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The effective electron-electron interaction in the high polymers of polyacene carbon skeleton is investi-
gated. The appearance of various phases in this system depends on associated parameters characterizing the
electron-electron interactions near the Fermi level. The main purpose of this work is to estimate these parame-
ters under the random phase approximation and to presume whether this polymer may or may not be supercon-

ductor at room temperature.

In studies of the high temperature superconductivi-
ty, many one- or two-dimensional models have been
proposed and the probability of it was discussed.’?
We also studied, in our previous reports,>* various
phases of polyacene, especially its superconducting
phase, which is quasi-one-dimensional system. We
have stressed that a characteristic band structure near
the Fermi surface of the present system leads to prefer-
able properties to usual one-dimensional models in
some points. For example, the gap and the transition
temperature are proportional to the exponential of
coupling constants in the BCS model for metal:®
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These are due to the linear dispersion of band structure
near the Fermi surface. On the other hand, the quad-
ratic dispersion of band structure in polyacene yields,*
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where ¢ is the transfer integral between adjacent sites, A
the characteristic parameter responsible for the phase
transition (see Eq. 22), K and Z being the positive
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Fig. 1. Polyacene with side chains.

numerical factors of order 1 (the precise form is given
in Ref. 4). The relations, (3) and (4) suggest that
polyacene has a more extended region of supercon-
ducting phase than that in metal.

We have applied g-ology to our system, which
parametrizes the interaction matrix elements near the
Fermi momentum (k=n). In the present work, we
estimate the g value numerically and wish to deter-
mine the phases of polyacene. In the BCS theory the
superconducting phase occurs for negative g value,
arising from the electron-phonon interaction. If the
latter be replaced by any electronic process, even in the
BCS superconductor, the Debye frequency in Eq. 2 is
replaced by the associated electronic frequency, so that
the critical temperature would be expected to be ten or
hundred times larger. To make this be realized, we
consider the system composed of the side chains at-
tached to the both sides of polyacene skeleton (Fig 1).
This is nothing but the idea proposed by Little.?’

Single Particle States of Polyacene

We consider the transfer integral ¢ between only the
adjacent sites. In the case without bond alternation,
the Hamiltonian is
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Here af, (ans) is the creation (annihilation) operator of

an electron at r-site of n-th unit cell (see Fig. 2).
Because of the periodic property of polymer, the Born
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Fig. 2. Polyacene skeleton with the site and cell
numbers.
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von-Karman condition leads to

H,= t? {(1+e7*) (a0, +af a,,) T afa,, +hecl, (6)

where, for example, a;; is the Fourier transform of a;:
a,,= ge“"" a, (7)
The spectrum is composed of four bands given by

e(k) = =L {14+ s(h)}
e (k) = 7‘:1 — s(b)}
ea<k>=‘7‘{1—s<k>},
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with
s(k) =y 9+8cosk , 9)

and LCAO coefficients for atomic sites are
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In the above the column refers to the site, while the
row to the level.

Instability

The interaction Hamiltonian Hiy is written as

Iy atata (12)
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where I is the bare vertex part:
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with
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In order to consider the phase transition, we take into
account only of v (the highest valence) and ¢ (the low-
est conduction) bands. Thus we obtain
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I'’s are given by
Faﬂ-y& = rffé;a = g1(8as0py— 6

Togs =T ags=
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Loy =T oiys = 838a80py — 84dayOps, (15)
with
g1 =<wv|vvd =<Leclec),
g2 =<Cwv|cc) =<eclvv),
g3 = (vclved =<ev|cv),
= {vc|cv) = {cv|ve). (16)

Since two-body collisions near the Fermi surface play
an important role, we have, in the above, constant
matrix elements at the Fermi surface. For example, g;
is given by

@ = f dry dra@oke (1) Guke (12) V11, 12)Boke (1) Buke (1), (17)

where ¢, is a single-particle wave function for the
valence band at the Fermi surface. As will be seen in
the following, electrons near Fermi level localize
almost at the 1- or 4-site. Therefore it is expected that
electrons passing along edges of skeleton are strongly
influenced by the polarized side chains around the
spine (see Fig. 1). When k=kr=n, Eq. 10 leads for ¢«
and ¢ to

Dok =27V2(Xk1 — Xaa),
Sck =27V2(Xp1 + Xaa), (18)

where Xk is the Fourier transform of the Wanier func-
tion at site-1 of n-th cell. Namely,

¢vk = (2L)-l/2 2 (xnl_xM) eikn’

Dok =(2L)"2 3 (xn1Fxns) €. (19)

Moreover we neglect all differential overlaps. As a

result, Eq. 17 turns out to be
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Each matrix element depends on the difference, m—n,
so that we give

& = L 2 (Vor,m1 + Vor,na),

9L
& = _2f§ (Vor,n1 — Vo1,44)
& = TL_ 2» (Vo1,n1 — Vo1,n4) »
& = —2Z ? (Vo1,n1 + Vo1,n4) - (1)

Let us denote that?
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Fig. 3. Phase diagrams for polyacene.
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In the previous paper, we have derived the phase
diagram versus 4;, 4;, and A3 on the basis of simple
mean field theory as shown in Fig. 3. Positive values
of them correspond to appearance of CDW, SDW, and
the singlet superconductivity (SS) phases, respectively.
The figure suggests that the most possible ordered
phase has the largest positive value of . Although the
theory neglects the interference between various singu-
lar channels, we tentatively apply this result to the
discussion about the model proposed by Little. In the
following sections we calculate these parameters
numerically.

