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Electrotechnical Laboratory, 5-4-1 Mukodai, 188 Tanashi, Tokyo, Japan

(Received June 16, 1978)

The behavior of dc and ac conductivities is studied in the Langmuir multilayer fitms sandwiched
between aluminium electrodes. The structure-dependence of conductivities has been systematic-
ally examined on different film structures constructed by the Molecular Assembly Technique.
The constituent monolayers used were Cd salts of fatty acids CH,—(CH,),_,—COOH with
n = 16, 18,20 and a mixture (C, 4),—{(Cao); -, . The structure dependent aspects are summarized
in the following items, which are reasonably interpreted by the model based on the hopping or
thermally assisted tunneling of electrons via localized states assumed at each monolayer inter-
face:

1) exponential decrease of dc conductivity with increasing chain length of the fatty acid
radical.

2) the same exponential variation of dc conductivity for mixed monolayers;

3) reduction of dc conductivity caused by one single C,, monolayer introduced into C 4
multilayer system;

4) frequency-dispersion of conductivity in heterogeneous multilayer assemblies in accordance
with the theoretical prediction.

1 INTRODUCTION

The designed arrangement of molecules is a valuable tool for research in the
molecular sciences. This will enable to construct organized molecular
system, such as seen in living cells, in which the constituents cooperate with
each other to realize a variety of stereo-specific functions.

Multilayer assemblies are constructed using the Langmuir-Blodgett tech-
nique' by depositing an arbitrary number of monolayers one on top of the
other following a planned sequence. The original Langmuir-Blodgett tech-
nique comprises manipulation of a monolayer of fatty acid or its salt upon a
water-air interface followed by transfer onto a substrate which is dipped and
raised through the interface.
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On this basis, Kuhn and his co-workers have developed the Molecular
Assembly Technique,? with which various ‘“ heterogeneous assemblies ” with
deliberately designed sequences of different constituent monolayers can now
be constructed as well as the usual Langmuir films or the ‘““homogeneous
assemblies.”

The studies of charge carrier transport in the multilayer system started as
early as in the 1930’s.? The earlier studies, however, seem to have treated the
system as a continuous medium, only making use of the designable thickness
given as an integer multiple of the monolayer thickness. The structure in the
molecular arrangement was therefore neglected and, consequently, no
systematic examination was carried out as to what extent the electrical
properties were related to the structure of molecular dimension. Another
fatal point was the use of rather unstable monolayers sucn as Ba and Ca
salts or even free acids, which are now known to be apt to undergo structural
change during or soon after the deposition,* quite in contrast to Cd salt Y-
type films, each characterized with a well-defined bilayer d-spacing and the
nearly hexagonal order of molecular chains.®

As for the treatment of the superstructure in the monolayer sequence, the
only exception among the earlier reports is a paper of Nathoo and Jonscher,®
who discussed the possibility of the bilayer hopping of electrons via localized
states assumed to locate at every other interface of the multilayer system.
The use of free acid monolayers, however, resulted in a poor reproducibility
of electrical measurements, which prevented them from further elucidation.

In recent years, a series of papers have been released aiming to clarify the
relation between the structure and the carrier transport in order to charac-
terize Cd salt monolayers, i.e., the standard constituents in the multilayer
assembly construction.” '* It was found that the bilayer hopping is not the
case with the Cd salt system, and that the transport is rather explained as the
single-layer process, suggesting the existence of localized states at each
interface.

The present paper gives a summary of the structure-dependent feature of
carrier transport observed in the Cd-salt multilayer system without dye-
sensitizers together with a review of the single-layer hopping model by which
the experimental results are interpreted.

2 OUTLINE OF THE THEORY

In this section, a review is given for the hopping model, which is based on
the following assumptions:

1) each constituent monolayer is associated with localized electronic
states at both interfaces, disregarding the difference between the hydrophilic
and hydrophobic interfaces in the Y-type multilayers;
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2) the charge transport is the hopping conduction of electrons via those
interface states;

3) each hopping event is characterized with a single rate determined by
the interface separation and the electron energy.

The hopping rate is estimated on these assumptions by applying a Mott-
type variable range scheme!® to the monolayers.

