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Pair correlation effects of collectivized rr electrons in complex molecules are investigated. Various 
attraction mechanisms as well as the dependence of the electron spectrum on the parity of the number 
of electrons are investigated. The behavior of a rr-electron system in external electric and magnetic 
fields (i.e., anomalous diamagnetism, polarizability, and so on) are investigated. Collective excitations 
and the multiplet structure of the spectrum are considered. 

IT is well known that pair correlation effects play a 
very important role in systems consisting of a large 
number of Fermi particles. These effects are due to 
the presence of attraction mechanisms between the 
fermions, and have very varied consequences. Pair 
correlation in an electron system in a metal or a de
generate semiconductor leads to the appearance of 
superconductivity. Nucleon pair correlation effects 
can be used to explain, for example, the observed mo
ments of inertia. 

The present paper is concerned with pair correlation 
effects in a rr electron system. It is well known that 
many complex molecules (for example, polycyclic mol
ecules, phthalocyanines, the molecules of biologically 
active media, and so on) are characterized by the pres
ence of collectivized rr electrons whose number can be 
quite high. The electrons move in the field of the a 
core formed by the ion system and the set of uncollec
tivized electrons. Interactions between the rr electrons, 
which lead to the correlation effects, are largely due to 
the polarization of this a core (see below). Pair corre
lation in a rr-electron system was briefly reviewed in 
our previous paper. [lJ In the present paper we discuss 
this problem in greater detail and, in addition, report 
a number of new results. 

The rr electrons form a finite Fermi systemY"""J It 
is not, therefore, accidental that, as will be seen below, 
the effect which we are considering is, in many ways, 
analogous to the nucleon-nucleon pair correlation effect 
in the atomic nucleus. 

A universal feature of pair correlation is the appear
ance of an energy gap A in the spectrum of the multi
particle system, which separates the ground state from 
the first excited state. Finite Fermi systems have dis
crete energy levels, and the presence of pair correla
tion is responsible for the fact that the energy gap be
tween the ground state and the first excited state (0-0') 
is much greater than the O' -0" and other level separa
tions. The gap A can be measured directly by optical 
methods. 

To begin with, we consider the various mechanisms 
which can lead to pair correlation in a rr-electron sys
tem. We next discuss the properties of the electron 
spectrum of complex molecules (the 0-0' transition 
and the effect upon it of a transition to systems with 
an odd number of rr electrons). The magnetic proper-

ties of complex molecules and their behavior in elec
tric fields are discussed next. An expression is ob
tained for the polarizability of a rr-electron system. 
Collective (exciton) excitations and the associated 
multiplet structure of the electron spectrum are also 
discussed. 

1. ATTRACTION MECHANISMS 

The complex molecules which we shall discuss are, 
in many ways, analogous to metals. The a core plays 
the role of the crystal lattice. Usually, the number of 
rr electrons is such that the rr band is half-filled and 
this means that it is analogous with the conduction band 
of metals, and governs the great sensitivity of rr elec
trons to external fields. 

Pair correlation mechanisms in rr-electron systems 
are completely analogous to the well-known supercon
ducting mechanisms. Let us begin by considering the 
interaction between the rr electrons and the a core. The 
most important transitions are the virtual transitions 
in the a-electron system due to Coulomb interactions 
between the rr and a electrons. We note that, experi
mentally, one observes various a-electron excitations 
(a-rr transitions) corresponding, for example, to fre
quencies 11 ~ 4 x 104 cm-1 {the electron-level difference 
is usually ~ 103-104 em -1). 

The effective Hamiltonian which governs the interac
tion between the rr electrons through the a core is 

(1) 

'• where 

"' A):~.,,,, ... A~?. A,; "'• n .. • (1 - n .. ) 
g~~l.a;>.3A 1 =~ t- J- t- t- t'" roo {1') 

I'J'o' (e,,- e,,- .ie~l'.) ('e,,- eA.- .ie~~'.) 

