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Abstract

In the basic research of Langmuir-Blodgett (LB) films, most of the difficulties to deduce the inherent
structural and physical properties come from the' existence of many small regions with differing
orientation as two dimensional (2D) domain plates in each monolayer. To overcome such difficulties
we emphasize a strategy of studying the single crystal and the LB films which have the identical
molecular organization. As an example, we show a series of comparative studies on a stable
conducting LB films of [EDT-TTF(SCyg)2]2I3 and its single crystal. The success of growth of the
single crystals leads to a proposal of possible 3D mode! of molecular organization and clarification
of the electronic states responsible for the conductivity.

Résumé

Dans la recherche de base des couches Langmuir-Blodgett, la plupart des difficultés pour déduire
les propriétés inhérentes structurelles et physiques viennent de I'existence de beaucoup de petites
régions avec étre différent orientation comme des plaques domaine bidimensionnels (2D) dans
chaque monocouche. Pour vaincre telles difficultés, nous accentuons une stratégie d'études le
monocristal et les couches Langmuir-Blodgett qui vont l'organisation identique moléculaire.
Comme un exemple, nous montrons une série d'études comparatives sur les couches Langmuir-
Blodgett de la conduite stable filme de [EDT-TTF(SC1g)2]2I3 et son monocristal. Le succes
d’augmentation des monocristaux meéne a une proposition de possible 3D modele d'organisation
moléculaire et éclaircissement des états électroniques responsable pour la conductivité.

Footnote

The present paper has been published in the series Springer Proceedings in Physics, Vol. 81
"Materials and Measurements in Molecular Electronics”, K. Kajimura and S. Kuroda eds.,
Springer-Verlag, 1996 pp. 123-138.
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1. Introduction

In thin organized molecular films such as multilayered ultra-thin films, the molecular assemblies with
the well-defined structure are essential for the realization of the potential applications [1]. The term
"Langmuir-Blodgett (LB) Films" is used to denote monolayer and multilayers deposited from the
liquid-gas interface onto a solid substrate with ordered structure. It is a historical trend to try to
fabricate highly conducting LB films based on charge-transfer (CT) complex or CT salt by using
electroactive donor and/or acceptor molecules among fruitful functional molecules from the
viewpoint of molecular electronics[2]. Most of the studies following the above trend have been
encouraged by the rapid progress in the study of single crystals of CT compounds based on a donor
molecule TTF (tetrathiafulvalene, Fig. 1-1) or an acceptor molecule TCNQ
(tetracyanoquinodimethane) and their derivatives [2]. The LB technique allows one to produce films
of a precisely determined number of layers in principle, which ordinary crystallization methods do
not and LB films is much easier to incorporate into practical device structure [1]. On the other hand,
as the disadvantage of LB method we note that proper long-range order in the film plane has not yet
been achieved and it prevents to clarify physical properties [3]. In spite of the importance to the in-
plane molecular packing structure responsible for conductivity as described later, the existence of
many small regions with differing orientation in each monolayer makes difficulties in the study of
intrinsic structural and physical properties in the study on conducting LB films. Although x-ray
crucial ones to obtain the informations on the molecular organization and electronic transport
properties in the case of the crystals, these experimental techniques are strongly influenced by the
effect of the existence of the above mentioned domains in the case of LB films. Hence, the results of
such experiments show the averaged properties of randomly distributed domains. Therefore, it is
impossible to obtain the inherent physical properties on a single domain that should be essential to
conductivity. In this paper, we show that one of the strategies to deduce the inherent information on
structural and physical properties from the LB films is to study comparatively on the single crystal
which is composed of the same molecules and assembly with that of the LB films. Such approach
would provide the mechanism to realize higher conductivity and show the ways improve the
conductivity. As an example of the study following the present stratcf;y, we exhibit what is going
on the comparative study on conducting LB films of cation radical salt based on EDT-TTF(SC;g)>

((ethylenedithio)-bis(octadecylthio)tetrathiafulvalene Fig. 1-4 ) and its single crystal.