The conductivity of the multilayer system is calculated by employing the
extended Montroll-Weiss formalism.'® The nearest neighbor approxima-
tion is adopted in the calculation, and, therefore, the single-layer process
alone is taken into account.

2.1 The most probable hopping rate

As already given in the previous papers,®-!? the hopping rate can be estimated
starting from a Miller—Abrahams-type expression,!’

A = Ao(2eR)¥? exp(—24R — AJKkT), (1)

where a, R and A are the wave function damping constant, the hopping
distance and the hopping energy, respectively, and k is the Boltzmann
constant, T the absolute temperature. The most probable rate should be
resulted from a compromise between the smallest A and the shortest R,
which are correlated with each other as function of the interface state density
N’ around the Fermi level and the interface separation /. This situation is

described by the application of the variable range mechanism,!® and we
obtain,
A, = (kT/aND?, 2)
and,
" 1 . 12
Rm=l+—2—1=l+§(1/1zNodkT)/, 3)

as the most probable values, where the suffix m refers to the most probable
value of each variable, and r,, is the radius of hopping domain within which
the electron is likely to find a state to hop into.

The most probable rate is given as

A, = Ao(2al)*?* exp[ —2al — (4o/nN'IkT)?], @)

using Eqgs. (1)—(3).

As shown in a previous work,'! the above equations are extended for the
mixed monolayers involving different chain lengths. Two extreme cases are
considered:
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a) the local compositions within the hopping domains are identical every-
where in the monolayer, the homogeneous mixing case;

b) the monolayer is subjected to the large scale fluctuation of local
composition, the phase separated case.

In case a), it has been shown that Eqs. (2)-(4) are valid if / is replaced with
the average {/), and that the hopping process is characterized by a single rate,
while in case b) different rates are involved in the process.

2.2 The frequency-behavior of conductivity

A generalized expression of conductivity is given by the well-known fluctua-
tion-dissipation theorem!® as,

o(w) = €*(0n/d0); ReD(w), (5

where e, nand { are the unit charge, the carrier concentration and the chemical
potential, respectively, and D(w) is the Fourier transform of the diffusion
coeflicient.

Scher and Lax !¢ apply this theorem to a system of non-interacting carriers
obeying Boltzmann statistics,

(0n/00)y = nlkT, (6)
and derive the expression,

P2 o
Diw) = (l—(;)— %([F(t) — H0)]*>e " dr. (7
0
In Eq. (7), F is the position vector and the angular brackets denote the en-
semble average. They then introduce the Montroll-Weiss formalism'® for
continuous time random walk on a discrete lattice.

In the previous paper,!3 we have studied the frequency-behavior of con-
ductivity in the multilayer assemblies by applying the theory of Scher and
Lax in the reduced dimensionality in the system. For heterogeneous assem-
blies, a frequency dispersion of the conductivity has been predicted as
characteristic of each superstructure in the layer sequence, while the homo-
geneous assemblies or usual Langmuir films have been found to show a
frequency-independent conductivity. The dispersion frequency, in contrast
to the Maxwell-Wagner-type interface polarization, has been immediately
related to the single-layer hopping rate.

The conductivity expression is easily extended to the larger unit cells of
monolayer sequence. If the unit cell of a heterogeneous assembly is con-
structed by depositing M, monolayers with the larger rate 1, and then M,
monolayers with smaller rate A,(4; » A,) for carriers near the Fermi level,
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the conductivity in dark is approximated as,

_ M+ My N M, . [e(M Dw/4,]?
PTM M, T+ [eM)wlA]F

®)

where ¢(M,) is evaluated as,'*
(M) = 0.103 M2 + 0.189 M, + 0.207, )

and g, and g, are the frequency-independent conductivities of the corres-
ponding homogeneous assemblies, respectively, each given by Eq. (5) using,

D(w) = 1?4 (10)
The dielectric constant &) is given as,
M, o(My)[2
M, + M, 1 + [e(M)w/1,]*

by means of the Kramers—-Kronig relation, where ¢(c0) refers to the value for
w > A,/c(M)).