Effective Interaction

The screening effect for the electron-electron inter-
action in the spine near the Fermi surface by electrons
in the spine and in the polarized side chains is treated
by the perturbation method as shown in Fig. 4. The
double wavy line describes the effective interaction,
Ve, and the sigle wavy line the bare interation, Puare.
For Vvae, we adopt the Nishimoto-Mataga potential:

14.40

R,(n) +1.33
where R.s(n) is the distance from r-site of 0-th cell to
s-site of n-th cell (in the unit of A). The calculations
were carried out using the following units: the bond
length of benzene, 1.4 A, for distances and the absolute
value of the transfer integral, 2.5 eV, for energies. The
shaded part of Fig. 4 displays the proper polarization
part which includes various processes. We approxi-
mate it by the first two diagrams as shown in Fig. 4.

The Dyson equation for Ve is an integral equation
in the coordinate space and is difficult to solve, but is
easily manipulated in the momentum space. We take
the Fourier transform of Vo, ns=Vr(n) as

Vbare = (CV)y (23)

V()= —- 3 eibno, (k) @4
L %
and its inverse transform 1is

v () = 3 ey, (). (2)
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Fig. 4 The Dyson equation for electron-electron

interaction and the approximation for the polariza-
tion part.

Thus the effective interaction is written in k pace as
(k) =[1—v(R)II(R)]™ v(k), (26)

where 7 and v are the effective and bare potentials,
respectively. Note that each term is a matrix with
respect to the atomic sites in the unit cell. We divide
this into two parts, P and Q. The former refers to the
spine and the latter to the side chain. Then Eq. 26
becomes®

o] Wt il s

In order to proceed further, we assume Ilpp=IIop=0,
which implies that the charge transfer between the
spine and the side chain is neglected, i.e., there is a
single bond between them. Thus we get

opp=[1—vrpllpp —vorllgo(l —vgqllag)™ vorller]™
X[vep+vpollgo(1 —voolloe) ™ vor): (28)

If we restrict ourselves to retain the first order term
with respect to Ilgg, we get

Upie = (1 —vppIlpp) ™! vpp +vpolloquae, (29)

which is the Little’s approximation.®

If we employ the random phase approximation for
the proper polarization part, II, which is given by the
ring diagram in Fig. 4 and denoted by IIY, it follows
that

dv
271

I (k@) = 2f 2% - BGulktq, o+n)Gu(a, v (30)

Using the representation diagonalizing the Hamilto-
nian (5) and carrying out the integration, we can get

I, (&, ) =

s qux <slb k+q><b k+qlr><r|b, g><b, q|s>
4 , .
a b b w — g(k+q) + & (q)

(31)

In the above, we consider the symmetry property of
each band to the Fermi surface. In carrying out the
summation with respect to g we make a small cut-off
around the Fermi momentum, because electrons in
this small region are responsible for the instabilities
associated with phase transitions.

In order to improve the random phase approxima-
tion for the polarization part, we take into accout the
oyster diagram, the second one in the right hand side
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of Fig. 4. This involves four Green’s functions in the
integral the calculation of which requires enormous
machine time. Then we are obliged to use an approxi-
mation in which the bare electron-electron interac-
tion is restricted only to the one-center type. Thus we

get

(= S S0 WK (62
It is said that this approximation amounts to 70—=80%
of the full contribution.?

In the following, we use the static approximation, as
with w=0 in Eq. 31.

Side Chain

Since, in the present case, the polarization of the side
chain plays a role of the phonon part in the ususal
superconductor, it is crucial to choose a suitable side
chain. We proceed our consideration along the
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Fig. 5. Side chains. as is given in the unit ¢. (a)
Unoptimized, (b) optimized by Salem, and (c) optim-
ized perturbatively.
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Salem’s idea.?

As the simplest case, we take a dye molecule which
is, as shown in Fig. 5a, a conjugated hydrocarbon with
eight 7-electrons and seven atomic sites. In this mole-
cule, the polarization spreads all over the molecule, so
that it is not so effective to reduce the electron-electron
interaction on the spine. In order to make it efficient,
one can introduce some substituents. Due to the well
known symmetry properties of the alternant hydrocar-
bon, the nonbonding molecular orbital, say the 4-th
one in this case, has vanishing amplitude on the even-
numbered sites (called the unstarred sites). Even if we
put substituents on these sites, this orbital is not
affected. Therefore we can design these substituents so
that the transition amplitude to the next higher level,
which is expected to be most effective for polarization,
shall be considerably small except for the both molecu-
lar ends.

Following this idea, Salem has obtained the one
shown in Fig. 5b, exactly in the frame-work of the
Huickel theory. Note that this is not unrealistic from
the experimental view-points.