In the present organization, firstly we give a brief summary of the progress in the study of organic
CT crystals, which has given rise to the motivation of the study of conducting LB films (Sec. 2).
Secondly, we deal with the electronic state to obtain conducting organic CT molecular assembly and
the difficulties to achieve a well-defined electronic transport in LB films (Sec. 3). Subsequently, in
Sec. 4 we describe a basic strategy as the comparative study. In Sec. 5, we exhibit a general
preview on the conducting LB films of cation radical salt [EDT-TTF(SC1g)212I3 which we have
applied the present strategy. In Sec. 6, we report that the success in the crystal growth leads to a

proposal of the model of molecular assembly and precise clarification of inherent physical properties.
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Fig. 1 TTF and its derivatives with long alkyl chain which provides highly conducting Langmuir-

Blodgett films. TTF (1), BEDT-TTF (2), HDT-TTF (3) [16], EDT-TTF(SC18)2 (4), C16-BEDT-
TTF (5) [17]) and BEDO-TTE(BO) (6) [18].
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2. Historical background

Since the discovery of metallic conductivity peak in the crystal of CT complex, TTE-TCNQ in 1973
[4], the research field of crystals of organic low-dimensional conductor has been drastically extended
via the synthesis of a number of superconducting CT salts with the critical temperature up to 12.8 K
in BEDT-TTFCu[N(CN)2]Cl [5]. Thanks to the low ionization potentials of the constituent donor
molecules and the high electron affinities of the acceptor molecules, the several classes of binary
materials assigned as CT complex or CT salt (ion-radical salt) have been studied as the ionic or
mixed valence molecular species in the ground state. In these materials, a CT donor-acceptor
intermolecular interaction after Mulliken [6] is essential to the appearance of the electrical
conductivity, where its magnitude and the difference in the orbital energies of adjacent molecules are
important [7]. Crystals formed by both open-shell molecular ions and c¢losed-shell counter-ions
exhibit numerous fruitful physical properties. Cation-radical salts of 2-1 stoichiometry (we note it as
D7X, where D is a donor TTF derivatives and X is an anion, respcctively) issued from the TTF
(Fig. 1- 1) backbones present a series of organic conductors with a variety of ground states [8-9].
They are characterized by segregated stacks of TTF-type molecules with a regular packing of
* dimers, where mixed valence dimers Dyt are formed with molecules mostly associated with a
monovalent diamagnetic anion X~. In that case, carriers are able to move by hopping from dimer to
dimer, which conducts to metallic or semiconducting electronic properties. In physical interpretation
of such electronic system, during the last two decades, an extended Hubbard electronic and spin
Hamiltonian have described well those physical properties in most of quasi-one dimensional (1D)
organic conductors and during the last decade one finally achieved Fermi surface formed by two
dimensional (2D) molecular overlap in the electronic system, which has provided stable metallic
conductors and/or superconductors. Among the TTF derivatives, many compounds based on the
donor BEDT-TTF (bis(ethylenedithio)-tetrathiafulvalene,-ET : Fig. 1-2) molecule have been
synthesized [10). In this system, it is shown that the anion size and anion -CHy hydrogen

interactions are critical factors that control the packing of the ET donor molecule and determine the
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transport properties [11]. It can be easily seen that a series of quite fruitful electronic and magnetic
properties originate from different packing schemes of donor in cation-radical salts of ET molecule
[12). The discovery of the supcrconductivity of CT systems seems to have been accepted with great

technological relevance.

To submit such interesting donor-type TTF derivatives to the fabrication of the multilayered thin
films by LB techniques, it is necessary to obtain the stable monolayer on the water surface [2,13].
In contrast to the case of organic crystals, donor-type TTF molecules generally oblige to have long
aliphatic chains to constitute a stable packed molecular assembly on the water surface, since the
molecule should be amphiphilic. Therefore, if we use the same TTF-type donor molecule and anion
to fabricate LB films as used in the CT crystal, the obtained molecular assembly is not generally
identical in both LB filins and crystals. Historically, Saclay group [14] in France succeeded to build
conducting LB films of charge-transfer complex based on an acceptor-type TCNQ for the first time
and subsequently the fabrication of LB films of TTIF/TCNQ has been done by Nakamura et al [15].
Figure 1 exhibits scveral TTF-family molecules which have given highly clectrical conductivity in
the form of LB films. As summarized by Roberts [1], mostly ohmic behavior is observed with room
temperature dc conductivities in the range 10-4 - 102 S/m. The conductivitics are thermally activated
as in doped inorganic semiconductors. However, higher conductivities than those above are inferred
from optical conductivities, which has been interpreted that "grain boundaries” in the film plane may

well be limiting the dc values [1].

3 . What controls the electronic properties in LB films?

In the following, we will focus on the conducting LB films of 2-1 cation radical salts based on long
chain alkyl TTF derivatives.Several key factors have been proposed to obtain a well-defined
conducting LB films [2,13]. We can summarize them as: (1) stability and transferability of
monomolecular layer on the water surface, (2) stability of multilaycred films after the deposition, (3)
achievement of the dimer with mixed-valence state as cation-radical salts which is also essential in
the case of crystals. However, we think that the above mentioned points are not sufficient and the
following important point should compensate : (4) formation of 2D in-plane molecular packing to
achieve sufficient values of transfer integrals intra- and/or.interdimers. The last point (4) is quite
important for higher conductivity, since the development of 2D lateral overlap of the molecular
orbital gives a metallic state and dominates electronic properties. That is, the origin of electronic
properties is attributed to the dimer packing arrangement in the film plane. As described in the
preceding section, we can easily see in the case of crystals that a series of quite fruitful electronic and
magnetic properties originate from 2D different packing schemes of donor in cation-radical salts of
ET molecule [12].