&w) = &) + (11)

2.3 The averaging mechanisms

The effect of inhomogeneities in the assemblies has been considered also in
the previous work,'3 since the actual assembly system is inevitably associated
with occasional structural and compositional imperfections. It has been de-
duced that the single-rate scheme is apparently held even in the phase-
separated case, and that the conductivity by the same Eq. (10), if the rate 4 is
replaced by the average {A). The conductivity can therefore be written as,

g = o({A)) = (a(4)), (12)

if we neglect the difference of / in other terms than exp( —2al/).
The conductivity expression for the homogeneous mixing case is, however,
approximated as,

o = o AL)], (13)
with reference to Eq. (4), or rather as,
log o = <{log o(4)), (14)

since in the realistic case the dominant term is exp( —2a/).

Two different averaging mechanisms are discriminated from each other.
Eq. (12) will give larger conductivity than Eq. (14), since the arithmetic
average is always larger than the geometrical average if the variable is
associated with a non-zero deviation.
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3 EXPERIMENTAL

3.1 Sample preparation

The capacitor-type junctions were fabricated employing the Molecular
Assembly Technique.?

The substrate, each 1/4 (13 mm x 38 mm, 1.2 mm thick) of an ordinary
slide glass, were after a preliminary ultrasonic cleaning, put in a saturated
solution of KOH in ethanol for4 ~ 5 hours, rinsed with bidistilled water in
an ultrasonic bath, and then dried in a hot ambient (80 ~ 85°C).

The base and top electrodes were Al (99.9999 %) vacuum-evaporated films
formed on the substrate under a pressure <1073 Torr before and after the
monolayer deposition, respectively.

Three junctions were formed on each substrate as shown in Figure 1. Type
(a) samples with the contact area of 0.200 + 0.003 cm? were used for dc and
low frequency ac measurements, while type (b) samples were for the measure-
ments at frequencies =30 Hz. In the following text, the samples to be re-
ferred are of type (a) unless it is otherwise mentioned.

Al multilayers to be referred are Y-type films formed by alternate stacking
of hydrophilic-to-hydrophilic and hydrophobic-to-hydrophobic contacts of
monolayers. The Cd salt monolayer was prepared by spreadinga 5 x 1073
M solution of the fatty acid in chloroform (spectro-grade, Tokyo Kasei Co.,
Tokyo, Japan) on a subphase of 4 x 10™* M CdCl, in bidistilled water. The
acids used were n-carboxylic acids CH;—(CH,), - ,~COOH with n = 16, 18
(palmitic and stearic acids for gas chromatography from Fluka AG, Buchs,
Switzerland) and 20 (Arachidic acid (synthetic) from Eastmann Kodak Co.,
Rochester, U.S.), each of which will be referred by the abbreviation C, in
the following text.

(a) MULTILAYER FILM

o= CADMIUM SALT OF FATTY ACID

FIGURE | Schematic representation of the sample geometries (a) and (b), and the assembly
structure. The cross section of a seven-layer assembly is shown at right.



Downloaded by [Tomsk State University of Control Systems and Radio] at 04:22 23 February 2013

ELECTRON TRANSPORT IN MULTILAYER ASSEMBLIES 189

The pH of the subphase was controlled by adding a small amount of either
HClor KHCOj to ensure conditions appropriate for C4,C,4,Cy¢and alsoa
mixture (C,4),~(Cyq); —, to form the Y-type films with the deposition ratio
of approximately unity under a surface pressure of approximately 25 dyne/
cm. The pH and the temperature ranges adopted for preparation extended
from a pH of 6.2 ~ 6.3 for 16°C up to pH of 6.5 ~ 6.6 for 23°C.

3.2 Electrical measurements

The circuits for electrical measurements on type (a) samples are the same as
given in Ref. 14. The dc and low frequency ac admittance, i.e., the conduct-
ance and the capacitance, was obtained by analyzing the Lissajous’ figure.

The admittance at frequencies =30 Hz was measured on type (b) samples
toeliminate the Maxwell-Wagner spurious effect by employing a capacitance
bridge Ando TRS-10C (Ando Electric Co., Tokyo, Japan).

