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Polarized Raman measurements of Langmuir-Blodgett (LB) multilayers of cadmium
arachidate (CdA) have been obtained through the application of integrated optical techniques.
Excitation of either the transverse electric (TE) or transverse magnetic (TM) mode of an
asymmetric slab waveguide was alternately used to produce Raman scattering in the CdA
multilayers deposited on its surface. Analysis of the 90° scattered light with a polarizer placed
at two mutually perpendicular positions for both the TE and TM modes of the waveguide
produced a set of four measurements which were used to determine the orientation and lateral
order of the CdA monolayer components. The extent of order in the LB film was then
investigated as a function of temperature and compared with that of bulk CdA. The
temperature of the order—disorder transition was found to be similar in both cases and
consistent with that found previously from infrared studies.

I. INTRODUCTION

With continued interest in the use of thin films as both
active and passive components in microelectronic devices
there has been an increasing realization that conventional
methods for the characterization of these structures were
inadequate. Thus, recently there has been a resurgence of
novel experimental techniques specifically designed to inves-
" tigate molecular structure in the submicron regime. Wave-
guide Raman spectroscopy (WRS) is one of the techniques
currently used to study thin films which has evolved over the
past decade. Studies by Levy er al.? indicated that a thin
film supported on a substrate of lower refractive index form-
ing an asymmetric slab waveguide could be used to obtain a
Raman spectrum. Due to considerable spectral interference
attributable to the substrate, Raman studies of thin films
were limited to those whose minimum thicknesses ap-
proached 1-2 y. This technique was later placed on a firm
basis®* when the Raman spectrum of a 1 & polymer film was
obtained. The success was attributed to the use of selected
substrates having a much lower refractive index. Subsequent
progress® into the submicron regime occurred shortly there-
after by the choice of a four layer waveguide system contain-
ing a “guiding layer” permanently deposited on the sub-
strate whose sole function was to trap and guide light along
the top of the substrate. It was the evanescent field emanat-
ing from the waveguide which excited Raman scattering
from the thin film deposited on its surface. There were no
restrictions on the thickness of the film whose Raman spec-
trum was desired and isotropic films as thin as 800 A were
studied.*

Langmuir-Blodgett films are an extremely attractive
candidate for investigation by WRS. These two-dimension-
ally oriented films can be deposited on waveguide structures
and explored via polarized light. The evanescent field from
the guiding layer is highly polarized depending on whether a
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transverse electric (TE) or transverse magnetic (TM) mode
of the waveguide has been selected. This polarized light can
be used to explore the anisotropic character of LB films,
determining information about both the orientation and lat-
eral order of molecules. This work reports such studies with
their subsequent extension to elevated temperatures. An or-
der—disorder transition has been observed in the two-dimen-
sional LB films of CdA and compared to the kinetics of a
similar transition observed in bulk CdA. The extent of inter-
and intramolecular order has been characterized as a func-
tion of temperature and has provided an insight into the
mechanism of defect introduction at elevated temperatures.

Il. EXPERIMENTAL
A. Langmuir-Blodgett films

Arachidic acid was used as received from Lachat
Chemical, Inc. The LB films were prepared on a commer-
cially available film balance (Joyce-Loebel), which had
been modified by replacing the originally supplied glass tank
with a solid Teflon trough. The subphase was purified water
(Barnstead nanopure) containing 2.5X 10~* mol/¢ CdCl,
and Na,CO,; to maintain a pH between 7.0 and 7.5 Mono-
layers of the cadmium salt of arachidic acid (CdA) were
transferred on glass waveguides (Corning 7059 glass sput-
tered on quartz or Pyrex) at a dipping speed of about 3 mm/
min and a pressure of 30 mN/m.

