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Abstract—Lorentz tensor and local field tensor components for uniaxial Langmuir—Blodgett films of cad-
mium arachidate from 3 to 100 nm thick on silver, polymethyl methacrylate, and glass substrates have been
experimentally determined using the data on the film refractive index dispersion in the visible range. The con-
straints from below on the mean value and anisotropy of the molecular polarizability caused by the intermo-

lecular interactions in the film have been established.
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Nanoscale Langmuir—Blodgett (LB) films are
promising as elements of molecular electronics and
optoelectronics [1—3]. Methods of linear optics and
spectroscopy are efficient for studying their structure
and properties [1—3]. Quantitative interpretation of
data is based on the relation [4]

g(ow) = 1+4nNfi(o)y (o) (1)
between the permittivity components ¢, and the
ensemble-averaged components y; of the molecule
polarizability for light waves polarized along (j = ||)
and across (j = 1) the film optical axis n (N is the

number of molecules per unit volume). The compo-
nents f; = 1 + L,(¢; — 1) of the local field tensor relate

the local field £ (®) = () E|(®) of the light wave
acting on the molecule to the macroscopic field E(w)
of the light wave in a medium. In the film transparency

range, g = nj2 , n; are refractive indices, and L; are
Lorentz tensor components (SpL = 1). Information
on the orientational order of molecules and their
properties is contained in components y; which are
determined from relation (1) and depend on f; and L,.
Therefore, to study LB films and to model their prop-
erties, the values of L, should be experimentally deter-
mined, which is possible with the availability of the
dependences ny(A) of the film refractive indices on the
light wavelength in the visible transparency range [5].
In this study, the aforementioned method is used to
determine components L; and f; in LB films of cad-
mium arachidate (Cd—A) on various substrates and to
determine constraints imposed by the formation of the
LB film and intermolecular interactions in it on prop-
erties of the molecular polarizability tensor .

The optical axis n of Cd—A4 films is normal to the
substrate surface, and the longitudinal axes 1 of [CH;—
(CH,)5—C(0)O7],Cd** molecules are preferentially
oriented along n [2, 6—8]. For Cd—A4 molecules with-
out aromatic fragments, the difference between polar-
izability densities for hydrophobic aliphatic chains and
hydrophilic “heads” can be neglected, and the depen-
dence of the components y(z), €(z), L(z), and f(z) on
the coordinate z || n within the molecular layer in for-
mula (1) can also be ignored. A measure of the orien-
tational order of molecules with respect to n is the
quantity S = (3cos’0 — 1)/2, where 0 is the angle
between 1 and n axes, and angle brackets (...) mean
averaging over the molecular ensemble. For uniaxial
Cd—A4 molecules, the tensor y with longitudinal (y,)
and transverse (y,) components is characterized by the

mean value y = (y;,+ 2y,)/3 and anisotropy Ay =vy,—v,.

For LB films with Ay >0 and Ae = (¢ — ¢,) >0, the
component L, (L;=1-2L,) isdetermined as follows.
In the visible transparency range, we use the parame-
ters € = (g + 2¢,)/3, 0 = Ag/(€ — 1), and the quanti-
ties depending on them,

o 20°E-1) _ _3E-1 _,
0 33+0)(e+2) 4nNY(E +2) 0’(2)
2r,0°

_ 2
b, = (—3—Q)(3+2Q)’ b, = b[(6+0Q)/0].

At a given film state characterized by the index 7,
these quantities are functions of 7, and the desired
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value of L, (7) is related to them by the expression [9]

[ =7 _(E+2)
* lk 12(e-1) (3)
12
x[(biby) " =b—[(b,=b)(b,—b)]"].

The sign of the anisotropy Af' =/, — f, is the same as the
sign of b, and the value L, = (3 + 20)/[3(3 + Q)] cor-
responds to the conditions » = Af = 0. The function
b(A, T) depends on the unknown 7 . If the values n,(2,,
T) are known for a discrete set of values A(i=1 —p) in
the visible range, the function 6(A, 7) in the range A, —
A, is approximated by the polynomial

bLT) = af(T)+a(Dr+...+a,(TA". (4)
The value of L (7) is independent of A, and m + 2

1/2

unknowns {L(lm) , ag — a,,} correspond to the state 7.
They are determined from the system of m + 2 = p
equations (3) each corresponding to one of values A,.
The higher approximation in (4) implies the higher
accuracy of values ni(A, T); otherwise, the set of equa-

tions with respect to { L(lm) , ay — a,,} can have no phys-

ical solutions. The criterion of adequacy of the
approximation used in (4) is the accordance of the val-

(m)

ues L, with the values (L(lm_ 1)> averaged over the

D

values L(lm_ corresponding to all possible combina-

tions of p — 1 references A, from the set A, — A, [5]. In
contrast to the known methods for determining the
components L; and f;, in uniaxial molecular media [4],
this method is free of a priori assumptions on unob-
servable molecular parameters (sizes of molecules and
anisotropy of their shape, properties of the tensor v,
oscillator strengths of molecular transitions).

For Cd—A films on various substrates, the depen-
dences n(A) in the visible range are known [2, 6, 7].
For films on silver substrates, the table lists the values
ny(\) graphically presented in [6] and averaged over a
set of samples with numbers of molecular layers from
1 to 12, which corresponds to the film thickness d =
2.7-32.3 nm [6]. For Cd—A films on polymethyl
methacrylate (PMMA) and glass substrates, the table
lists the values n()) [7] averaged over samples with
numbers of layers 29, 37, and 41 (d = 77.7, 99.2, and
109.9 nm).