[ E.\i are the single-particle levels of the rr-electron sys
tem, AE~Il' =Ell- Ell' is the change in the a-electron 
energy during a virtual transition, and the factors 
nll'(1 - niL) are connected with restrictions imposed 
by Pauli's principle]. It is clear that AE~Il' > 0. For 
the sake of simplicity, we shall rest;rict our attention 
to second-order perturbation theory. It is clear from 
Eq. (1) that for transitions in the rr-electron system 
corresponding to changes in energy which are small 
in comparison with AE~Il'' we have g < 0, i.e., we have 
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an effective attraction in the 'IT-electron system. This 
mechanism is completely analogous to the electronic 
mechanism in superconductivity (see [s,sl; g ~ gCoul)· 

In a more accurate calculation based on the use of 
the diagram technique one must calculate the four
terminal quantity r 7T7T 7T7T' which describes the effective 
interaction between the 7T electrons. Knowledge of this 
quantity enables us to determine the proper-energy 
part ~ and then the energy gap with the aid of 

The precise determination of r depends on the form of 
the single-particle wave functions and is, therefore, 
possible only in special models. We shall not calculate 
r and the energy gap in the present paper, and will con
fine our attention to a review of the attraction mecha
nisms. This approach is fully justified because the en
ergy gap can be measured directly (see below) and we 
shall, therefore, consider it as a parameter of the 
theory. 

We note that attractions in the 1r-electron system 
need not be exclusively due to CJ-7T electron transitions, 
but can be due to the existence of different groups of 7T 

electrons. For example, virtual transitions of 7T elec
trons belonging to the phenyl groups in the tetraphenyl
porphin molecule lead to an effective attraction in the 
main 'IT-electron system (see Fig. 1; it is shown in [?J 

that these groups exhibit weak conjugation with the 
main part of the tetraphenylporphin molecule and can, 
therefore, be regarded as independent). 

In some cases, vibrational degrees of freedom of 
the a core may play a significant role which is quite 
analogous to the usual BCS superconducting mecha
nism. It is clear that the contribution of this mecha
nism in the complex molecules which we are consider
ing is connected either with the presence of groups 
having high vibrational frequency, or with a deviation 
from the simple adiabatic picture which is possible in 
complex molecules (see, for example, [aJ) because, as 
the molecules become more complicated, the electron
level separation becomes smaller. 

Pair correlation leads to the appearance of a gap in 
the energy spectrum. This gap can be obtained directly 
by optical measurements which are capable of yielding 
with sufficient accuracy the difference between the 
ground and the first excited states (0-0' transition). 
The size of the energy gap will be considered as the 
main parameter of the theory, by analogy with the the-

FIG. I. Tetraphenylporphin molecule. 

FIG. 2. Ovalene molecule. 

ory of superconductivity. We note also that since the 
two-dimensional systems we are considering are finite, 
the correlation effects are stable against fluctuations 
in electron density. 

Virtual electron transitions are thus the leading at
traction mechanisms. Vibrational degrees of freedom 
of the a core may, under certain conditions, be also 
significant. 

2. ENERGY GAP. THE 0-0' TRANSITION 

As noted above, the energy gap can be measured di
rectly by optical methods (0-0' transition). The pair 
correlation effects which we are investigating are, of 
course, important when at least a few single-particle 
levels, which are simply connected with the finite na
ture of the system, are fitted into the gap 2.6.. This is 
why, for example, these effects play no appreciable 
role in simple molecules such as benzene. On the other 
hand, in molecules of materials such as, for example, 
ovalene (Fig. 2), coronene, phthalocyanine, and so on, 
there is a sufficiently high number of 7T electrons, and 
pair correlation must be taken into account. 