Each sample was stored for more than five days in a desiccator, and then
measured either in a dry air or in the liquid nitrogen as described in the
previous paper.!°

4 RESULTS AND DISCUSSION

4.1 Sum rule of inverse capacitance

Figure 2 shows the inverse capacitance plotted against the number of mono-
layers deposited M. These data were taken on C, ¢ multilayer assemblies for
10~ * Hz at room temperature (a) and at liquid nitrogen temperature (b). The
linear relationship seen in the figure was found also for different frequencies
and different monolayer species as well. This indicates that the sum rule of
inverse capacitance holds in the homogeneous system, and the contribution
of the individual monolayers and the oxide layers at electrode surfaces can
be separated from each other.

The dielectric constants of C,s, C,3 and C,, monolayers have been
evaluated by employing the least-squares method based on the expressions,

1/C = 1/C,, + M|C,, (15)

and,
e = £,dC;[24, (16)
where C, C;, and C; are the capacitances of the junction, the oxide and the
monolayer, respectively, and 4 = 0.200 + 0.003 cm? is the electrode area

of type (a) junction, d is the bilayer spacing given in Table I, and ¢, = 8.854
x 1072 F/m refers to the value for vacuum. The relative values for 107!,
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e (10'F Y

(a) (b)

FIGURE 2 Inverse capacitance at 10”2 Hz of M-layer C,s homogeneous assembly for room
temperature (a) and 77 K (b).

TABLE 1

Bilayer d-spacings of Y-type Cd salt multi-
layers [after Ref. 5].

Constituent Bilayer d-spacing
monolayer
C,¢ (palmitate) 453 + 0.1
C, ¢ (stearate) 50.3 £ 0.1
C,, (arachidate) 553 + 0.3

1072 and 1073 Hz are listed in Table II together with those for 1 kHz re-

calculated for the d values in Table I using the data of Polymeropoulos2® and
Mann and Kuhn.?!

For each monolayer species, the dielectric constant is rather insensitive to
both temperature and frequency, even up to 1 kHz. This confirms the higher
stability of Cd salt multilayers, since this implies the absence of dominant
relaxation process of ions in the corresponding frequency range.

4.2 Bulk ohmic relation of dc conductance

The dc conductance is subjected to the larger deviation in comparison to the
capacitance, and the statistical viewpoint is indispensable to avoid the mis-
interpretation based on the singular cases.
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TABLE U

Dielectric constants of monolayers

Relative dielectric constants ¢/g,

Monolayers Temperature 1073 Hz 102 Hz 107! Hz 10* Hz

C, ¢ (palmitate) R.T. 3.08 + 0.12 293 + 0.07 2.86 4 0.06 2.9 + 0.3
77K 2,93 + 0.06 292 + 0.06 2.91 £ 0.06

C, 4 (stearate) R.T. 277 + 0.07 2.75 + 0.06 2.67 £ 0.05 2.64 + 0.17°
77K 2.82 £ 0.07 2.78 + 0.06 2.74 + 0.06

C, (arachidate)} R.T. 247 + 0.07 248 4 0.05 2.44 £ 0.05 2.49 £ 0.07°
77K 2.53 £ 0.06 2.49 + 0.05 2.48 + 0.05

R.T. refers to room temperature (291 to 293 K).

* After Polymeropoulos [Ref. 20].

® After Mann and Kuhn [Ref. 21].

The values are recalculated employing the d-spacings in Table I.

50 T T T T v 1 v
<
g 40
@
§ 0 F | |
o
W 20
N
=]
<
5 10+
0 " N 1 " 1 H
-1 -10 -9 -8 -7

10g,,G(Q) (mho)
FIGURE3 Normalized histogram of G(0) at 77 K for three-layer C,, homogeneous assembilies.

