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The theory of the coherent electron-exciton pairing is generalized to describe the electron-exciton bound
states of molecular crystals which contain several molecules (atoms) in the unit cell. The excitation spectrum
for crystals like anthracene having two molecules per unit cell is discussed in detail. Expressions for the
absorption coefficient for the anthracene-like crystals are derived describing the optical transitions to four
electron-exciton bands. Two of the electron-exciton bands represent a modification of the two components of
the exciton doublet, while the other two bands are due entirely to the electron-exciton pairing. The electron-
exciton bands have the same polarization directions but different intensities and energies from those of the
corresponding exciton bands. The ground-state energy describing the electron-exciton binding energy is
calculated and discussed. Numerical estimates indicate that at high exciton densities, i.e., for exciton
concentrations 2 X 10'*-10'° cm~> and when the ratio of the average electron-exciton interaction to the
average kinetic energy is between 1 and 2 (strong-coupling limit), the energy gap due to the electron-exciton
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pairing is in the range 50-320 cm™', the corresponding transition temperature is 40-260°K, while the

-1

binding energy is 90-500 cm

1. INTRODUCTION

The collective electronic excitations of molecular
crystals are usually described by Frenkel (mole-
cular or small-radius) excitons.! They consist of
tightly bound electron-hole pairs that migrate
through the crystal with definite energy and wave
vector. It has been recently suggested® that at high
exciton densitites and low temperatures, an exciton
may interact with an excited electron® which is
located at an adjacent lattice site of a molecular
crystal to form a charge-transfer (CT) bound state.
Electrons (charge carries) can be produced in the
crystal either by the use of photoabsorption* or
photoinjection techniques.®

The excitation spectrum and the electromagnetic
properties of the electron-exciton bound states have
been discussed in Ref. 2, hereafter referred to as
1. The effects of the electron spin have been also
included.® It has been shown in Ref. 6, referred to
as II that singlet excitons as well as triplet excitons
may interact with electrons toform electron-sing-
let and electron-triplet CT complexes provided that
certain conditions prevail. The reader is referred
to I and II for details as well as for the literature
on the subject.

Most of the molecular crystals contain several
molecules (atoms) per unit cell; for example, the
monoclinic crystals such as anthracene, naphtha-
lene, etc., which have a center of symmetry, con-
tain two identical molecules per unit cell. For
such crystals having two identical molecules in the
unit cell, the excitation spectrum consists of two
exciton bands, which have not only different ener-
gies but also different polarizations; the energy
splitting is usually referred to as the Davydov

splitting.! The existence of the two components,
which have different energies and different polar-
izations, has made possible the observation of the
exciton bands in molecular crystals.! The theory
in I and II has been restricted to crystals having
one molecule per unit cell, the purpose of the pres-
ent study is to generalize the theory of electron-

TABLE I. Computed values for the gap function A, /0,
transition temperature T}/o,, binding energy Wi/o,,
and average kinetic energy w,/0, determined by Eqs.
(61)—(64), respectively.

n A+/U+ T:/°+ _WE/U+ "')+/U+
(cm'S) o Ulw, (em™)  (°K) (em™Y) (cm™Y
2x10% 15 1.0 52 43 96 37

2.0 1.3 74 61 121 37
2.5 1.6 93 76 146 37
3.0 2.0 111 91 174 37
4x10® 15 1.0 83 68 152 59
2.0 1.3 117 96 191 59
25 1.6 146 120 232 59
3.0 2.0 167 137 277 59
6x10% 1.5 1.0 109 89 200 77
2.0 1.3 154 126 250 77
2.5 1.6 193 158 304 77
3.0 2.0 231 189 363 M
8x10® 1.5 1.0 132 108 242 93
2.0 1.3 187 153 303 93
2.5 1.6 234 192 369 93
3.0 2.0 281 230 440 93
1x10® 15 1.0 153 125 281 108
2.0 1.3 217 188 352 108
2.5 1.6 271 222 428 108
3.0 2.0 326 267 511 108
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exciton bound states to be appropriate for organic
crystals that have several molecules in the unit
cell. Optical transitions to the electron-exciton
bands and computations of the parameters involved
in the strong-coupling limit are considered as
well.