For the Cd—A film on silver, the values n/(};) at six
references A; yield identical values L(f) = 0.3570 and

(L' = 0.3571 + 0.0014. For the film on PMMA
(glass), the values ny(};) at three references A, yield

L =0.356and (L") =0.352+0.002 (L\"” =0.365
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Parameters A; (um) and the dependences of the indicated
quantities on A; for Cd—A films on silver, polymethyl meth-
acrylate, and glass substrates

Substrate A n n —Af c
Ag 0.4416 | 1.5775 | 1.5344 | 0.058 | 0.429
0.4579 | 1.5751 | 1.5314 | 0.057 | 0.414
0.4880 | 1.5695 | 1.5269 | 0.057 | 0.424
0.5145 | 1.5666 | 1.5238 | 0.056 | 0.415
0.6041 | 1.5524 | 1.5100 | 0.054 | 0.397
0.6328 | 1.5478 | 1.5048 | 0.052 | 0.379
PMMA | 0.4579 | 1.589 1.544 0.053 | 0.384
0.5145 | 1.571 1.533 0.058 | 0.485
0.6328 | 1.550 1.517 0.059 | 0.563
Glass 0.4579 | 1.616 1.536 0.061 0.252
0.5145 | 1.568 1.525 0.090 | 0.670
0.6328 | 1.565 1.525 0.093 0.739

and (Lio)> = 0.362 £+ 0.003), which are in agreement
within the accuracy of the <L10)> determination. In

this case, the value L(l') (Ag) = 0.361 corresponding to
the values n;(,) at the same references A, as for PMMA
and glass substrates is identical to the average value

(2" (PMMA) + L (Glass)]/2. Let us note high

accuracy of values (Lio)) for Cd—A films on PMMA
and glass substrates at low accuracy (=0.01) of values
n () [7]. The weak dependence of L on the film thick-
ness is caused by the use of the values n,(2,) [6, 7] aver-
aged over samples of various thicknesses. The difference
of the values n(},) at identical A, for Cd—A films on var-
ious substrates appears at slightly different L, .

The anisotropy Afis more sensitive to these factors.
For Cd—A films on silver, a weak decrease (a signifi-
cant increase) in |Af] in the range A, — A, corresponds
to the absence of the change An = n — n, with increas-
ing A (decreasing An for films on PMMA and glass).
The sign and value of Af reflect the constraints
imposed by intermolecular interactions on the values
of ¥ and Ay during organization of molecules into an
anisotropic ensemble [9]. Using the parameter

A= (L-1/3)/(L,—1/3), (%)

the value quantity Af and average value /; =y +
2f1)/3 can be written as

Af = Q(E-1)(1-4)/3,
) f = 0(&-1)(1-4)/ ©)

f=E+2)[1-A(1-ry]/3.
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For Cd—A films on all substrates in the visible
range, the experimental values of L, satisfy the ine-
qualities L, > L, >1/3, A> 1, and Af < 0. Taking into
account AyAf< 0 in the relation [4]

E—1 = 4nNf + 2SAYAS/9) (7)
we obtain the following constraints
_>é—1 3(e-1) )

4nNf 4nNry(€+ 2)
The quantity SAy is given by the expression [5]

SAy = y0(1 + o), &)

where the correction ¢ to the anisotropy Afis given by
2

o= A9 - 0°)(3 +20) (10)

O[3(3+0)(e+2)ry + Af(3-0)(3+20)]

The signs of ¢ and Af'are opposite; in the visible trans-
parency range of Cd—A films on all substrates, ¢ > 0.
The values of Afand  calculated by formulas (6) and
(10) using the values n(2,), components L,(Ag) =
0.357, L, (PMMA) = 0.356, and L, (Glass) = 0.365,
are listed in the table. We can see that despite small val-
ues of Af, the values of ¢ are not small and are signifi-
cant for determining the values of Ay.S by formula (9).
Taking into account (8) and (9), we obtain the con-
straints

As_(1+6)> 3Ae

4 Nf 4nNry(s+2)

SAy > (11)
Upper estimates of ¥ and SAy in formulas (8) and (11)
differ slightly from their exact values in (7) and (9).
The right-hand sides of formulas (8) and (11) cor-
respond to the values of ¥ and SAy at Af = 0 and the

isotropic tensor f= f(A=1) = (¢ + 2)ry/3 < (¢ +
2)/3. At given S controlled by LB film preparation
conditions [1], constraints (8) and (11) reflect the
effect of intermolecular interactions in the film on the
components v, = y + 25Ay/3 and y, = ¥ — SAy/3
which vary mutually consistently with n(), L;, and f..
This is important to understand and model properties
of artificially organized anisotropic molecular ensem-
bles, since it is generally accepted that molecular
properties remain unchanged during the formation of
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such ensembles. The determination of the compo-
nents L;and f; makes it possible to control properties of
molecules during their structural organization.

For LB films whose molecules contain hydrophilic
fragments such as large aromatic groups (chro-
mophores, dyes [1]) with electronic structure and
polarizability density significantly different from those
of hydrophobic fragments, the used method for deter-
mining the components L;and f; is inapplicable. Sepa-
ration of the film molecular layer into submonolayers
formed by hydrophilic and hydrophobic molecular
fragments results in modulation of the components
Y42, €(2), L(z), and f(z) in the molecular layer and
also requires the description of optical properties of
such LB films as layered two-component composite
materials.

Finally, we note that the studies of the dependences
n () for LB films in a rather wide spectral range are
rare so far [1-3, 6, 7]. The new possibilities of using
these dependences to experimentally determine the
components L, f;, and the values of y, SAy (at known
density p o« N) can stimulate the development of the
methods for measuring n,(2) for LB films in two direc-
tions: increasing the accuracy of #; and extending the
spectral range of A.
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