Figure 3 shows the histogram of dc conductance at liquid nitrogen tem-
perature for three-layer C,4 assemblies, where the data with G(0) > 1077
mho (about 50 % of the junctions measured) are eliminated from the statistics.
Two peaks are seen even after the elimination of the short-circuited junctions,
suggesting the co-existence of two different conduction mechanisms. If the
main peak at the lower G(0) is assumed to be the hopping mechanism, we
obtain {log,,G(0)) = —9.42 + 0.29 by eliminating the data with G(0)
> 2 x 107% mho as ascribed to be due to the direct tunneling through larger
pin-holes or cracks. The peak splitin the histrogram and the higher occurrence
of the short-circuited junctions are common features of the three-layer
assemblies. For the assemblies with M = 5, however, the histogram patterns
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FIGURE 4 dc Conductance of C,4 homogeneous assemblies at 77 K plotted against the layer
number M.

are single peaked and fairly symmetrical in the semi-logarithmic scale, and
therefore we may duly take the averages and the deviations.

Figure 4 shows G(0) of C, ; assemblies at 77 K plotted against M in a holo-
logarithmic scale. The straight line in the figure represents the bulk ohmic
relation G(0) o« M ™!, which is compatible with the actual behavior, although
the deviations are rather large.

4.3 Exponential decrease of dc conductance with the chain length

The dc conductance of seven-layer C, assembly is listed in Table III and also
shown in Figure 5 in a semilogarithmic scale plotted against the number of
carbon atoms n per acid radical, where (a) and (b) refer room temperature
and 77 K, respectively. The data for 77 K were the same as reported in a
previous paper,'® but, the geometrical averages are presented here.

The exponential dependence is seen in the figure for both temperatures.
The straight lines in (a) and (b), each drawn by simply connecting the averages
at both extremes of n, are identical in the slope, 0 log,,G(0)/én = —0.6.
Further, as already argued in the previous paper,!° this value can be identi-
fied with the wave function damping constant 2a = 1.49 + 0.13 A~! ob-



Downloaded by [Tomsk State University of Control Systems and Radio] at 04:22 23 February 2013

ELECTRON TRANSPORT IN MULTILAYER ASSEMBLIES 193

TABLE 111

dc Conductance of seven-layer homogeneous assemblies of C,

Conductance in mho

at Room temperature at 77K
Constituent
monolayer log, o G(0) 10€10g,0 GO log, G(0) 10100 G(0))
C, " (palmitate) -8.60 + 0.44 2.5 x 107° —-9.78 + 0.46 1.7 x 10710
C,; (stearate) -9.91 + 0.53 1.2 x 1071° —10.83 + 0.52 1.5 x 107
C,o" (arachidate)  —11.09 + 0.63 8.1 x 107'2  —1224 + 0.57 5.7 x 107"3

2 After Ref. 14.

I
£
[S
<
-
o
A
2
o]
o
-
_‘2 - -
-’3 i 1 1
16 18 20
n n
(a) (b)

FIGURE 5 dc Conductance of seven-layer homogeneous assemblies of C, monolayers at
room temperature (a) and 77 K (b) plotted against the carbon number ».

tained by Mann and Kuhn?! in their measurement of direct tunneling current
in the single-layer junctions.

The difference of G(0) between both temperatures is about a decade for
each n. The temperature-dependence is typically characterized with 77~ /2
variation as already reported.!? These may plausibly eliminate the band con-
duction and the classical hopping over a potential barrier from the possible
mechanisms, since in this insulative system much stronger temperature-
depence should be otherwise expected.
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TABLE 1V

dc Conductivities of C, multilayers

Conductivity in mho cm ™!

At room temperature At7TTK
Constituent
monolayer log,o 0(0) 1ollogyg a(0)) log,, 0(0))> 10€log o a(0)>
C,¢ (palmitate) —13.70 £+ 0.44 2.0 x 10714 —14.88 + 0.46 1.3 x 10715
C, g (stearate) —-14.97 £ 0.53 1.1 x 10713 —15.89 + 0.52 1.3 x 107146
C,o (arachidate) —16.10 + 0.63 7.9 x 107V —17.25 £ 0.57 5.6 x 10718

The dc conductivity for each n is calculated from the seven-layer conduc-
tance by assuming the bulk ohmic relation,

o(0) = MdG(0)/24, (17
and listed in Table IV.