B. Waveguide assembly

Raman measurements were made on multilayered (13-
55) LB films of CdA using the scattering geometry schema-
tically shown in Fig. 1. The incident laser was coupled into
the waveguide assembly (magnified in lower part of Fig. 1)
by a high index glass prism (Schott LaSF5) in order to in-
sure that a large range of wave vectors, k, were available for
coupling.?~® The prism was clamped against the film by both
a single and double stage’ coupling device; the latter was
required for elevated temperature studies so as to avoid cou-
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FIG. 1. Schematic of WRS scattering geometry and waveguide structure
used for studies of LB films.

pling losses due to the inherent expansion of the metal cou-
pling assembly at high temperatures.” As has been discussed
previously,>® the thin film assembly will conduct light only
for certain coupling angles, ¢, which correspond to discrete
solutions of an eigenvalue equation derived from Maxwell’s
equations with the appropriate boundary conditions for a
four layer asymmetric slab waveguide. For these values of ¢,
the light will propagate in the guiding layer (GL) and per-
haps also in the LB film depending on the refractive index
difference between the two layers. In the event that laser
light is trapped in the 1 z thick guiding layer as is illustrated
in Fig. 1, then an evanescent or guided wave exists within the
surface deposited film and will give rise to Raman scattering
from the deposited multilayer components.

Whether the light field within the deposited layer is
evanescent or guided is determined by its refractive index.
Since each mode of the GL has an effective refractive index,
R, in the range between that of the bulk and substrate, then
if the index of the adsorbed layer, n,,, is higher than #.4 of a
specific mode, the mode will be guiding in both layers. Con-
versely if n, is less than n the wave is evanescent in the
adsorbed layer. Frequently for some of the lower (m = 0,1)
modes, the field is evanescent while for higher (m = 2,3,4)
modes it is guiding as in the case for polymer laminates stud-
ied previously.®

C. Raman spectroscopy

All Raman measurements were made using the right
angle scattering geometry depicted in Fig. 1. Spectra were
recorded using a Jobin—Yvon HG-2S double monochroma-
tor equipped with a cooled RCA 31034A-02 photomultiplier
tube and standard photon counting electronics. All data
were collected and processed with a Nicolet 1180 data sys-
tem. Sample illumination was provided by Spectra Physics

165-08 and 2020 argon ion lasers. Typical Raman measure-
ments were made using the 488.0 nm line with a spectral

resolution of 4 or 8 cm—%.

I1l. RESULTS AND DISCUSSION
A. Bulk cadmium arachidate

Cadmium arachidate is possibly one of the most highly
investigated materials'®'¢ in the form of LB films but, sur-
prisingly, little work has been concerned with its structure in
the bulk. Early x-ray studies'” on CdA powder as a function
of temperature indicated the presence of three condensed
phases. The first phase exists from room temperature to
110 °C and consists of a periodic lamellar structure with the
planes of cadmium atoms separated by a crystalline bilayer
of hydrocarbon chains in a simple bilayered structure. The
second phase existed up to ~220 °C and was characterized
as the principal mesomorphic phase with the cylindrical ele-
ments packed in a two-dimensional hexagonal array similar
to a liquid state. In this phase, considerable disorder of the
hydrocarbon chain was thought to occur as was reflectedina
lowering of the d spacing corresponding to the length of the
chain. Finally, the high temperature phase 7> 220° was
found to coexist over only a short temperature range (20°)
and differed from the previous only in the observed low angle
x-ray scattering long spacing.

Spectroscopic studies of bulk CdA have also been rare.
IR spectra of CdA powder were initially recorded"’ to com-
pare the results with those obtained from LB multilayers but
no detailed analysis of the observed bands was made.