The problem is formulated in Sec. II, where use
is made of the same model for a molecular crystal
as in I but the molecular Hamiltonian describes
crystals having several molecules per unit cell.
Using the same decoupling approximation as in I
and II, we derive a set of coupled equations for the
electron-exciton Green’s functions. The excitation
spectrum is discussed in Sec. III, where expres-
sions for the energies of excitations and for the
energy-gap functions arising from the electron-
exciton pairing are derived for crystals like an-
thracene. Optical transitions to the electron-exci-
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The operators bg,,, b}, and ag,4, al,, describe the
exciton and electron fields, respectively. B8 and ¥
B,r=1,2, ,S) enumerate the number of mole-
cules per umt cell R- =4 =T5— T3, where Tz and T;
are the position vectors for the electrons at the
lattice sites m and #i respectively, and the prime in
the sum indicates that the term with R;;=0 should
be omitted. The notation as well as the coupling
functions in Eq. (1) are described in detail by Egs.
(7a)-(Te) and (8) of I, where the reader is referred
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The term in Eq. (4) involving the operators
(b2,507,, +bL,, bL,5), which describe the simultane-
ous annihilation and creation of two particle excita-

tions, has been discarded in I and II. This approx-
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ton states are discussed in Sec. IV and the cor-
responding expressions for the absorption coeffici-
ent are obtained. The binding energy arising from
the electron-exciton pairing is calculated in Sec. V,
while the results of the numerical computation are
listed in Table I and discussed in Sec. VI.

1I. FORMULATION OF THE PROBLEM

The Hamiltonian describing the electron and ex-
citon fields as well as electron-exciton interactions
for a two-level system of a molecular crystal hav-
ing one molecule (atom) per unit cell has been de-
rived in I and is given by Eq. (6) of I. This expres-
sion can be generalized to describe the general
case when there are several molecules in the unit
cell of the crystal and it may take the form

mos Yoy
ﬁmﬁ
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v'Rig
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to for details.

The coupling functions J(fi08, mvy |fiv3, mOy) and
J(@08, m0y | fiv8, mvy) differ only by exchange
terms! and if such exchange contributions are neg-
lected for the exciton field then we may take

J(#08, mvy ‘ﬁvﬁ, m0y) =~ J(fi08, mOy ]TwB, muvy)

-

=T, @, m). (2)

Substituting Eq. (2) into Eq. (1) we have
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r
imation is valid provided that the inequality
J@,m) <E,, (4)

is satisfied. For most molecular crystals when v
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is the first excited state,! E,,~3 x 10* cm™ while
J(fi, m)~10% cm™ in which case the inequality (4) is
well satisfied. For molecular crystals for which
J(@,m)~10* cm™, the term describing the two
particle excitations should be included in the cal-
culation. For the sake of convenience, we shall
consider the general case where the inequality (4)
is satisfied and, therefore the term proportional
to the operators (bg, bz, +b},s0%,,) will be omitted
in the calculation. In Sec. VI, a discussion is given
on how this effect may be incorporated in the final
results whenever the inequality (4) is violated.
Using the Hamiltonian (3) we derive the equations
of motion for the operators a4 and by, as

id = ’ -,
(E_EVOB> Cgp™ Z Lg(mv,fiv)ag,
7 Rag

' -
- Z Uﬂy(ﬁxm)aﬂvebtrﬂvrbﬁ-w ’ (5)
7‘.§;;“g

id = 7 (5. m
<d_t—Ev°B> bze= Z' Jay(n,m)biw(l 2b:nw mv'r)

7 ﬁﬁ
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In deriving Egs. (5) and (6) we have followed I and
II and exciton-hole scattering effects have been
discarded. This approximation is applicable as
long as these kinds of processes produce very little
effect or not at all on the formation of electron-
exciton bound states.

Making use of the same decoupling approximation
asinl, i.e

z' Usr(ﬁ’r_ﬁ)(aﬁvﬂb%w b'n'wy)
¥y ﬁﬁﬁ
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where N, = <aiwaﬂur> (b b;m> . The first terms
on the right-hand side of 1 Eqs (7)-(8b) describe
corrections to the electron (exciton) spectrum aris-
ing from the electron (exciton) density while the
last terms describe the pairing between an elec-
tron and an exciton located at different lattice
sites of the crystal. Substitution of Egs. (7)-{8b)
units Egs. (5) and (6) results

id
(E VOB> Qg = Z L mV nu)a;;w.,

- ZA ({,m)bz,, , 9)
id PR
(-t_l—t- - Evoﬂ>b?nv8 = Z Jﬁr(n’ m)bﬂw
v Rgm
- 2 AR, mag,, (10)
k4
Eys=E,~- D U@, mN,,, (11a)
v Bag
J g, M) =T, (5, m)(1 - 2N,,) (11b)
Bg,({, M) = Y U, (1, )0z, b% (11c)

