCI (Merck, Mexicg was used to modify
pH.

All monolayers were prepared on a computerized Nima
LB trough (TKB 2410A, Nima Technology Ltd., England
using a Wilhelmy plate to measure thé The trough is
isolated from vibrations using a pneumatic tube incorporated
into a steel base. All experiments were carried out in a dust-
free environment. Temperature in the trough was kept con-
stant with the aid of a water circulator bat@ole-Parmer
1268-24, U.S.A.

AFM observations were performed with a Nanoscope
[lla (Digital Instruments, CA, U.S.A, working in tapping
mode using standard silicon nitride canterlivers. The BAM
observations were performed using a BAMMNanofilm
Technologie GmbH, Germahyith a spatial resolution of
~ 4 um. The interface where the monolayer is deposited, is
illuminated at the Brewster incidencé~53° with a
p-polarized beam coming from a He—Ne laser. A lens re-
ceives the reflected light. Afterwards, the reflected light is
sent to a polarization analyzer with the aid of a mirror that
makes a specular inversion of the image. Finally, the
polarization-analyzed light is received by a CCD video cam-
era to develop an image of the monolayer.

BAM is based on the study of the reflected light coming
from an interface illuminated at the Brewster angle, by a
p-polarized laser bear?:*® When the angle of incidence of
this beam is at the Brewster angle, the reflected intensity is a
minimum for a real interface, which has a transition region
where the refractive index changes smoothly from one value
to another. The reflected intensity at this angle is strongly
dependent on the interfacial properties, mostly when a mono-
layer is involved in the interface. The reflectivity has three
origins® (a) the thickness of the interfacé) the roughness
of the real interface due to thermal fluctuatiofs); the an-
isotropy of the monolayer. Reflected light is a function of the
orientation of the molecules in monolayer domains. In tilted
phases, the anisotropy is relatively strong producing enough
light reflection, to make quite visible the mosaic of textures
due to tilted domains in different directions. In untilted
phases with rectangular lattice symmetry, textures are also
visible, but with much less contrast. On the other hand,
multilayer structures reflect very large quantities of light as
compared with monolayers.

IIl. RESULTS AND DISCUSSION
A. BAM observations of monolayers

LO are observed in the crystalline phases of thg C
monolayer with BAM (see Fig. 1 They are like circular

interference patterns, which are blinking, i.e., they suddenly, 1 gam images of crystaliine phases of the,
appear and completely disappear in the same place of theerference rings that suddenly appear and disappear in the same place on

monolayer. LO can be observed along the monolayer at seyhe monolayer, as well as, fixed interference patterns. They were obtained
from our VCR tape observation records. They correspond to four different

images coming from the same area of observation in the monolayer. In all

eral parts of the field of view of the Brewster angle micro-

Localized oscillations and Fraunhofer diffraction
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monolayer, showing

scope. In addition, if[ is' common to observe int_erference Palfigures, the horizontal breadth corresponds=860 zm. Numbers indicate
terns that are not blinking. This kind of defect is common inthe elapsed timé¢h:min:s s/30.
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FIG. 2. Relaxation ofI as a function of time when LO are present.
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condensed phases of monolayers, at temperatures belovg
10°C. The LM community has colloquially named these
fixed patterns as Newton rings. The elapsed time between the
successive first three images in Fig. 1~s1/30 s and the
fourth was taken~ 22/30 s after the third one. In these
images, some interference patterns are seen in one of the
images, but not in the others. The area where our microscope
is in focus is just a vertical strip and it is not very wide. In
the examples given in Fig. 1, the microscope is in focus close
to the center of the images, where some phase domains aggs. 3. images of a transferred monolayer on mica, obtained by AFM, when
clearly seen. Going to the right from the focused area, thenhere is a high population of LO.

domains are little bit out of focus and the interference pat-
terns seem to be larger. On the contrary, going to the left .

from the area that is in focus, the patterns are not seen shar !th very different periods of oscillation, some of them have
period of 1-2 s and others have a period less than a frac-

Thus, a fixed or a blinking pattern is larger at the right, and’ L et .