It is clear from the above discussion that the main 
consequence of the above effect is that the 0-0' energy 
separation between the ground state and the first ex
cited state is much greater than the O' -0", 0" -0"', and 
so on, separations. This is confirmed by experiment 
(see, for example, [91 ). Thus, in the ovalene molecule 
(C 32H14) the first electronic excited state corresponds 
to the frequency w01 = 21000 cm-1 and the O' -0" sepa
ration corresponds to w12 ~ 5000 cm-1• Coronene is 
characterized by w01 ~ 22 500 em -1, w12 ~ 5500 em -1• 

This relationship between the energy separations is 
not, of course, an obvious fact. Thus, the properties of 
the complex molecules which we are discussing can be 
described by quasiclassical means because most of the 
electrons are characterized by high principal quantum 
numbers (for example, according to [101 this approxi
mation adequately describes the properties of 7T elec
trons for v ;c 10, where v is the number of 7T electrons). 
At the same time, it is well known that the energy lev
els should be approximately equally spaced (see, for 
example, [111, p. 202). When the validity of the quasi
classical approximation is discussed, one must, of 
course, consider the total number of electrons, includ
ing the a electrons. The presence of pair correlation, 
on the other hand, explains the appreciable excess of 
the value of w01 because, in this case, the 0-0' transi
tion is equivalent to the energy gap which contains a 
number of single-particle levels. We note that an anal
ogous situation is observed in the case of even-even 
atomic nuclei. 

The presence of pair correlation should lead to an 
appreciable difference between the spectra of mole
cules containing even and odd numbers of 7T electrons, 
respectively, and this is, in fact, observed experimen
tally. [l2J The addition or removal of one 7T electron in 
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the system, which makes the number of electrons either 
even or odd, is known to lead to the appearance of a 
lower frequency in the radiation absorbed by the mole
cule, i.e., in other words, to an essential reduction in 
the 0-0 1 separation. For example, the spectrum of the 
perylene molecule is characterized by the following 
frequencies: w01 RJ 22000 em-\ w12 Rl 8000 cm-1• On the 
other hand, when the compound C20H18- is considered, 
which differs from perylene by the addition of a single 
1T electron, it is found that w01 RJ 10 000 em -1, w 12 

RJ 8000 cm-1• Again, the addition of two 1T electrons 
again leads to the appearance of the gap in the spec
trum. [12J A similar reduction in the 0-0 1 separation is 
noted in coronene, C24H18• Whereas coronene itself is 
characterized by w01 RJ 22 500 em-\ w12 RJ 5500 em-\ 
the compound C2tH18- is found to have w01 Rl 8000 em -1, 
w12 RJ 10 000 em- . The observed reduction in the 0-0 1 

separation can naturally be related to the presence of 
the unpaired electron. 

The change in the color, which is associated with 
transition to cation-radicals and anion-radicals (see, 
for example, U3l), is also a manifestation of the above 
effects. 

3. MAGNETIC PROPERTIES 

Pair correlation has also an important effect on the 
magnetic properties of molecules since it governs the 
observed anomalous diamagnetism of the electron sys
tem. 

The interaction between 1T electrons and the magnetic 
field isA described by the paramagnetic (:Hp) and diamag
netic (Ho) parts of the 7T-electron Hamiltonian 

- ie J ) d Hp=- q.r+(VA+AV 'l' r, 
2m 

(2) 

' fiD = __ e_Jq.r+q.rA'dr. 
2m (3) 

The operators \If and \If+ describe the state of the 1T elec
trons with allowance for the pair correlation effect. 

The expression for (Hp) can be written in the form 

where G is the Green function for the system and A 
= ~H X r. 

Equation (2 1 ) can readily be transformed to read 

(21) 

In this expression p1 is the addition to the density ma
trix of the quasiparticles due to the field, Hi is the 
magnetic field component, and Mi = - i (r x V h. 

The addition to the density matrix p~)t 1 is connected 
with the presence of an arbitrarily small perturbation 
V and, according to [14' 3J, it is of the form 

I 

pu/= 
(S,_~,_,- e,.e,_,- l!u.~,_,f) v:,., 

2e,e.,( e, + e,.) 
(4) 

The eigenvalues of the operator T are ± 1, where the 
positive sign corresponds to external fields which do 
not change sign on time reversal, whereas the minus 
sign corresponds to odd fields. In the case we are con-

sidering, we have the negative sign. Henceforth we shall 
neglect the dependence of t::. on )t, which is valid for suf
ficiently homogeneous distribution in the 7T-electron 
system. On this case, the perturbation operator is 

- ieh -
V=--HM. 