Let's us consider more detailed electronic state in dimers to provide electrical conductivity.
Supposing the mixed valence isolated dimer as D2+ or D*DO, the electronic state has two energy

levels separated by an energy gap with 2t between bonding and antibonding orbitals from HOMO,
where t is the clectron transfer interaction (transfer integral) between two equivalent monomers as
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shown in Fig. 2 [19]. If relatively strong dimerization exists, the interdimer overlap integral t' can be
defined. With increasing t', half-filled upper band becomes broad as shown in Fig. 2(b) and
subsequently in Fig. 2(c). Consequently, as a function of 2t-t' in the electronic structure we shall
obtain the electronic properties responsible for metallic conductivity. In the case of LB films based
on CT salt, in principle, the electrical conductivity should be realized by following the same
mechanism as described above. However, it is reminded as described in Sec. 2 that donor
molecules are generally obliged to have long aliphatic chains to constitute a stable amphiphilic
structure on the walter surfacc. To prepare a conducting LB films of CT salts, several methods have
been developed. In the first way, one obtained LB films of donor molecules with long alkyl chain
and final conducting LB films as D2X were fabricated after the oxidation process under the
exposure to halogen gas. In the second way, one could reach an idea of autodoping (homodoping
strategy) by mixing, for example, DO and D*! molecules (but not realized for TTF derivatives) [20).
Many interesting TTF type donor molecules with long alkyl chains do not have desirable amphiphilic
character but rather hydrophobic. In this situation, mixed LB films of the interesting cation-radical

salt with fatty acid appeared and it has sometimes given better electrical conductivity {21]. Among

(a) (b) (c)

Fig. 2 Schematic energy spectra for (a) isolated donor dimer, (b) chain of quasi-isolated donor

dimers (t' << 1), and (c) chain of strongly interacting donor dimers (t' <<t).

conducting LB films based on such CT salts, most of them are semiconductors even with the
existence of the mixed valence state dimer and quite a few ones exhibit metallic electrical conduction
[1,22]. Then, how can we obtain the reason why they exhibit semiconducting properties? Is it 6nly
due to the existence of "grain boundaries"? Is it intrinsically semiconductor or metal? How can we
achieve any information to improve the electrical conductivity? The first step to further breakthrough
is to clarify the structure of the molecular organization in the segregated layer stacks which remain
not to be clarificd well in most of the conducting LB films. In particular, packing structure of donor
molecules in the film plane is suffered by the lateral packing scheme of long alkyl chains. Therefore,
we casily imagine that both of them are deeply correlated to the control of both t and t' values cited
above. Possibly, the electronic state of the molecular condensates such as LB films shall be
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attributed to the packed structure determined by a competition between the charge-transfer interaction
between donor-counter ion molecules and intermolecular interaction in long alkyl chains. Thanks to
the knowledge of the in-plane structure of molecular assembly, we shall be able to interprete the

physical properties and reconsider the molecular conformation to improve the conductivity.

4. Basic strategy to study physical and structural properties of conducting LB
films

As described before, the existence of the ensemble of 2D domains in each mono-molecular layer
gives a limited information on structural and physical propertics and makes difficulties to deduce
intrinsic propertics. When we consider that the starting point of material research is to get the
knowledge of precise structure of the material, one of the stratcgics to deduce the inherent structural
and physical properties is to study comparatively on the single crystal which is composed of the
same molecules and assembly with that of the LB film. Single crystal X-ray diffraction will exhibit
the precise crystal structure and compensate deficient structural parameters in the case of X-ray
diffraction on the LB films. There, we will be able to get precise packing structure of donor TTF-
type molecules which is crucial information to take account of the conducting properties. In the next
step, one would study the inherent physical properties induced from the determined structure. For
example, polarized infrared-absorbance spectroscopy will give the anisotropy of the overlap integral
of donor-molecular orbitals by the analysis of the charge-transfer absorption band. This result may
provide the quantitative estimation of intra- and interdimer transfer integral. By measuring the
electrical conductivity in single crystals we shall overcome the effect of the domains on the electrical
conduction in the case of LB films and deduce the precise properties of the conductivity. In contrast
to the case in the LB films, we will be able to clarify any in-plane: anisotropy in conductivity,
dielectric constant, magnetic susceptibility by the experiments on single crystals. As the candidate
following the present strategy, we focused on the conducting LB film of cation radical salt based on
EDT-TTF(SC1g)2 ((ethylenedithio)-bis(octadecylthio)tetrathiafulvalene Fig. 1-4). Properties of the
LB film formed by the mixture with behenic acid have been extensively studied [21,23,24]. As it
becomes a stable semiconducting film after the oxidation process with iodine vapor and shows dc
conductivity up to ~1 S/cm. Moreover, its semiconducting property has been submitted to the test
for the FET device [25). To understand the mechanism of the electronic transport, firstly one have to
clarify whether the observed semiconducting properties are originated from the effect of "grain
boundaries” or intrinsic properties. Secondly, we have to understand what kind of structural
assembly of EDT-TTF brings about the electronic states (t or t') responsible for the conductivity.