What mentioned above is well understood by the
elementary perturbation theory, t0o.” A small pertur-
bation at s-th site, as changes the amplitude, {r|:) to

(&l as

<7|‘Z>=<7|l>+2 <7|]><]|S>§as<5|l> ,
78

& — &

(33)

where r refers to the site except the two ends, s to
unstarred one and 7 to the lowest vacant level. The
optimizing condition for the substituents is found by
putting the left hand side of Eq. 33 equal to zero. The
coditions obtained by the perturbation analysis are
more general but less accurate than the Salem’s ones.
8a,=0 at the beginning, then we obtain a result given
in Fig. 5c.
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Fig. 6. The screened potential for various cases. (a) Only the spine.
Dotted line is for the bare interaction and the solid line for the
screened one. (b) The spine with unoptimized side chains. (c) The
spine with optimized side chains by Salem. In the cases of (b) and (c),
the dotted lines refer to the Little’s approximation, and the solid ones
to ours. For all cases, the cut-off is 0.01.
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Results and Discussion

We should like to mention a little about the numeri-
cal procedures. Our final object is to get the coupling
constants g;—g,. Since these (see Eq. 21) are the com-
ponents with k=0 in the momentum representation,
we can get them as the simple sums of coupling con-
stants in the space representation, of course, the latters
being renormalized. Suppose that we use two hundred
cells in the practical calculation. Since each cell con-
tains four atomic sites, the procedure for getting the
screening effect becomes a problem of 800X800 matrix
manipulation. This is considerably tedious. In the
momentum space, one needs 200 4X4 matrix manipu-
lations. In order to evaluate each term in the right
hand side of Eq. 21, the inverse-Fourier transform is
used.

The values of Vj,(n) thus obtained are shown in
Fig. 6. In Fig. 6a, the screened potential (the solid line)
decays very fast and becomes almost zero at the next
neighbor cell. This result contrasts with that obtained
by Schug et al.19 They calculated the screened poten-
tial for Cs;Hsg molecule only within the random phase
approximation and obtained the potential which is
screened in short-range region but is enhanced in long
range region. This shows that for the screening effect
in conjugated molecules the II! effect is impotant as
well as the [1° one. The Little’s approximation (dotted
lines in Figs. 6b and c) tells us that the side chain
works very well to get attractive interactions, while in
our higher approximation (solid lines) the potential is
not attractive. The modification for the side chain
does not affect the behavior qualitatively.
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The above trends are shown in more detail in Table
1. It is noted that results are almost independent of
cut-off parameters. In the table, every case has two
lines, the upper is carried out by including II° only,
while the lower by including II° and IT'. The II! effect
is not so significant. Look at the final group. Little’s
approximation suggests the spine be superconducting
at 900 K or higher. But our more elaborate calcula-
tion denies his conclusion. As to the side chain effect,
the first order effect which is described by the Little’s
approximation for the polarization part in the side
chain gives a considerable effect to the spine, but the
higher order effects which are something like the back
flows, cancel the first order effect.

We have made several trials for the shape of the side
chains, e.g., some networks of the above mentioned
side chains, which are constructed by introducing
appropriate transfers between them. However, every-
thing has been in vain to make the potential attractive.

Finally, our result is shown in Table 2 for the case of
the spine with unoptimized side chains (other models
also give qulitatively the same results.). Present result
predicts that the SS state is not likely since 413<0 and
the SDW state is more favorable than the CDW state
since Ay > A;.

Table 2. The Coupling Parameters

&1 g2 g3 g4 A A2 A3
0.059 0.004 0.004 0.059 0.046 0.063 —0.063

These are calculated for the case of the spine with
unoptimized side chains. For the treatment of the side
chain polarization, of course, ours is adopted. The
cut-off parameter is 0.010.

Table 1. Possibility of Superconducting State
Cut
Model 0.005 0.010 0.015
T. A3 T. A3 T.
Only spine —0.037 —0.038 —0.038
—0.068 —0.070 —0.070
Spine with unoptimized side chain  Little 0.313 401 0.312 400 0.312 400
0.284 364 0.283 363 0.283 363
ours —0.033 —0.034 —0.034
—0.062 —0.063 —0.063
Spine with optimized side chain Little 0.474 607 0.473 606 0.473 606
(perturbative) 0.452 579 0.451 578 0.451 578
ours —0.033 —0.034 —0.034
—0.062 —0.063 —0.063
Spine with optimized side chain Little 0.735 941 0.734 940 0.734 940
(Salem) 0.724 927 0.722 926 0.722 926
ours —0.033 —0.034 —0.034
—0.061 —0.063 —0.063

Data of A3 and T for various models and cut-off parameters. (1) Only the spine. (2) The spine
with unoptimized side chains. (3) The spine with side chains optimized perturbatively. (4) The
spine with side chain optimized by Salem. Each case is separated into two treatments: Little’s
approximation and ours. Every one has two lines, the upper in carried out by including I1°
only, while the lower by including II° and ITI'. The unit for cut and 4; is ¢, and that for T. is

degree.
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