Rag

In the momentum representation Egs. (9) and (10)
become

id kK
(;i_t-_ u’kvﬂ)alwa Z: Lerk)akw z AB’(k)bE""’

Y#8 Y
(12)
id B - .
E"Eiva bgs= Z J 5, (K)b3,, — Z Afkag,, ,
r#8 14
(13)
where
wivB=EVOB+L55(E) ) (148.)
Lg(K)= Y’ Ly, (mv, fiv) expli (K ‘Rzq)], (14b)
Rig
T ®)= D T, m) expli(K-Rgz)] , (14c)
Rm
EiuszEvoB"’Jee(E) ’ (14d)
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A (15a)

o)== Z Ugy(& - Dz, L, »

Ug®=8)= 3" U, (8, M) expliR -3 Rzgl,  (15b)
Rad

where N is the number of unit cells in the crystal
volume V, and K and 4 are wave vectors in the first
Brillouin zone.

In Eqs. (12)-(15), w;,, and E;,4 are the energies of
excitation for the free electron and exciton, re-
spectlvely, while the coupling functions LB,(k) and

ay(k) describe the transfer of electronic charge
and excitation energy, respectively, from the mole-
cule B into the molecule y within the unit cell of
the crystal. Eqs. (12), (13), and (15) will be used
in Sec. III to discuss the excitation spectrum for the
electron-exciton interacting system.

III. EXCITATION SPECTRUM

To discuss the excitation spectrum we shall make
use of the retarded double-time Green’s functions
defined by Eq. (19) of I, as well as the equation of
motion for the Green’s functions given by Eq. (20)
of I. Then using Eqgs. (12) and (13) we derive the
following expressions for the electron (ag 4 @ m»

and exciton-electron (b, al 2) Green’s functions

(@= 05, 05500, ) =9t 3 Lp@(@giyi ol )

Y#8

- Y 8,&)(bg,08,,), (16)

(@ = Egp)(brg; kv8>> Z Jﬁv(k)<<bkuw vaﬂ»
- T at®epyial). a0

Similar expressions hold for the exciton (bg,4; tvﬂ»
and electron-exciton (ag,; b} ,¢) Green’s functions.
Equations (16)and (17) form a set of coupled alge-
braic equations the solution of which will deter-
mine the energies of excitation. If s is the number
of molecules simultaneously present in the unit

cell of the crystal then there will be 4s coupled
equations whose solutions will determine the energy
bands of the system under consideration.

For the sake of simplicity and as an illustration
let us consider monoclinic crystals such as an-
thracene, naphthalene, etc., which have center of
symmetry and contain two identical molecules in
_t.he unit cell.! For the senses of the wave vector
K that are perpendicular or parallel to the plane of
symmetry of the crystal, we have!

TR =0,®) =JEK), J,E=J,K =&, (18)
L&) =L,,&)=L{K), L,E&=L,K=LE), (18b)
hence,

E¢n=Egp =By, Wiy = Wie = W, (18c)

If we also take
8, =0,®) =aFK), a,K=a,K=4K  (19)

and make use of the following notation:

Wp,, = Wi, + LK), (20a)

Eg.=Eg+J(K)=E +J,(K), (20b)
J,&) =JK) I (&), (20c)
a,[&) = ak)  AR), (20d)

then for B8,y=1,2 from Egs. (16) and (17), we have

(W= wg, g, tag,.;a ul»

=(1/2m) -
((.U - EEyg)«bfvl + bIVZ’ kul»

=-8,E) g, o,z ab,) . (22)

A,E)bz, £bg030L,) s (21)

Similarly,
(w=Eg, )b + D505 bivl»

=1/27 - A,K){(ag,, £ ag,z30% ), (23)
((ﬂ - w;vt)«a B A bkv1>>
= —Ag(k)«bivl ibivz; b%pl)} . (24)
Solving the coupled Egs. (21) and (22) or (23) and
(24), we obtain

2
Vi
((akvliaw,am» 2‘”<w Q‘v*

PR3

2
Ui
+
w_Q'iu"'(;u) ’ (25)
1
<<blzu1 + bin; aiul» = <<aEu1 + a'ipz9 4 u1>>
.1 Aﬁ)( 1
2" Zeiut w- Qkuz—iku

1
(.D Qkut + €kvt> ’