5. General description of conducting LB films of [EDT-TTF(SC18)2]1213

Mixed LB films of [EDT-TTF(SC1g8)2]213 and behenic acid has becn investigated intensively due
to stability of the conducting state [21,23,24]. The technique to fabricate LB films is a vertical

dipping-type classical method as described in earlier paper [26]. After the Y-type deposition of the
1:1 mixed LB films of EDT-TTF(SC1g8)2 and behenic acid, the oxidation process by iodine vapor is
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performed and finally we obtain purple colored conducting LB films by annealing process at 50°C
for 2 hours. Such annealing process is necessary to achieve a stable film, since the iodine
deintercalation process to the neutral phase occurs after the doping process at room temperature
without annealing. This is easily detected by X-ray diffraction. Figure 3 exhibits the X-ray
diffraction profiles from LB films oxidized by iodine vapor. Each profiles was observed at 0 hours
(a), 24 hours (b), 72 hours (c), 5 days (d), 3 weeks (e) and 6 weeks (f) after the oxidation without
annealing process. In Fig. 3 four stable diffraction peaks (*) are assigned as those from behenic acid

clusters. It is clearly observed that both the angles and the intensity of diffraction peaks with 55 A
periodicity from EDT-TTE(SC1g)7 (a) are modified to those with 45 A periodicity from [EDT-

TTF(SC1g8)2]213 as in (b), (c), (d) and (e) due to the iodine intercalation.” However, after 6 weeks,
the similar profile with (a) can be seen in (f) as the result of the deintercalation process of iodine.

Figure 4 shows the x-ray diffraction profile of the stabilized LB films after the annealing process.
The obtained stacking periodicity is 45 A from the stabilized [EDT-TTEF(SC18)2]213 [21]. The

maximum conductivity reached 1 S/cm in the film plane for the 50 layered films (25 bilayers
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Fig. 4 X-ray diffraction profiles of the stabilized LB
2 4' (: s| ,'(, ,'2 114 films after the annealing process. Four diffraction
ANGLE (20) peaks (*) are assigned as those from behenic acid cluster.

Fig. 3 X-ray diffraction profiles of LB films as a function of time after the iodine oxidation at room
temperature : (a) 0 h, (b) 24 h, (c) 72 h, (d) 5 days, (e) 3 weeks, (f) 6 weeks after the oxidation.
Sample was placed in the atmosphere. CuKa line was used. The diffraction peaks (*) are assigned
as those from behenic acid cluster.

followed by the definition of Y-type films). By the plot of room temperature conductivity vs.
number of layers or mixed ratio, it has been concluded that the conduction follows more or less a 3D
percolation model and the conductivity 1 S/cm of films with 1:1 mixed ratio has been assigned as
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one at percolation limit [21].

In the study of organic superconductors, the great interest to the infrared absorbance has been given
due to the proposed mechanism of superconductivity mediated the electron-molecular vibration (e-
mv) coupling by Yamaji [27]. One can deduce the e-mv coupling constants from the.optical spectra
of these compounds [7]. In the mixed LB films of [EDT-TTF(SC;g)2]213 and behenic acid, the
vibronic mode based on the e-mv coupling was observed associated with the charge-transfer
absorption as shown in Fig. 10 of ref. 21 (Torrance's "A" band [28]). FFrom the absorption profile,
Dourthe et al. [21] have analyzed by using the optical dielectric function of charge-transfer excitation
associated with the e-mv coupling under the assumption of the existence of the ensemble of single
charged isolated dimers in the first approximation with a Drude-Lorentz model (in presence of a
narrow continuum). The above mentioned progress has not yet reached the goal to clarify the origin
of the electrical conductivity. The definitive reason for this is that we have not yet clarified the
packed structure composed of the donor molecules in the film plane, which shall be submitted to

some comparison with the FT-IR data.