4mc 
(5) 

We shall use Eq. (4) to find ~Hp) and then, using the 
well-known relationship x = -a (t::..E)/aH2, we shall cal
culate the paramagnetic susceptibility in the direction 
perpendicular to the plane of the molecule: 

e' I: e,e,.- G>.s··- a' 
X.cp=--, /M .... /'. 

Bm 2e,e..(e, + e,.) 
~ A,Ar 

(6) 

In the absence of pair correlation 

(7) 

Equation (7), which is a consequence of the general 
relation given by Eq. (6) for t::. = 0, is well known in the 
theory of molecules, and is often referred to as the Van 
Vleck paramagnetism [15J (it is occasionally called the 
polarization paramagnetism). 

The operator V0 in Eq. (5) describes the direct in
teraction between the 7T-electron quasiparticles and the 
external field. In a more rigorous approach, Eqs. (4) 
and (5) should involve the effective field [3• 4J 

(8) 

where r is the four-terminal quantity describing the in
teraction between the quasiparticles, since allowance 
for the interaction between the quasiparticles ensures 
that the field acting on the quasiparticle is different 
from the external field. This difference is due to the 
modification of the 7T-electron system, and is described 
by the second term in the expression for yeff. It is 
clear that, when the interaction between the quasipar
ticles is taken into account, this ensures that Eqs. (4)
(6) involve yeff = H · MP (MP = M + M 1 ; M1 is deter
mined by the second term in Eq. (8) which is the in
tegral equation for the effective field). Replacement 
of Mz)t)t' by M~u~ in Eqs. (6) and (7) leads to different 
qualitative values of Xr However, the main conclusion 
(see below), that pair correlation is suppressed because 
of pair correlation, is connected with the estimate of the 
function 

F(J.., J..') = (s,e,,- ~;;,~;..- L\') / 2e,e..(e, + e,.) 

and does not change when yo is replaced by yP. 
We note also that, according to Eqs. (4), (5), and (8), 

in the case of axial symmetry (see below), the effective 
field becomes identical with V0 in calculations of Xr 

Therefore, the resultant orbital susceptibility con
sists of the paramagnetic part given by Eq. (6) and the 
diamagnetic term determined in the usual way from 
Eq. (3). In ordinary metals it is well known that Xp 
and Xo eventually cancel out (and there is only minor 
Landau diamagnetism). In superconductors, the "rigid
ity" of the wave function leads to the suppression of the 
paramagnetic contribution. When the magnetic proper
ties of the molecules are investigated, there is no com
pensation, and we must take into account both the Van 
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Vleck paramagnetism and Xn· The semi-empirical 
method -of solving this problem is developed in usl. 

Experiment shows, however, that the electron sys
tem exhibits anomalous diamagnetic properties. The 
magnetic properties of, for example, the polycyclic 
compounds are described with high accuracy by in
cluding only XD· The problem then arises as to what 
are the reasons leading to the reduction in the para
magnetic contribution in Eq. (2). 

We note, first of all, that Xp vanishes for molecules 
with axial symmetry because, in this case, the oper
ator Mz is diagonal. When A= A', on the other hand, 
it is clear from Eqs. (6) and (7) that Xp is zero inde
pendently of the pair correlation effect. The magnetic 
susceptibility of the molecule and, consequently, the 
1r-electron current, are then determined exclusively 
by the diamagnetic part of the Hamiltonian. This oc
curs in particular for the benzene molecule, whose 
symmetry is frequently assumed to correspond to the 
Dooh group. The current state of benzene is therefore 
described by the London equation j = - (nejmc) A, [171 

which is the usual quantum-mechanical expression for 
the current without the paramagnetic term. This anom
alous mechanism is connected, as we shall see, not with 
pair correlation, but with the axial symmetry of the 
molecule. 