its size decreases as we move close to the focused area. %8”. ofa seconq. Howeyer, itis not difficult to find very short
the center of the area that is in focus, the patterns changf%emdS of OSC'".at'On' n t-he range of 1/15 s. We fpllowed
their white center to a small black one. As we move to the>°'€ O.f the rap|d.osc.|llat|ons for 10's, and we noticed that
left away from the focused area, the patterns are out of focuébe Eg”otd ?f E:'nk'?g IS nott reguzlaré R I 0]

as well as that part of the image. The apparent size of the start at low temperature-2-6°0, as well as at low
patterns ranges from 50 to 1Q0m, as seen in the monitor. pressure(~12 mN/m compared to the collapse pressure,

LO also appear in the crystalline phases g§(C-2 °C), and Wh'Ch is around~60 mN/m. However, as t_he pressure 1s
C,,(2.4-3.3°C), although not in a big number. In the latter increased, the number of oscillations sites increases notori-

we found them close to big defects and near to the collapsé).USIy' Compressions at very slow raté cnt/min) present

We did not find LO neither in & nor in C,o. For this reason, ess n_umber of LO_than in more rapid compressighS0 .
our report is based mainly on the,@.0 cm?/min). If crystalline phases are reached by decreasing

Lateral pressure changes when the interference patteni%peraturislowly, sAtﬁrr]tlng ;]rom a m?re(l;lgu: p?ase, hsg
are blinking. Figure 2 shows a typical curve of the relaxation never Show up. ough, some Tixed Interference rings

of I as a function of time, when LO are present. The Iarge'remain. When a monolayer is deposited onto a cold subphase

o — ~ 2
the pressure drops the larger the number of LO in the mono(-z_3 O, compressed up tolT=25mN/m (~24 A%

layer. BAM reveals the formation of typical mountain- molecule), and subsequently, the temperature is increased

shaped multilayer structures, as pressure goes down aﬂ?PWIy up to 1?I5t az hi,trr?alt?tal_nlng f'Xﬁd thel, theretharet
long periods of blinking. However, when LO are just start- 00 nt1any_os<:| a |0nsﬂ;';1 € te)zglnnflnlg. I_owgver, allls i c e;n-
ing, it is possible to see in some cases, the formation of aR€rature increases, the number of localized osciiiations de-

irregular white domain at the place where the interferenc{reas?s' als WT" a_s,ttr?e area IOf thengonolaylert, |I.ea_there 'S a
rings are blinking, suggesting that a multilayer domain is 0SS of molecules in the monolayer. completely disappear

starting to grow there. The oscillations remain for a IongWhen we leave the crystalline phases.
time until pressure relaxes to values close~t&2 mN/m.
Below this value, LO disappear or remain as fixed interfer-
ence patterndl continues its relaxation continuously to val- Monolayers with a high population of LO were trans-
ues close to 0 mN/m after 24 h, probably to reach the equiferred over mica(transfer rate-1 mm/min) and observed
librium spreading pressure. We were unable to measure with an atomic force microscop@FM). Figure 3 presents
characteristic time of blinking for the LO. We have associ-an example of an AFM image of a transferred monolayer. As
ated a “period of oscillation” to the blinking. We found LO a general feature, we found a homogeneous surface covered

B. AFM observations of transferred monolayers
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with granules with sharp edges, but with an irregular round
contour, seeming like irregular disks. A typical grain size is ~ Loser beam
of the order of 5um, and typical heights are in the range of
0.013-0.018um. Variations in grain size are more common
than variation in height. Grain size was more dependent on
the specific procedure of monolayer preparation. It is com-
mon to see a few grains with sizes larger than the average,
~10-15um. We never found grain heights much larger than
the average value. In very few cases, there were some grains Focal Subphose

higher than 0.1um, but they never reached O@m. These

results agree with the event of expelling of matter out of theric. 4. The illuminated interface with thepolarized beam the central ray
monolayer, as described above. Probably, with a mechanisariving to the interface at the Brewster angle, the reflected beam, the lens,
much more complicated that those given for ridge formatior"d its focal plane.

by Ries et al,'® or the nucleation, growth, and collision

theory of Vollhardt!”*® In general, the irregular disks over

the monolayer are uncorrelated and they are formed by sef the light source(aperture or reflecting digk Therefore,

eral layers of G;. The density of granules in the AFM image in a first approximation, we will model the mesoscopic
does not necessarily correspond to the density of interferencganules laying on the monolayer as circular disks lying
patterns of Fig. 1, because they were obtained from differengn a relative opaque screen, where the reflected light coming
areas in the monolayer. However, big granules seem to agrom the disks is much more intense than the reflected light