4.4 The same exponential dependence in the mixed system

The same exponential behavior is found in the mixed system (C,¢),~(Cy0)1 -«
as reported before.!! In this case, the relation is held between the dc conduc-
tance and the average number {n). The data in the previous paper are
replotted in Figure 6, where G(0) of seven-layer assembly at 77 K is shown in

Lo g,56(0) (mho)

m»

FIGURE 6 dc Conductance of seven-layer mixed system (C,4),—(C;p), -, The solid and
dashed lines correspond to the homogeneous mixing and the phase-separated cases, respectively
[replotted after the data in Ref. 11].
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TABLE V
dc Conductance of seven-layer homogeneous assemblies of mixed monolayers

(Cm)x“ (Czo)1 -x

Average
Molar number of Conductance in mho at 77 K
fraction carbon atoms
x {ny log,o G(0) 10€10g,0 G(0)5
0* 20 —12.24 + 0.57 5.7 x 10713
0.10 19.6 —12.24 + 0.68 57 x 10713
0.25 19 —11.67 + 0.61 2.1 x 10712
0.50 18 —10.68 + 0.62 2.1 x 1071t
0.75 17 —10.22 + 0.68 6.1 x 107!
0.90 16.4 —9.79 + 0.46 1.6 x 1071°
1.00* 16 —9.78 + 0.46 1.7 x 10710

* The values are taken from Table [I1.

a semi-logarithmic scale. The corresponding values are listed in Table V.
The solid line in the figure is the same as in Figure 5(a), connecting the aver-
ages at both extremes, and now represents the relation given by Eq. (14), i.e.,
the homogeneous mixing case. The phase-separated case [cf. Eq. (12)] is
shown by the dashed curve which does not fit to the actual behaior. It is
indicated therefore that the conduction is governed by the average chain
length in this system.

4.5 ac Conductance of homogeneous system

Figure 7 shows the examples of G(w) of homogeneous seven-layer C, 4 (A),
C,s (B) and C,, (C) assemblies at 77 K. Each thin solid line represents the
limit of measurement corresponding to tan § = 10”2, For lower frequencies,
therefore, the conductance is frequency-independent in each case in accord-
ance with the theory [cf. Eq. (10)].

For higher frequencies, the conductance is characterized with the almost
linear variation’ as shown in Figure 8. This component is rather insensitive
to both structure and constituent?? in contrast to dc and low frequency ac
conductances, and, therefore, beyond the scope of the present paper.

4.6 Reduction of dc conductance caused by one single C,,
monolayer

The C,, monolayers, when incorporated in the C, ; multilayer system with the
higher conductivity, are expected to reduce rather drastically the assembly
conductance.'® This has been checked by employing the C,¢-C,, hetero-
geneous system involving one C,, monolayer. The detailed description is
given in a separate form,'* and the outline is reviewed here.
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FIGURE 7 Examples of G(w) at 77 K for seven-layer assemblies of C,¢ (A), C,5 (Byand C,,
(C). The thin solid lines represent tan § = 1072, each indicating the limit of measurement for
the corresponding assembly.
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FIGURE 8 An example of the almost linear variation of G(w). The characteristic refers to the
data at room temperature taken on a type (b) junction with seven-layer C,4 film.
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FIGUREY Normalized histrograms of dc conductance at 77 K of the seven-layer heterogeneous
and homogeneous assemblies. The solid and dashed lines refer to the heterogeneous system
with 6C, ¢ and 1C,, monolayers and the homogeneous system (C¢)g g=(Cj0)o 1. respectively
[after Ref. 14].

Figure 9 shows the histogram of G(0) at 77 K of seven-layer heterogeneous
assemblies with six C,¢ and one C,, monolayers,i.e.,, M; = 6and M, =1
according to the notations in Sect. II. The histogram for homogeneous
seven-layer assemblies of (C,¢)g.0—(Cy0)0.1 is also given by a dashed line for
comparison, since the molar fraction x = 0.9 in the mixture is comparable
with the layer fraction M,/(M, + M,) = 6/7 = 0.86 in the heterogeneous
system. Two histograms are, however, rather different from each other,
showing that one single C,, monolayer can reduce the dc conductance by a
decade or even more down to the values lower than the average for C,q
seven-layer assemblies. The dc conductance should be according to Eq. (8)
identified with the seven-layer G(0) of C,, multiplied with 7. This is actually
the case with the main peak in the histogram, and therefore affords the direct
evidence of the single-layer process actually governing the multilayer con-
ductance. If the bilayer hopping were the case, the dc level should be around
the seven-layer conductance of C, 3 multiplied by 7/2, since a bilayer with a
C,6 and a C,, monolayers is equivalent to the C,4 bilayer in the bilayer
hopping scheme.