In the complex molecules of aromatic compounds 
which have no axial symmetry there are, at first sight, 
no reasons which would allow us to neglect the para
magnetic contribution of Eq. (6). Their anomalous dia
magnetism therefore requires special analysis. 

The paramagnetic susceptibility of ordinary mole
cules is given by Eq. (7) which describes with sufficient 
accuracy the experimental data. The quantities x1P,a=0 
and XD are quantities of the same order of magnitude. 
In the polycyclic molecules which we are considering, 
we must take into account pair correlation effects, in 
which case x1p is calculated not from Eq. (7) but from 
Eq. (6). It can be shown that, under certain definite con
ditions (see below), the value of x1p calculated from 
Eq. (6) is much less than XlP,a=O and this means sup
pression of the paramagnetic contribution. 

Let us consider Eq. (6) which gives the expression 
for x1p in greater detail. We shall first investigate the 
values of ~A and h' which provide the main contribu
tion to the sum in Eq. (6). This will be done by evalu
ating the matrix element MzAA' on the basis of the 
quasiclassical method (see c2, 31 ). The separation be
tween levels with neighboring values of the principal 
quantum number in the two-dimensional case corre
sponding to the plane molecule is 

ae I an ~ vI r.,N'~~ ~ e, IN"' 

(this equation is obtained by term-by-term differenti
ation with respect ton of the Bohr condition fppdP = n, 
where N is the number of electrons, EF is the Fermi 
energy which, in this case, is given by EF = 41Tti2N/g2mS, 
Sis the area, and g = 2). It is clear that the values 
Mzn' will be appreciably different from zero if 
I h - h' I ~ EF /N1f.!. In the opposite case, the wave 
functions will have a very different number of nodes 
and this will lead to a low value of the corresponding 
matrix element. 

Let us now consider the function 

F= e,.e,..-s,.s,..-a• 
2!;.e,.(e, + 8••) ' 

in Eq. (6). Since E A= ..; ~~ + a 2 , this can be written in 
the form 

F = [(S..s•• +A')'+ A'(S,.- s••)']'1•-(s•s•· +A') 
2e,e,.( e, + e •• ) · 

Next, we find that 

If I h- h' I~ 2a, then F «(I hI+ I h' I f 1 

= F (A' A I' a = 0). The last function determines the 
usual Van Vleck paramagnetism in accordance with 
Eq. (8). The inclusion of terms corresponding to 
hh' > 0 in Eq. (6) does not modify this estimate. 

In view of the foregoing discussion, we obtain 

e,fN'~~~2A. 

When this is satisfied, the paramagnetic contribution 
due to pair correlation is suppressed, and we have 
anomalous diamagnetic susceptibility. This condition 

(9) 

is practically always satisfied in the complex mole
cules which we are considering because, as noted 
above, several single-particle levels can be fitted into 
the interval 2a. Moreover, the increase in the density 
of states and the associated reduction in the level sepa
ration near the edge of the gap play an appreciable role. 
In molecules such as, for example, ovalene or hexaben
zocoronene, we have EF ~ 105 cm-1• On the other hand, 
2a ~ 2 x 104 em-\ i.e., this quantity is of the same 
order of magnitude as EF /N172. As the molecules be
come more complicated the above inequality is more 
readily satisfied because EF and a become practically 
independent of N (see, for example, c181 ). It is clear 
that in different cases there may be different manifes
tations of the presence of the superconducting state, 
and a different degree of reduction in the paramagnetic 
contribution. A similar situation is found in the case 
of nuclear moments of inertia. c141 The moment of in
ertia is found to depend on the extent to which pair cor
relation effects are important. We note that the case 
I ~A - ~A' I « 2a is analogous to the London limit in 
the usual theory of superconductivity. 

More precise numerical calculations require a 
knowledge of the wave functions for the 1T electrons. 
In the "metal" model of the ovalene moleculec191 cal
culations of Mzn, have shown that this quantity is a 
maximum for I ~A - h' I ~ 3 x 103 em -1 which, in view 
of the fact that the inequality I ~A - h' I « 2a is satis
fied, again confirms the conclusion about the presence 
of anomalous diamagnetism. 