Thus, as in most works on conducting LB films, the research for individual materials is obliged to
stop at the equivalent stage on which they stay at the point of success of the determination of the
molecular orientation. As described in the preceding sections it is more important to get the exact
information on the molecular organization in the film plane. To obtain any advancement, it is clear to
need the information on not only orientation correlation but also spatial correlation, in other words,
the column structure and/or the packing of TTF dimers in the film plane. In summary, when one
would try to definitively clarify the mechanism of the electrical conductivity, the following tasks
always remain. Firstly, one have to study molecular organization of EDT-TTF in the film plane
which gives us the opportunity to estimate t and t' and intrinsic mechanism of electrical conduction.

6. An introduction to the comparative study on structural and electronic properties
in both LB films and crystals of [EDT-TTF(SC1g8)21213

Single crystals were obtained by electrochemical crystallization and the detailed description was
given in ref. 24. X-ray diffraction study exhibited that the crystal symmetry is orthorhombic, a=
10.5 A, b=5.4 A and c= 45 A [24]. Even by using both rotating anode X-ray source and imaging
plate, it is difficult to collect enough number of intensified diffraction spots. Thus, the
determination of the crystal structure by the conventional crystal structure analysis has not been
succeeded. The length of the c-axis of the crystal coincides with that of the stacking periodicity in the
LB films. The intensity distribution of the present diffraction series in crystals and LB films is
similar each other, which suggests that linear electron density distribution along the ¢ axis (the
direction of the layer stacking in LB films) is identical in both LB films and crystals. Then, the
emphasis is placed on bilayer packing arrangement in the film planc. From the viewpoint of the
lateral packing of alkyl chains, the subcell type of alkyl chains which forms the orthorhombic one is
O type [29]. Taking into account of the space filling of the alkyl chain and assuming the O[£3,0]
subcell structure, the cell dimensions are calculated td be a=10.62 A and b=4.96 A which reproduce
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well the observed dimension of a-b planc. Under the substantial coincidence of inclination angle of
alkyl chain of LB films and crystals with the result of FT-IR on LB films {21], molecular assembly
of in-plane structure was proposed. Subsequently, a full unit cell structural model including bilayer
and occupation of triiodide has been reported as shown in Fig. 5 [24], which exhibits a possible
model of the molecular organization of the observed orthorhombic cell. In this model, the
interdigitation between upper and lower layer of EDT-TTES) parts takes in place the bilayered Y-
type structure, which leads to the appearance of shorter intermolecular distance between adjacent
EDT-TTF parts and brings about an enhancement of overlapping integral along the b axis. It may be
worthwhile to note that the presently proposed herringbone packing of EDT-TTF skeleton head parts
resembles the crystal structure of a-(BEDT-TTF)213 which is onc of the typical packing structure
for ET molecules {30].

The dc electrical conductivity along the b axis is 1.1 S/em (T=300K). It is in good agreement with
1.0 S/cm in LB films. In single crystal, both dc and microwave conductivity under 50 GHz as a
function of temperature exhibit semiconducting behavior below room temperature [24,31], which
confirms that the observed semiconducting characteristics in LB films shows the intrinsic properties
of cation-radical salt [EDT-TTF(SC1g)2]213. Thus, the obtained result suggests that the LB films is
not a semiconductor originated from the existence of possible "grain boundaries" but an intrinsic
semiconductor. Metal-Insulator transition was observed at 310 K as shown in Fig. 6, which

Top view
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Fig. 5 Structural model proposed based on X-ray diffraction and XANES study.
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Fig. 6 Temperature dependence of the DC electrical resistance of single crystal of [EDT-
TTF(SC1g)2la]3 . Tt clearly exhibits a sign of the onset of a metal-semiconductor transition at

310 K.
suggests the onset of delocalization of molecular-orbital holes of the EDT-TTF(SCyg), above 310 K

in the present material. No evidence of the structural phase transition has been given by X-ray
diffraction.

Figure 7 shows the absorbance spectra of crystals and LB films in 800 to 6000 cm ] range. As
assigned in ref. 21, broad electronic absorption band around 2200 cm-1 and asymmetric resonance
peak around 1230 cm-! are originated from charge-transfer and vibronic excitation based on e-mv
coupling, respectively. The former excitation corresponds to dimer charge oscillations and is
characteristic of the existence of single charged dimer state. The anti-resonance dip at 1450 cm-1
between the former and latter peaks is observed together with CH7 bending absorption peak. There,
in the presence of some symmetry breaking, the e-mv interactions induce oscillations of the
conduction electron density along the direction of conducting axis at frequencies close to those of the
unperturbed totally symmetric intramolecular modes [32]. On the other hand, the charge-transfer
excitaion energy (hwcT) is attributed to the excitaion from the bonding state to anti-bonding state in
zero-order approximation (see Fig. 2(a)). The dielectric function along the direction joining the
molecular entities in the dimer, in the presence of the e-mv coupling, may be written for the
assembly of isolated dimers in the following way[7,32]):

fo
of7(l = D) — w2 — iel

E(o)) =€ +

with

fo= 2wc1‘924124<131n1—nzlo>|2, nj = Loajs%ic  and  D(®) = g —
O
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where d is the intermolecular spacing, nj is the electron number operator for molecule i=1,2.