To the CCD
camera

Lens/'

Central ray Ko

Monolayer

pear sometimes in clusters. coming from the monolayer. The light intensity distribution
_ for a circular diffracting aperture or for a disk, of radius
C. Model for the sources of the interference patterns s, reflecting light can be calculated using the formula

The results presented above suggest that duringanormﬁlr diffracted electric fields coming from the Kirchhoff
compressing process, there is not enough time for a propafector integral formula, in the Smythe—Kirchhoff
relaxation in crystalline phases of the monolayer. Thus, aRpproximatiort,”
adequate matching of the different order parameters at grain - (|(R, 9,¢)) cosfg(ks)?
boundaries of the phases does not occur. Therefore, there are =) = T AR?
big areas with a high density of defects and consequently, '
stress and energy are concentrated in those areas. The mono- 2J4(ksé)
layer apparently relaxes expelling matter out of the mono- [k—sg
layer. The AFM results suggest that BAM is able to detect = T .
the formation of the granules, product of the expulsion ofThis interference distribution is known as the_Alry pattern,
matter from the monolayer. Nevertheless, why do we se¥hen fg=0. Here,R,6,¢ are the polar coordinates for a
something like interference rings? A common belief is thatPOint of observation far away from the disk; is the total
they are the result of light interference. This would be thePOWer normally incident on the diskjg is the Brewster
case in a thick film, where some portion of the light is re-angle, é= \/3!”2 0B+S_'”2 6—2sinfgsindcosg and J; is a
fracted and another reflected, at the surface of the thick filmBesse! function. This approximation is not valid fies< 1.
The refracted light is subsequently reflected in the next lowerl "€ observed distribution, in the direction of the reflected
boundary(water subphage An interference pattern is ob- ay (direction of observation of the m;;:roscc)pean be ob-
tained, when both portions of light are mixed because of@ined through an expansion of Ed).™ The observed dis-
the difference in optical path. However, this could not pelribution relative .to the maximum intensity on an observation
the case for the granules or irregular disks found in thePlane can be written as
transferred monolayer with the AFM. Here, the disk height 1(x',y") 23, (ksp/R)]?
could not allow interference when illuminated with light |re|ative(X':Y')=< 0 0)>=[ Kso/R } :
. . . Bs P
in the way just mentioned, because of the granules are too
short for the wavelength of light. There is not enough opticawhere
path difference, when a wavelength=632.8 nm is used to
illuminate the monolayer with the Brewster angle micro- p
scope.

The mesoscopic granules made of few amphiphilic mol-wherex’ is defined in the incidence plane agyd perpen-
ecule layerg~5-9), laying over the monolayer will reflect dicular to the incidence plane, on the plane of observation
relatively large quantities of light. In contrast, the monolayerX’ Y' (see Fig. 4. The relative intensity distributiorf2)
will be working as an almost opaque screen, because of itstarts at a maximum intensity equal to 1, in the direction of
relative low reflectivity. This situation is equivalent to that observation and decays as the Airy pattern. This distribution
formed by a black screen with an aperture, where light ismust have constant values in the plane of observation
coming from below of the black screen, at the Brewster(X'Y') at the geometrical loci whene¢ andy’ vary in such
angle, and observed in the far field. In this situation, Frauna way thatp?=constant, i.e., at ellipses. Therefore, the ob-
hofer diffraction must be observed, because of the finite sizeerved distribution would be a deformed Airy pattern, since

[cog 6+ sir? § cos ]

2

)

)

12 12

X y

2=—+ P
sec¢ 0y CSC g’
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TABLE I. Calculated and experimental values for the semimajor axis ratios for white and black rings and
percent deviation from the experimental valdes.