The room temperature Raman spectrum of CdA pow-
der is shown in Fig. 2. In the 1600-1000 cm ™" region are
found a number of strong bands which can be assigned based
on analogous measurements which have been made on n-
alkanes.'® The strong bands at 1060 and 1130 cm ™! corre-
spond to the asymmetric, v, (CC), and symmetric, v, (CC),
carbon—carbon stretching vibrations, respectively. The in-
tense band found at 1295 cm ™' is attributable to the CH,
twisting vibration, 1{ CH,). A series of three bands are found
in the 1400-1500 cm ! region. The bands at 1460 and 1440
cm™! have been alternately assigned'®>' to a CH, bending
vibration. The remaining band at 1415 cm ™" has been attri-
buted to an overtone of the IR active CH, rocking vibration
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FIG. 2. Room temperature Raman spectrum of bulk CdA. Bands of interest
are labeled as v,—asymmetric stretch, v,-—symmetric stretch, &—bend,
and ¢—twist.
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in Fermi resonance with one of the remaining bands in this
region. The Raman band at 1415 cm ™! only appears when
the unit cell has orthorhombic symmetry.?! In addition, the
relative peak heights and half-widths of the v, (CH,) and
v, (CH,) stretching vibrations found in the 2800-3000
cm~ ! region also are indicative of an orthorhombic subcell
structure.!® These observations are consistent with the crys-
tal field splittings observed in the IR spectrum of bulk
CdA.!

B. LB films of cadmium arachidate

Asindicated previously, the scattering geometry used to
obtain polarized Raman measurements from the LB multi-
layers of CdA is shown in Fig. 1. In the laboratory frame of
reference the incident laser propagates along the — X direc-
tion while the scattered light is viewed along the Z direction.
The incident light can be polarized either along the Zor ¥
direction while an analyzer for the scattered light can be
placed parallel to either the X or Y axis.

Shown in Fig. 3 are the polarized Raman spectra of CdA
multilayers. The designation for each Raman spectrum de-
scribing the incident polarization and the direction of the
analyzer is due to Damen er al.?* It is of the form 4(BC)D,
where 4 and D are the propagation directions of the incident
(A4) and scattered (D) radiation, while B and C refer to the
direction of polarization of the incident (B) and analyzed
(C) radiation, respectively. Thus in the top spectrum of Fig.
3 the incident beam propagates along the laboratory X axis
with polarization parallel to Y. The scattered radiation was
viewed along Z through a polarizer aligned parallel to the
laboratory Y axis.

The broad features underlying the spectra of Fig. 3 are
due to the high index guiding layer deposited on the sub-
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FIG. 3. Polarized Raman measurements (1600-800 cm™') of 13 multi-
layers of CdA. Polarization notation for each experiment is that of Damen
et al. (Ref. 24).
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strate. Most likely these correspond to fluorescent features
due to the presence of impurities in the glass combined with
Raman scattering from the amorphous glass itself. As shown
in Fig. 4 the CH stretching region does not contain any no-
ticeable background contribution from the glass to either the
X(YY)Z or the X(YX)Z spectra.

Perhaps the simplest means of analyzing the polariza-
tion data is to draw upon results obtained in previous IR
studies'! which concluded that the subcell symmetry of the
CH, groups was orthorhombic in LB multilayer films of
CdA. The orthorhombic subcell symmetry of the CH,
groups occurs for both an orthorhombic and monoclinic ma-
crocell containing a bilayer assembly. In the former case, the
chains would be oriented normal to the surface plane of the
bilayer; in the latter the chains would be tilted at an angle of
61° relative to this plane as indicated previously.'' IR dich-
roic measurements of chain orientation in LB films of CdA
indicate that the hydrocarbon tails are oriented very close’?
to normal to the surface suggesting that both the subcell and
the macrocell are orthorhombic.!' Recent electron diffrac-
tion studies?® on CdA multilayers support this conclusion.
Since this is the case, an analysis of the observed Raman data
can be carried out in terms of the D, symmetry of the sub-
cell according to Snyder.>* For the scattering geometry
shown in Fig. 1, the following polarization experiments will
give:

Symmetry
Experiment species Polarizability contributions
X(YNZ A, +B,, i[2(a, +a,)’
+ (@ — aW)Z] + %a)zry
X(YX)Z A, +B,, Ma, —a,) +id,
X(ZY)Z B,, + B, o2, + 1,
X(ZX)Z B, + By, 1a2, +al,.