D(w) is the propagator which presents the o vibronic modes defined by bare frequency wq and
damping constant Yo . It couples linearly to the electrons with the e-mv coupling constant Ag.
Figure S exhibits the result of the model calculation with OeT = 2t=1500cm-1=0.18 eV, g =
1480 e 1, Ao=0.2 and I'=2000 cm- 1. On the vibronic feature, two central C= C stretching ag
vibrations locate around 1400-1500 cmr~1 in ET family molecules [33). Then it is natural to conclude
that this vibration is strongly coupled to electrons. As shown in Fig. 2 a qualitative description of
the electronic states of such narrow-band conduction materials gives a variety of the conducting
properties. For example, the half-filled upper band is narrow in the case of poor interdimer overlap,
the dc conductivity is lower. On the other hand, supposing a slight dimerization, half-filled

conduction band has a larger width, hence we may expect higher conductivity. In the strongly

dimerized stacks, within the atomic limit one can expect simply two excitations 2t and 2t'. If there
exists strongly dimerized stacks it is probable to observe two CT bands around "A" band region
associated with the intradimer and interdimer charge excitations as (DIMET)2SbFg [34].

T T T T

Crystals KBr pellet

ABSORBANCE (A.U.)

Langmuir-Blodgett films
¥ 31 layers
1 1 1 1

1000 2000 3000 4000 5000
WAVE NUMBER (cm’ ")

Fig. 7 Infrared absorbance spectra of crystals and LB films of [EDT-TTF(SCig);]713.The

broken curve exhibits the calculated absorbance on the basis of the microscopic theory.
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As shown in Fig. 7, single broad band CT excitation was observed in the present single crystals and
LB films. The charge-transfer excitation energy, ®WCT is almost identical in both crystal and LB
films. These results suggest that the electronic state in crystals is close enough to that in LB films.
Its excitation energy value suggests the existence of relatively narrow band width associated
probable slightly dimcrized stack. The composition and the precise origin of the broad band CT
absorption cannot be clarified in the present stage. However, the success of Jarger single crystals

would conducts to the study of the infrared absorption under the polarization configurations.

7. Concluding Remarks

There exist two subjects to improve in the basic research of conducting Langmuir-Blodgett (LB)
films based on TTF derivative with long alkyl chains. Firstly, it is essential to achieve the knowledge
of packing structure of molecular assembly in the film plane, since the crystals of ET salts are
composed of 2D arrangement of dimerized molecular units with various polymorphisms and the
donor molecular arrangement in the film plane may be different from that in the case of crystals
without long alkyl chains. Secondly, we must deduce not only the inherent structural properties as
described above but also intrinsic electronic properties to characterize the present LB films. The
difficulties to realize both of them come from the existence of many'small regions with differing
orientation in the film plane. To overcome such difficulties we emphasize a.strategy in which one
studies comparatively the single crystal and the LB films which have the identical molecular
organization. A series of studies on a stable conducting LB films of [EDT-TTF(SCjg)2]213 and its
single crystal was introduced. The success of the growth of single crystals leads to a proposal of
possible 3D model of molecular organization and clarification of the electronic states responsible for
the conductivity. From presently proposed 3D model, 2D S-S network seems to be the key to
achieve highly conducting LB films. Comparative FT-IR study shows that the electronic system is
characterized by the dimerized stack with narrow bandwidth. Therefore, it is stressed that the
increase of the interdimer interaction t' is necessary to realize higher conductivity in the present
system. A series of comparative studies on LB films and crystals give us fruitful and intrinsic
information about structural and electronic properties.

Acknowledgments

The authors wish gratefully to acknowledge the contribution of Reizo Kato for his help in the
preparation of the samples. They are grateful to V. M. Yartsev for valuable discussions. Many
thanks are due to Nicolet Japan Co. Ltd for their technical assistance.

References

[1] G. Roberts, Langmuir-Blodgett Films, Plenum Press, New York and
London, 1990.