White rings Black rings

(aj/ay)*o (ap/a)) o
n Theory Experiment % Theory Experiment %
1 1 1 0 0.74 0.530.05 38.0
2 1.64 1.750.11 6.5 1.36 1.420.08 43
3 2.26 2.46:0.19 55 1.98 2.160.15 5.9
4 2.88 2.94-0.25 2.1 2.59 2.670.21 31
5 35 3.44:0.31 1.6 3.21 3.2£0.28 0.1
6 4.11 3.98:0.36 3.2 3.82 3.740.34 2.1
7 4.73 4.46-0.43 6.0 4.43 4.240.41 4.6

@A set of 33 randomly chosen patterns coming from different monolayer preparations were used to obtain the
averages.

the rings where intensity is zero or a secondary maximum arthe fixed patterns gave the same semimajor axis ratios re-
elliptical in shape. Using Eq2), the semimajor axis of the sults. This suggests that around a fixed pattern the expulsion
central disk, of the differem-black rings, and of the-white ~ of matter has ended, probably because the monolayer has

rings can be written as locally relaxed.
We measured the brightness intensity for blinking pat-
= Ja(an) RA and a'= Ja(azn) RA (3)  terns. The levels of intensity to be analyzed are quite differ-

~ mcosfg 2s N rcoslg 2s

ent in magnitude. The intensity of the central white disk in an
In these equationsg,, are the zeroes for the Bessel Airy pattern is two orders of magnitude larger than the in-
function J,,,. As a consequence of expressidBs a test of  tensity of the first white ring. Therefore, this is a semiquan-
the model can be given measuring the semimajor axes in tHéative test because the capability of the microscope for this
observed rings of a pattern. This test could be a very precis&ind of light intensity measurements is limited. An example
if some internal distance in the pattern is taken as a referend® the brightness intensity measurements is presented in Fig.
distance. The Brewster angle microscope introduces magnp- In this figure, we present the intensity along a line crossing
fication factors. An optical one, which only depends on thethe pattern horizontally in the middle. The central disk is
distance from the pattern to the focal plai, in Fig. 4), quite intense reaching the white level saturation. In the next
and others that comes from the instrumentation. The lattefings, although the base line is not horizontal, the brightness
ones make the images larger in the plane of inciddpee-  intensity of the peaks decreases as the ring number increases.
allel to X'), than in the direction perpendicular to the planeHowever, the intensity of the secondary maxima has the
of incidence(parallel toY’). All amplification factors must same order of magnitude, as expected from our calculations.
be approximately the same for each ring in a given patternDigitalizing calculated patterns obtained with Ed), and
Therefore, if semimajor axis ratios in a pattern are measured,
taken one specified semimajor axis as a reference, then the

amplification factors would cancel and there is no need to 1
calculate them explicitly. Here, we used ratios of the semi-

major axis for each ringblack or whité to the semimajor 08-
axis of the first white ring. Table | presents calculated values 4|
for the semimajor axis ratios of the first seven white and

black rings in a pattern, calculated by E@3), as well as, 07}
average measurements for the same semimajor axis ratios

made on electronically amplified BAM images. The agree-  %¢|
ment is quite good, since deviations from the calculated val-
ues are in the range of a few percent, except for the first
black ring. For the first black ring, we observed that the 0.4f
perimeter of several central white disks is not perfect circu-
lar. Shades of gray suggest polygonal shapes circumscribing ~ %3f
the disks. This made difficult the determination of where to

051

take the end of the central disk and consequently, the central o2

part of the first black ring. We believe that this effect is 01f

because the actual granules are not circular, as shown by the

AFM images, and in the boundary comes some information O 50 100 150 200 250

about the actual shape of the reflecting disks. For the seventh

ring, the statistics is not so good because in some of thEIG' 5 The brlghtr_less |ntensnty d|str|_but|on, in arbitrary un|_ts, along a line
. . L crossing a pattertiinsed horizontally in the middle. The brightness was
patterns it was not possible to measure this ring. Anotheppained on an electronically amplified BAM image of a pattern using a

important outcome was that the blinking patterns, as well asormalized gray scale for each pix@ for black and 1 for white
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treating the electronic image in the same way as in Fig. 5, we
obtained a similar figure. A central peak quite intense satu-
rating the white level, and the first four white peaks present
intensity maximum values of 0.7, 0.5, 0.42, and 0.37, using
the same arbitrary units as those used for Fig. 5. We analyzed
24 patterns and 75% gave the same results. For the remain-
ing patterns, the central peak is not so high or the base line is
nonuniform, although the structure of the patterns is the
same.