It is important to realize at this point that the particular
scattering geometry afforded by WRS is unique and is more
difficult to achieve in single crystals of n-paraffins and ori-
ented specimens of polyethylene since it would require ori-
enting the chain axis along the Z direction (the optic axis of
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FIG. 4. Polarized Raman spectra of CdA multilayers of CdA in the CH
stretching region.
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the spectrometer). This would require careful polishing of
the sample face perpendicular to the chain axes so as to mini-
mize polarization scrambling. Thus the WRS scattering ge-
ometry will give different Raman scattering intensities for
the bands associated with the CH, groups than is normally
observed in more conventional scattering geometries: Now
different polarizability derivatives will contribute to the
overall scattering intensities. This will become evident in the
analyses of the spectra shown in Figs. 3 and 4. It is, perhaps,
easiest to begin with the CH stretching region shown in Fig.
4. In the X(YX)Z spectrum, only bands attributable to the
A, and B, species should be observed. As seen, only the
v, (CH,) band is observed which is known to have B |, sym-
metry.'® No 4, band attributable to the v, (CH,) vibration
is found. A better insight into the lack of intensity of the 4,
mode in this polarization experiment comes upon considera-
tion of the contribution of the polarizability derivatives to
the scattering intensity. In the X( YX) Z experiment the total
intensity of 4, modes is proportional to (a,, —a,, )? sug-
gesting that e, = a,, since the 4, mode appears to have
zero intensity. This turns out to be a reasonable assumption
due to the isotropic orientation of the axes perpendicular to
the molecular backbone, i.e., the LB film possesses uniaxial
orientation.

The X(YY)Z spectrum contains an additional term,
(ax +a, )2, which contributes to the intensity of the 4,
modes and thus, evenifa,, = a,,, anonzero intensity of 4,
modes is expected. As shown in Fig. 4, the 4, v, (CH,)
mode s, in fact, observed. In addition, a weaker band located
at 2933 cm ™, thought'® to originate from Fermi resonance
interaction between an overtone of a CH, bending vibration
and v, (CH,), also exhibits 4, symmetry as it should.

Extending this analysis ot the 1600-800 cm ™~ region, it
becomes apparent from the previous discussion that the
X(YX)Z spectrum of Fig. 3 should contain bands of the B |,
symmetry species. Correspondingly, both the 1440 and 1460
cm ™! bands are assignable to the B, ¢ Symmetry species. In-
terestingly enough, these bands are not visible in the
X(YY)Z spectrum as would be expected. In fact, no bands
attributable to CdA appear in the top spectrum of Fig. 3.
One possible explanation is that the intensity of the back-
ground signal from the guiding layer of Corning 7059 glass
dominates the spectrum. The broad intense features shown
in the X(YY)Z spectrum are approximately four times larg-
er in intensity than the other spectra shown. With this over-
whelming signal, the presence of any Raman bands is almost
certainly obscured as is the case of bands in the presence of a
high fluorescent background. However, although the
X(YY)Z spectrum does not provide any new information
pertinent to the symmetry analysis, it does indicate the shape
of the background present in this region. It should be noted
that in the CH stretch region (Fig. 4) no remnants of this
background persist and, as discussed previously, the CH
stretching vibrations are observed.

Under the D,, symmetry analysis** both the X(ZY)Z
and the X(ZX)Z spectra should be identical and contain
bandsbelonging tothe B ,, and the B ,, symmetry species. As
shown in Fig. 3, two bands, the 1295 cm~' #(CH,) and the
1060 cm ! v, (CC), show up in both spectra with identical

intensity as predicted. Although it is impossible to discrimi-
nate between B,, and B ;, modes from these particular po-
larization measurements, previous studies on n-paraffins®'
and PE?® indicate that the 1295 and 1060 cm ~ ! bands can be
assigned to the B, and the B,, symmetry species, respec-
tively. Hence, this is consistent with what is predicted by D ,,,
for the X(ZY)Z and the X(ZX)Z spectra.