The above pair correlation effects should vanish in 
sufficiently strong magnetic fields. This is analogous 
to the disappearance of superconductivity in metals 
when the external magnetic field assumes its critical 
value. An analogous effect was investigated in c201 in 
the case of rotating nuclei. 

The behavior of molecules in strong magnetic fields 
will be considered in detail elsewhere. The disappear
ance of correlation effects takes place only in very 
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strong magnetic fields. Nevertheless, some reduction 
in A for the transition from the ground to the first ex
cited state can probably be observed in fields that can 
be produced by existing superconducting magnets. In 
view of this, it would be interesting to have the results 
of experiments on the effect of a strong field on the 
electronic spectrum of a complex molecule. 

We may thus conclude that the inclusion of pair cor
relation in the 1r-electron system enables us to use the 
London equation for the diamagnetic current, and the 
associated anomalous diamagnetic susceptibility de
scribed by Eq. (3), because the paramagnetic contribu
tion turns out to be highly suppressed. 

4. POLARIZABILITY 

Pair correlation has an important effect on the po
larizability of complex molecules. Let us begin by 
considering the static polarizability. We shall start 
with the general formula given by Eq. (4) for the single
particle density matrix. In this case, the perturbation 
operator is V0 = - d • E where d is the dipole moment. 
The positive eigenvalue then corresponds to the oper
ator T. The change in energy of the system due to the 
external electric field is 

A \"1 , \"1 (;,(;,. - e,e,. - 1'1' 
(H)= ~Pu·(dE).., = ~ (dE).,•( dE)..,. 

'·'' '·'' 2e,e,. ( e, + ea•) 

From the general formula (H)= aikEiEk we obtain the 
following expression for the polarizability tensor: 

(10) 

The diagonal component of this tensor is of the form 

(11) 

Substituting A = 0, we obtain 

(12) 

This gives the polarizability tensor which is well known 
in the theory of molecules (see, for example, £11• 211 ) and 
which is usually established from the usual perturbation 
theory. The inclusion of pair correlation in the analysis 
of the above molecules is thus seen to lead to Eq. (11) 
which is different from the usual formula. Inclusion of 
the interaction between the quasiparticles will lead, as 
above (see Sec. 3), to the replacement of d by the value 
dp which is renormalized on account of the interaction. 

Let us consider Eq. (11) in greater detail. By anal
ogy with the foregoing discussion (see Section 3 ), we 
shall use the quasiclassical estimates for the matrix 
elements, and will then be able to show that the main 
contribution to Eq. (11) is due to terms satisfying the 
condition I ~.X - h' I ~ e:F/N112• The values which are 
important in the sum in Eq. (11) are those satisfying 
the condition I ~.X I , I ~.X' I ~ A. In point of fact, when we 
consider the terms corresponding to I ~.X I, I ~.X' I » A, 
the effects of pair correlation become unimportant and 
A can be neglected. We then obtain Eq. (12), again with 
the values of ~.X• ~.X' satisfying the condition ~.X ~A' > 0 

providing the only important contributions. Because of 
the presence of the gap, these values are well sepa
rated and are very different in the number of nodes. 
As noted above, this leads to small values for the ma
trix element. 

Next, we shall assume that e:F/N112 «: A. In that 
case, I ~A I «: A and Eq. (11) will assume the form (we 
shall confine our attention to diagonal components au 
=at) 

The component of the susceptibility ap in the direc
tion lying in the plane of the molecule is 

(13) 

It is readily seen that the susceptibility ap which is 
determined by the sum on the right-hand side of Eq. (13) 
is uniquely related to the diamagnetic susceptibility 
XJD of 1T electrons given by Eq. (3) and referring to the 
corresponding energy interval. The relation between 
ap and XD turns out to be linear (ap - xn). It is sub
stantially different from the Kirkwood formula x 
= - e2a0(Za)1/ 2/4me2 (a0 is the Bohr radius) obtained 
for the centrally-symmetric electron system which is 
unsuitable for the description of the complex systems 
of collectivized electrons which we are considering 
(see, for example, £2ll, p. 204). 