The light intensity distribution was calculated using Eg.
(1) for 65="53°. Figure 6a) presents a calculated light in-
tensity distribution pattern for a disk of a radigs15um
located at a specific position from the focal plane, just as it
would be observed in the monitor of our microscope; with
Ry (Fig. 4 the optical amplification factor was evaluated.
The instrumental amplification factors were determined from
direct observation of a micrometer scale on the microscope
screen monitor. Figure(B) presents a pattern for a LO taken
from our video recordings, at the same distance from the
focal plane as in Fig. ®). Both Figs. 6a) and &b) are ap-
proximately in the same scale. In Figich we present the
superposition of the calculated and the actual pattern pre-
sented in Figs. @ and Gb). The fitting is quite remarkable.
However, a remark must be made. The disk radius used in
the calculation(15 um) is larger than the mean grain size
obtained by AFM observations of the transferred monolay-
ers. If we use a smaller radius, the intensity of the reflected
light is also smaller, and the patterns are deforriiedy are
quite eccentri the smaller the radius the more deformed
pattern. This is because the incoming light at the Brewster
angle sees the disk as shorter in the plane of incidence thatis  (b)
perpendicular to it. Diffraction is larger in the plane of inci-
dence. Although, small disks produce diffraction, their pat-
terns are of so low intensity that our BAM do not see them.
Probably, we are observing the diffraction from the
larger discs, the same kind of large granules seen in the AFM
images.

As mentioned above, patterns are large and well defined
at the right of the area that is in focus. Patterns are smaller
and the white center changes to a black center in the area in
focus. When the patterns are to the left, the definition of the
patterns is lost. These events can be easily explained with the
aid of Fig. 4. BAM images are mirror inverted. Therefore,
those areas on the screen that are seen at the right side of the
focused area are actually at the left of the focal plésee
Fig. 4 and vice versa. Thus, patterns that are not in focus (©)
correspond to patterns that are at the right of the focal plane
and cannot be seen in focus. On the contrary, the wellFIG. 6. (a) Calculated light intensity distribution pattern for a disk of a

defined patterns are at the left of the area that is in focus anradiuss= 15um, as it would be observed in the monitor of our Brewster
angle microscope. A gray scale was used, where the brighter area, the

in addition, far from the focal plane. From this plane, thegreater the value of the intensity distributigh) A pattern for a LO taken
Fraunhofer diffraction patterns are taken by the lens to b&om our video recordings at the same place in the monolayer wheveas
focused in the CCD camera. In particular, the Fresne_palculated.(c) Superposition of the calculated and the actual patterns given
numbef® (Ng=s¥\R,) calculated from the actual sources, " @ 214(®:

i.e., the reflecting granules giving large patterns to the focal

plane is=0.015. As we move the BAM to leave the patterns Fresnel diffraction patterns. One important characteristic of a
in the area that is in focus, i.e., at the focal plane of Fig. 4Fresnel pattern is to have a black center. In this situation, the
the diffraction patterns are taken very close or at the finitdcresnel number as expected is quite high, siRgds very
source of light. Therefore, the observed patterns must bsmall.

(a)
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IV. CONCLUDING REMARKS become fixed along the monolayer. However, we need to
We have shown that multilayer granules are formedunderstand the mechanisms of how 3D structures are formed

when LO are present. The number of observed LO can bgnd how they are reIateq to pattern blinking to take advan-
modified by annealing the monolayer, suggesting that th age of them. Several directions of research could be fol-

appearance of LO depends on the density of defects in thQWEd' Imaging the diffuse light scattered from mqnola?ﬂers.
LM. Our results are consistent with the fact that the ringCould reveal the surface roughness and the growing of grains

patterns observed in monolayers are Airy patterns, due t aF could serve as precursors of monolayer collapsatu,
Fraunhofer diffraction produced by the reflected light com- uring pattern blinking periods. Brewster_ angle autocorrela-
ing from multilayer granules. Notwithstanding the success of'on spectroscopy could be used to obtain mean character-

our model for explaining the optical nature of the patterns, jstic times for pattern blinking in specific domains. These

does not help to understand the origin of the blinking geyCharacteristic times must be related to the mechanism of ex-

eral possibilities can be considerdd) LO could be a pro- pulsion or formation of the multilayer granules. Area relax-

. 17,18 _
cess of successive steps of expulsion of matter, granule foi"‘—_tlon afnflyséi_ CO;Jlt?] bg; f Pela to correlate the mecha
mation, and discontinuous growing using the subsequerﬂIsrn of formation ot the structures.

expelled material. In this way, the diameter of the granules

would change after each successive expulsion. The granuI(—.QscKNOWLEDGMENTS
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