Careful inspection of the 1400 cm ™! region in the lower
two spectra of Fig. 3 indicates the presence of two very weak
bands in the vicinity of 1450 cm~"' thought to be residual
intensity of the 1440 and 1460 cm ~! bands observed in the
X(YX)Z spectrum. Although this could easily be attributed
to disorder and/or defects in the LB film, a more plausible
explanation results from consideration of the input polariza-
tion for a TM mode of the waveguide. As shown in Fig. 1, the
light coupled into the guiding layer undergoes total internal
reflection as it propagates down the guide. In a TM configu-
ration, the electric field vector of the incoming light is paral-
lel to the plane formed by the incident and scattered beam.
Thus, E is not normal to the waveguide surface but inclined
at a small angle (5°-7°). The result of this slight tilt is mani-
fested by the “leaking” of weak bands attributable to other
polarizations into both the X(ZY)Z and X(ZX)Z spectra.

An interesting observation can be made by comparing
Figs. 2 and 3. Of all the strong bands observed in bulk CdA,
only the v, (CC) at 1130 cm™"' does not show up in the
polarized Raman measurements. This can be understood
upon considering the polarizability contribution to its inten-
sity. Because v, (CC) involves the symmetric stretching of
CC bonds, the change in polarizability associated with this
mode is entirely along the molecular axis.'®° Hence a,, is
responsible for the mode intensity and, as indicated pre-
viously in the symmetry analysis, none of the experiments
shown in Fig. 3 provides access to Raman bands whose in-
tensity arises from a,, . The v, (CC) mode could be observed
by selection of a different scattering geometry or by the exci-
tation of Raman scattering by surface plasmons’>?>3° which
inherently gives information on this polarizability compo-
nent.

Based on the successful explanation of the data shown in
Figs. 3 and 4 by a D ,, symmetry analysis and previous re-

TABLE I. Symmetry assignments of LB films of CdA.

Frequency Symmetry
(cm™") Assignment® species
2933 v, (CH,) + 86(CH,) overtone in A,

Fermi resonance
2880 v, (CH,) B,
2850  v,(CH,) 4,
1460 5(CH,) B,
1440 8(CH,) By
1415 Fermi resonance of 6(CH,) with A,
overtone of r(CH,)
1295 t(CH,) B,
1130 +,(CC) 4,
1060 v, (CC) B,

* Symbols same as in Fig. 2; r—rock.
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sults’! from IR measurements, it is reasonable to conclude
that the hydrocarbon tails are oriented almost normal to the
surface and are packed into an orthorhombic subcell similar
to polyethylene.

C. Elevated temperature measurements

While the polarization dependence of the Raman spec-
tra indicated that the orientation and crystal packing in the
LB film is apparently the same on the glass waveguide as was
found on silver substrates from infrared experiments, it is the
relative intensities and bandwidths which give additional in-
sight into conformational disordering and molecular mo-
tion.?>28 The CH stretch region has been used previously to
characterize molecular order in bilayers®® and LB films>°
and dramatic changes are found upon heating the LB multi-
layers of CdA towards the phase transition temperature at
110° as shown in Fig. 5. While the v, (CH,) band at 2880
cm ™' broadens slightly asymmetrically with a high frequen-
cy shoulder and loses intensity until it disappears around
100°, the v, (CH,) band at 2850 cm™! remains fairly con-
stant. One also observes that the band around 2930 cm ™!
grows relative to the 2850 cm ™! band.