Study of ultra thin fims based on the charge-transfer salts aimed for the onset of the superconductivity (167)

(2] P. Delhaes, Lower Dimensional Systems and Molecular Electronics, ed. by R.
M. Metzger, P. Day and G. C. Papavassiliou, NATO ASI Series B, Vol. 248,
Plenum Press, New York, 1991 43.

(3] R.H. Tredgold, The Physics of Langmuir-Blodgett Filins, Rep. Prog. Phys.,
Vol. 50 1987, 1609.

(4] L. B. Coleman,M. J. Cohen,D. J. Sandman, F. F. Yamagishi, A. F.
Garito and A. J. Heeger, Solid State Commun., Vol. 12 (1973) 1125.

[56] J .M. Williams, A. M. Kini, H. H. Wang, K. D. Carlson, U. Geiser, L. K.
Montgomery, G. J. Pyrka, D. M. Watkins, J. M. Kommers, S. J. Boryshuk,
A. V. Strievy Crouch, W. K. Kwok, J. E. Schirber, D. L. Overmyer, D. Jung
and M.-H. Whangbo, Inorg. Chem., Vol. 29 1990, 3272.

[6] R. S. Mulliken ad W. B. Person, Molecular Complexes (John Wiley & Sons,
Inc.) 1969.

[7] R. Bozio and C. Pecile, Charge Transfer Crystals and Molecular
Conductors, Spectroscopy of Advanced Materials,ed. by R. J. H. Clark and
R. E. Hester, Advances in Spectroscopy Vol. 19, John Wiley & Sons, 1991,
1.

[8] P.Delhaes, Organic and Inorganic Low-Dimensional Crystalline Materials,
ed. by P. Delhaes and M. Drillon, NATO, ASI Series B, Physics, Vol. 168,
Plenum, New York, 1987

[9] T.Ishiguro and K. Yamaji, Organic Superconductors, Springer Series in
Solid State Sciences Vol. 88, Springer Verlag, Berlin, 1990.

[10] P. Delhaes and L. Ducasse, Localized and Itinerant Molecular
Magnetism, to be published in NATO, ASI Series, Plenum, New York,
1996.

[11] M-H. Whangbo, J. M. Williams, A. J. Schultz, T. J. Emge and M. A.
Beno, J. Am.Chem. Soc., Vol. 109, 1987, 90.

[12] A. Kini, The Physics and Chemistry of Organic Superconductors, Vol. 51,
(Springer-Verlag, Berlin) 1990 334.

[13] A. Barraud, O. Kahn and J-P. Launay, Science et Technologie, no. 15, May
(1989) .

(14] A. Ruaudel-Texier, M. Vandevyver and A. Barraud, Mol. Cryst. Liq.
Cryst., 120 (1985) 319.

[15] T. Nakamura, M. Matsumoto, F. Takei, M. Tanaka, T. Sekiguchi, E.
Manda and Y. Kawabata, Chem. Lett., 1986, 709.

[16] S. A. Dhindsa, R. J. Ward, M. R. Bryce, Y. M. Lvov, H. S. Murno and M. C.
Petty, Synth. Met., Vol. 35, 1990, 307 ; A. S. Dhindsa, M. R. Bryce, H.
Ancelin, M. C. Petty and J. Yarwood, LANGMUIR, 6, 1990 1680; M. R.
Bryce and M. C. Petty, NATURE, Vol. 374, No. 27, 1995, 771.

[17] F. Rustichelli, S. Dante, P. Mariani, I. V. Myagkov and V. 1. Troitsky, Thin
Solid Films, Vol. 242, 1994, 267; V. 1. Troitsky, T. S. Berzina, A. Petrigliano
and C. Nicolini, Thin Solid Films, in press.



(168) M.Izumi and H.Ohnuki

(18] T. Suzuki, H. Yamochi, G. Srdanov, K. Hinkelmann and F. Wudl, J. Am.
Chem. Soc., Vol. 111, 1989, 3108; T. Nakamura, G. Yunome, R. Azumi, M.
Tanaka, II. Tachibana, M. Matsumoto, S. Horiuchi, H. Yamochi and G.
Saito, J. Phys. Chem., Vol. 98, 1994, 1882.

[19] V.M. Yartsev and C. S. Jacobsen, Phys. Rev. BB, Vol. 24, No.10 1981 6167.

[20] J-P. Bourgoin, A. Ruaudel-Texier, M. Vandevyver, M. Roulliay, A.
Barraud, M. Lequan and R-M. Lequan, Makromol. Chem., Macromol.
Symp., 46 1991 163.

[21] C. Dourthe, M. Izumi, Ch. Garrigou-Lagrange, Th. Buffeteau, B. Desbat
and P. Delhaes, J. Phys. Chem., Vol. 96, 1992, 2812.