In the case of a uniform distribution of 1T electrons, 
when the density n{p) is not very dependent on p, which 
is possible when Eq. (9) is satisfied, the susceptibility 
ap and the total diamagnetic susceptibility xm of the 
electron system are related by 

X.cn = ya., y :::::: -e, /4mc'. (14) 

This can be verified experimentally. Consider, for 
example, the ovalene molecule C32Hw We shall use the 
susceptibility and polarizability data given in usl: x lD 
R~ 6 x 10-28 cm3, a R~ 9 x 10-23 cm 3• Moreover, EF 
R~ 1Th~/m R~ 3 x 10-11 erg. Substitution of this in Eq. (14) 
will show that this equation is satisfied with sufficient 
accuracy. 

Let us now calculate a polarizability of the molecule 
in an external alternating electric field. The perturba
tion is now given by 

V = 1/2dEe'"' + c.c. 

The addition to the single-particle density matrix turns 
out to be 

We shall use the relation 

to calculate the polarizability of the molecule in the 
external field. The polarizability aik is obtained from 
the well known relation Pi = aikEk· It turns out to be 

( ) \"1 (e, + ea•) (e,e,•- S>S•• + 1'1.') d d 
a,. 00 = ~ 2e,e,.[ (e, + ea•)'- oo'] "'' ..,,. 

"·"' 
(15) 

The diagonal component of the tensor aii(w) is 
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·( )- ~ (e,+e,.)(e,e,•-s•s•·+6')ld I' 
a., w - "-.l 2e,e,.[ (e, + e,.)'- w'] '"' · 

1..,1..' 

(15') 

If we set t:.. = 0, we obtain 

a = ~ I£, I+ I£., I 1 a , I' ~· e,, < o, 
"· •=• "-.l < 1£>.1 +I s•· I l'- w' '" ' .• ~ 

A,l..' 

which is well known in the theory of molecules. The 
sum I ~A I + I ~A· I is the change in the energy of the mol
ecule for a single-particle electronic excitation. Sub
stituting I hI + I ~A' I = w0 n• we obtain the more usual 
expression: ' 

aii,>=o= L [w,.,/(w,.,'-w')]ld.,,,l'· 

Equation (15) is therefore a generalization of the 
usual expression for the polarizability tensor to the 
case when pair correlation effects must be taken into 
account. 

5. COLLECTIVE {EXCITON) EXCITATIONS 

The presence of the gap in the energy spectrum of 
the JT-electron system leads to the possible existence 
of exciton-type collective levels within the energy gap. 
These do not decay to single-particle levels. The spec
trum of these excitations, whose existence is due to the 
electron-hole interaction, may be obtained by consider
ing the properties of the two-particle Green function. 

1. Let us introduce the matrix 

io. _ ( G(io., w) iF(io., w) ) 
Ga,~( 'w)- iF(X, w) G(X,- w) ' 

where 
u,2 v).2 

G= . + + ·• w - e, + til w e, - tu 

is the corresponding component of the usual Green 
function 

F+p., w) = u,v.[ (w-e,+ io)-'- (w-e,- ill)-'], 

e, = (£,'+ d')'l•, u,' = ~( 1 +~), v,' = ~ (1-!>:_), 
2 e, 2 e, 

and F+ = ( T (I/!+ zJ; + )) is the anomalous Green function. [211 

Next, let us introduce the matrix Kaf3 ·yo containing 
the various two-particle Green functions; 

x.~, "8 (12; 34) = ( ",,,..., i<12; 3+4) i <12;34+) - <12;34) 

} = i <_9\ 3+4+> - <12+; 3+4> - d2+; 31+> - i (12+;34> 
i (1+2; 3+4+) - (l+2; 3+'"4> - i ([+2; 34•> - i <1+2;34) 
- <T• 2+; 3+4+> - i <f+ 2+; 3+4> -i <T+2+; 34+> <1+2+; 34) 