The broadening of the 2880 cm ™’ band has been attri-
buted to a change in intermolecular environment'®?-2% with
temperature. In the case of the LB film of CdA this would
mean an increase in hindered rotation (libration) about the
molecular axis since the carboxylate head group serves as an
“anchor” fixing at least one end of the hydrocarbon chain.
An interesting comparison results when the CH stretching
region of the CdA bulk sample is considered (Fig. 6). As
shown, similar broadening of the v, (CH,) and v, (CH,)
bands occur with temperature but it appears that the onset of
molecular mobility occurs in the range of 110 °C, about 10 °C

Cadmium Arachidate Multilayers X{Y,X+Y)Z
Z
z
i)
£
S 20°C
£
T
- P
90°C
100°C

e

3000 2900 2800
Frequency (em™1)

FIG. 5. Polarized Raman measurements (3000-2800 cm ") of CdA multi-
layers as a function of temperature. Although input light is polarized in Y
direction, both the X and ¥ components of the scattered light are detected
simultaneously, i.e., no analyzer is used in this measurement.
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FIG. 6. Raman spectra in the 2800-3000 cm ™! region of bulk CdA as a
function of temperature. The bottom four spectra have been expanded by
2X so as to facilitate comparison.

higher than that observed for the LB film. This temperature
difference is larger than the experimental error found by
measuring the temperature of the waveguide at the exact
point of sampling and thus suggests that this lag in the onset
of molecular mobility in bulk CdA may be associated with a
different packing of hydrocarbon chains.

Another contribution to the broadening of v, (CH,)
could originate from the introduction of gauche defects into
the trans planar chain.?**® As shown in Fig. 7 (LB film) and
Fig. 8 (bulk) no large scale introduction of gauche bonds is
observed since significant growth of a 1080 cm ™! gauche
band does not occur with temperature. In previous work?®
on phospholipids, a band at 1080 cm ™' dominated the spec-
trum in this region when the all trans hydrocarbon chain was
raised to higher temperatures. Certainly, this is not the case
in either Fig. 7 or 8 although some high frequency asymme-
try is observed for the 1060 cm ™! v, (CC) band in both cases
as the temperature approaches the 80-90 °C range.

From Figs. 7 and 8 it is quite clear that the v, (CC) band
loses intensity as the temperature increases towards 100 °C
while the 1080 cm ™! shoulder becomes more pronounced,
indicating a rapid increase in the concentration of gauche
bonds. This is what would be expected for the onset of an
order—disorder transition which is known to occur in this
temperature region. It should be further noted that ellipso-
metric determination®' of the aerial mass density of an LB
film of CdA as a function of temperature indicated that the
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FIG. 7. Polarized Raman measurements of CC stretching region of CdA
multilayers as a function of temperature. v,—symmetric stretch;
v,—asymmetric stretch.

additional space needed for the hydrocarbon chains to disor-
der results from the creation of voids due to the ablation of
chain molecules from the monolayer.

IV. CONCLUSIONS

Polarized Raman measurements of Langmuir-Blodgett
films of CdA have been obtained using integrated optical
techniques. Symmetry analysis of the observed spectra indi-
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FIG. 8. Raman measurements of bulk CdA in the CC stretching region as a
function of temperature.
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cate that the hydrocarbon tails are oriented normal to the
surface as would be expected for the salt of a fatty acid.'!
Infrared measurements'? showed that chain disorder starts
occurring around 65 °C while the head group remained ori-
ented up to the “melting” temperature (110 °C). Raman
measurements reported here, on the other hand, show a be-
ginning evidence for gauche defects only above 90 °C. There-
fore, the increased chain mobility and disorder between 65
and 90 °C must be a result of chain tilting, probably near
voids and vacancies. Similar observations were made for
bulk CdA with the noted exception that the onset of motion
and disorder occurred at a slightly higher temperature than
that found in LB films. This suggested that a denser packing
of hydrocarbon chains exists in bulk CdA than in LB films of
CdA perhaps due to the additional packing constraints in
3D crystals.
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