[22]) T. Nakamura, G. Yunome, R. Azumi, M. Yumura, M. Matsumoto, S.
Horiuchi, H. Yamochi and G. Saito, Synth. Met., 56, 1993, 3853.

[23] M. Izumi, H. Ohnuki, H. Yamaguchi, H. Oyanagi and P. Delhaes, Synth.
Met.,Vol. 56 1993 2560; H. Ohnuki, M.I zumi, K. Kitamura, H.
Yamaguchi, H. Oyanagi and P.Delhaes, Thin Solid Films, Vol. 243 1994,
415.

[24] H. Ohnuki, K. Kitamura, M. Izumi, H. Yamauchi and R. Kato, Synth.
Met., Vol. 71 1995 pp.2077-2078; H. Ohnuki, K. Kojima, M. Izumi, H.
Yamaguchi, H. Oyanagi and R. Kato, Thin Solid Films, inpress.

[25] L. Aguilhon, J-P. Bourgoin, A. Barraud and P. Hesto, Synth. Met., Vol.
711995, 1971; P. Hesto, L. Aguilhon, G. Trembly, J-P. Bourgoin, M.
Vandevyver and A. Barraud, Thin Solid Films, Vol. 242, 1994, 7.

[26]) J. Richard, M. Vandevyver, A. Barraud, J-P. Morand and P. Delhaes,
J. Colloid Interfdce Sci., Vol. 129, 1989, 254.

[27) K. Yamaji, Solid State Commun., Vol. 61, 1987, 413.

[28] J. B. Torrance, Acc. Chem. Res., Vol. 12, 1979, 79.

[29] A. 1. Kitaigorodskii, Organic Chemical Crystallograp hy, (Consultants
Bureau, New York, 1961); A. 1. Kitaigorodskii, Molecular Crsytals and
Molecules, (Academic Press, London, 1973).

[30] M. Dressel, G. Griiner, J-P. Pouget, A. Breining and D. Schweitzer, J.
Phys. I France Vol. 4, 1994 579 ; M. Meneghetti, R. Bozio and C. Pecile,
J. Physique, Vol. 47, 1986, 1377.

[31] H. Ohnuki, K. Kitamura, K. Uchinokura and M. Izumi, unpublished.

[32] M. J. Rice, V. M. Yartsev and C. S. Jacobsen, Phys. Rev. B, Vol. 21,
1980, 3437.

[33] J. E. Eldridge, C. C. Homes, J. M. Williams, A. M. Kini and H. H. Wang,
Spectrochimica Acta, Vol. 51A, 1995, pp. 947-960; J. C. R. Faulhaber, D. Y.
K. Ko and P. R. Briddon, Synthetic Metals, Vol. 60, 1993, pp. 227-232; M. E.
Kozlov, K. I. Pokhodnia and A. A. Yurchenko, Spectrochimica Acta, Vol.
43 A, 1987, pp. 323-329.

[34] P. Delhaes and Ch. Garrigou-Lagrange, Phase Transitions, Vol. 13,
1988, pp. 87-99 ; Ch. Garrigou-Lagrange, E. Dupart, J-P. Morand and P.
Delhaes, Synth. Met., Vol. 27,1988, pp. B537-B542.



Study of ultra thin fiilms based on the chargetransfer salts aimed for the onset of the supercanductivity

(169)

Hen

IR (19064£98) ., #4ll, DETLEBMNABVERERREEERL.
EB13KICWADZETEIDREVIZLICEENEG T T FREAFEHWLBIR
DERICHBRTHNH TRIHL . ERBERICSIIBEZERRBICCT THHELMH
REEDZZEN TELFEEMNEBLET GRIIETEFR) , AHRBEIFR7EE
HREMAFERAIT 2 0 AERSERTAALELDEY EBRZHTADZDHD
BHREB) ICEBRBICHETVWTEN T EDOINLEHBDTH B, —EDOHRER.
190 0FLYVREE T, 753 ABYTMFMAE L 2 —KR—IWINX HIVBRERR
(Centre National de la Recherche Scientifique, Centre de Recherche Paul Pascal )
EbAbhOMRELORAMREME LTAINALOTHY . AARHD
Pierre DELHAESTEICBH L T, T AXMEO—BIINBEFLMEHEHE F
BRSEEHLV 7 EEEMAEL  [A] (HO) BLUFTRS EE—RAE [C]
(M.l.) DIERERITTEDLAEDTT, AMRBICH T 3HEMEE. dtid
—i& (B, WEKPAERMEIXEHRDCI) . R BE (R, HEEIAEX
FREETFERMC2) [ BB B (B, BRER&LE) | 8 8t (K%
AERETAS M ITFERMC2) I(LHDETRBLET,