We now shall write down the Bethe-Salpeter equa
tion for the two-particle Green function (an analogous 
calculation in the case of collective excitations of the 
nucleus is given in [221 ; for the sake of simplicity, we 
shall confine our attention to the axially symmetric 
case): 

K'''(12; 34; m) = x;''(12; 34; m) 

+ •;,x;' I (12; 56; m) r,(65; 87; m)K'; '(78; 34; m). {16) 

where 

( 
2e iw (u'- v') iw2uv 

i•lt 2 
K,' = --- iw(u'- v') - 2e(u'- v') - 4euv(u'- v') 

4e'-w' 
' iw2uv - 4euv(u'- v') - 8eu'v' 

> 
/(J;J 

0 + 
( 

FIG. 3 
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1 

FIG. 4 

rJ 

o' 
O' 
I 

0 

: • ( 

) 

describes the noninteracting quasiparticles, and rz is 
the corresponding component of the four-terminal graph 
describing their interaction. Equation {16) with i = 1, 2 
describes the propagation of two particles and two holes, 
respectively. The value i = 3, on the other hand, corre
sponds to the propagation of a particle and a hole. 

Let us substitute r 1 = r 2 = 0, i.e., we shall investi
gate only the interaction in the particle-hole channel, 
which leads to the collective (exciton) excitations in 
which we are interested. We then find from Eq. {16) 
(see Fig. 3) 

K'; 3 = K,'' 3 + '/,K:' 3 f,K3' 3 

and in view of Eq. (16'), this enables us to obtain the 
following expression for the pole of the two-particle 
Green function which determines the spectrum of the 
collective excitations: 

( d' ''• 
(J) = 2e 1-2e' r,) 0 

The number of these can be quite high because of the 
multicomponent nature of r 3 • Next, we find that 

Wmin = 2d(1- r, I 2d) "'· (17) 

It is clear from this expression that there may be levels 
lying within the gap. 

2. The electron-hole interaction therefore leads to 
the appearance of exciton-type collective levels if there 
is pair correlation. 

Experiments concerned with the spectra of the com
plex molecules which we are considering have estab
lished the presence of multiplet structure. Groups of 
lines with constant frequency separation are observed, 
and this corresponds to the presence of electron levels 
{for example, 0~ in Fig. 4; vibrational levels are shown 
near 0) lying below the O' level. This multiplet struc
ture is a characteristic feature of the quasiline spec
trum. [231 It was supposed earlier that the appearance 
of this structure was connected with the presence in 
the crrstal matrix of different types of radiating cen
ter. [24 However, this hypothesis is incapable of ex
plaining the observed reproducibility of this structure 
and its complexity. Direct experimental studies of the 
spectra of phthalocyanines[251 have shown that at least 
some of the lines in the complex multiplets are not due 
to different centers, but to a single molecule. 

It may be concluded from the foregoing that at least 
one of the reasons for the appearance of the multiplet 
structure is connected with pair correlation in the 1T

electron system and the presence of intramolecular 
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collective (exciton) levels lying within the energy gap. 
3. We have so far discussed the properties of poly

cyclic molecules contining a few tens of 1T electrons. 
It is clear, however, (see Sec. 1); that the pair correla
tion effect and the associated appearance of the energy 
gap are due to the presence of the 7T-electron system 
and the attraction mechanisms within it. This effect 
is, of course, possible in more complex molecules as 
well, including biologically active molecules. All the 
most important biochemical materials contain conjugated 
systems (see, for example, [261 , p. 546). The presence of 
pair correlation within the collectivized electron sys
tem, which leads to the appearance of the gap in the 
spectrum, ensures a stability which is analogous to 
that observed in superconducting metals. Long-range 
order due to electron correlation is important for the 
understanding of the mechanism responsible for the 
coupling and transfer of excitations in biochemical 
materials. 
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