4.7 Conductivity-dispersion in the heterogeneous system

The frequency-dispersion of conductance has been actually observed in the
heterogeneous system involving one single C,, monolayer as predicted by
the theory. For the detailed description, the readers are referred to Ref. 14.
An example is shown in Figure 10, where G(w) and C(w) measured on an
Al(base) [4C,¢, 1C,4, 4C, ¢ ]Al junction are given for room temperature (a)
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FIGURE 10 Frequency-dependence of G(w) and C{w) for an Al{4C,,, 1Cyp, 4C 6 ]Al
junction at room temperature (a) and 77 K (b) [after Ref. 14].

10g1,G{w) {mho) or logClw) (F)

and 77 K (b). Each dashed line is the theoretical curves given by Eq. (8) fitted
for the data. The values of the parameters are calculated by using Egs. (4),
(5)and (8)(11), and are referred in Table VI. G,(0) and G,(0), the calculated
seven-layer conductances of C,4 and C,,, respectively, are within the
standard deviations of the corresponding actual seven-layer conductances
given in Table III. For the calculations of the common parameters N’,
(0n]dl) land Ay, weused 2a = 1.5 x 10°® cm™ 'asin the previous papers!®-!2
and the corrected value of interface separation / = 19.6 x 1078 cm ob-
tained by allowing for the finite thickness of the interface region.!*

N’ and 4, are in agreement with those estimated before in order of magni-
tude. The differential carrier concentration (dn/d{),! remains constant for
both temperatures. This is qualitatively in good agreement with the 7~ '/2
law of conductivity variation, since the temperature-dependence of Eq. (5)

TABLE VI

Parameters calculated from the data in Figure 10 [after Ref. 14]

At R.T. At77K
G,(0) (mho) 1.30 x 107°? 2.0 x 1071°
G,(0) (mho) 39 x 10-12 114 x 10-12
Aisec™ ) 6.79 1.31
(0n/8)p1 (eV™ ! cm™2) 8.7 x 10! 7.0 x 10'°
N (eViem™?) 6.4 x 103
Ao (sec™h) 1.4 x 102

The values used for calculation are, 2a = 1.5 x 108 cm™?,

! =19.6 x 1078 cm for C,4 and R.T. = 293 K.
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is then represented by the hopping rate alone, which is, according to Eq. (4),
characterized with the same T~ !/2 law. The magnitude is, however, by about
four decades smaller than the earlier estimate based on the simplified model
of degenerate electron system in which (8n/(),! is compared with N’.10-!2
This difference in magnitude is found to be cancelled with the larger value of
the actual hopping rate 4, which is rather in good agreement with the estimate
based on the corrected value of /.13

CONCLUDING REMARKS

We have reviewed the results of electrical measurements on the Cd salt multi-
layer assemblies together with the theory of hopping conduction based on
the single layer process in the one-dimensional array of interfaces associated
with the localized electronic states. The stability of the multilayer structure
in the Cd salt system has been confirmed by the sum rule of inverse capaci-
tances of individual constituent monolayers.

The structure-dependent aspects of conductance are summarized in the
following items:

1) the exponential decrease of dc conductance with the chain length of the
fatty acid radicals;

2) the same exponential relation between the dc conductance and the
average chain length in the mixed homogeneous system;

3) the drastic reduction of dc conductance caused by introduction of one
single C,, monolayer into the C, ¢ system;

4) the actual observation of conductivity dispersion in the heterogeneous
system.

These have been appropriately explained by the single-layer hopping
model.

We have said nothing about the origin of the localized states which are
assumed at each interface in the model. This remains still an open question,
and we cannot even deny such a possibility that those interface states are
extrinsic in nature due to some unknown contaminations, while the correc-
tion of interface separation found to be appropriate seems to favor the in-
trinsic origin due to the end groups of the fatty acid chains.
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