(26)
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. . —_—kv:
(i £b323 04, ) = 27 <w Qe =~ €ios
2
Vkys ) (27)
W - kat+€ivt ’
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where the energies of excitation Q;, , + €;,, are given
by

i, =2(Eg, + Wi, (28)

€5 =[5 — w0+ [ 8,0 2172, (29)
and the amplitudes u;,, and v;,, are defined by

U =3 [1+ (B = 0p, )/ 263, (30a)

va, =3 [1- (Ep, - w5/ 260.] (30b)

and u},, +v%,,=1. Using the Green’s functions (25)-
(27) we derive the corresponding expressions for
the distributions functions™? in the limit of zero
temperature as

<a11w (CIREXTH) =u§ Ve ? (31a)
<bI (B, £03,,)) = vm, (31b)
<b' (akv]. + akvz» <aky1 (b'ivl + b;v2))
=4,(K)/2¢z,, - (31c)
From Eq. (31c) we have the relations
t . = #(k A (k)
®g, ¥ew) =3 < S, e, ) (32)
a,&) A_ab)
toy. \= _
<bfu1 e <2€;W 2¢;,. /) (32b)

Using Egs. (15), (19), (20), (32a), and (32b) we get

=gy ¥ TEDNE 33)
a.®)=(1/2N) w . (34)

In deriving Egs. (33) and (34), the coupling func-
tions have been taken to be

Uu(i" §= Uzz(E -9)= U12(k.‘ Q= U(k.“ d. (35)
Though the approximation Uu(ﬁ -9 = Ulz(ﬁ— q) is
not always applicable, it facilitates the solution of
the problem because now the gap functions A (k)
and A-(K) given by Eqgs. (33) and (34) are independ-
ent of each other. If we define the exciton and elec-

tron effective masses m*, and m3, respectively,’
as
1 92 , 1 Iaz
=|—="E; — = =5 i , 36
Mae lokz i’ mi o lek® l; 38)

then in the effective-mass approximation and using
Eqs. (37a)-(37c) of I, Eqs. (33) and (34) may take
the form

UK -9Aa.Q

- 1
A‘(k 2.N ; [("2/2# )2+ |A(q)| ]1/2 ) (37)

Uk-9a-@

= 1
= o= - = . 38
07 Zq: @72+ a@rre - 8%
The reduced mass u, is defined as
2 1 1 ME = Mige
— = - |t 39
e o e

where the effective mass of the exciton m;, de-
pends on the direction of the exciton and takes neg-
ative and positive values for transverse and long-
itudinal exciton modes, respectively.! The integral
equations (37) and (38) are similar to Eq. (38) of I
and Eqgs. (31) and (32) of II. Therefore, we quote
here the final results for the gap functions At(E).

A (K)=w,/sinh(1/p,), (40)
4. (K)=w./sinh(1/p.) , (41)
where
©,=8/2u,, E=(67N/V)'/3=(6n2n)'/3, (42a)
N©O=se oSy, 0= 3”“‘), (42b)

n=N/V being the exciton (electron) concentration.
Considering that for the effective masses we have
Moy > Moy, m,>m;, then u > p_, and hence,

p,>p.. Then the ratio

2D (1o (rmh/od)

In the weak coupling limit when p, <1,
(40) and (41) are reduced to

A,R)=2wet/0s,

AR)=~2w eV

then Egs.

(44a)
(44b)

and the transition temperatures T may be deter-
mined by the relation

K T*=0.574,, (45)
B% ¢ +

where K is Boltzmann’s constant.

IV. ABSORPTION COEFFICIENT

The expression for the absorption coefficient
(k w) is given by®

W
afk,w)=- W)ngu(kh) isE i)' ?

B,

x Im{(b s b*w)) , (46)

where c is the velocity of light in vacuum, n(ﬁ, w)
is the real part of the index of refraction of the
transverse light waves with wave vector K and fre-
quency w, bg 28=0g,— b} i,e» P and y enumerate the
number of molecules per unit cell of the crystal,
w, is the plasma frequency and Im refers to the
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imaginary part of the Green’s function in question.
F88(k)) is the oscillator strength for the allowed
electronic transition 0 - v of the molecule g and
X (=1,2) represents the two possible values of
polarlzanon perpendicular to the direction of prop-
agatlon K. In the optical region of frequencies
n(k, w) varies slowly with w and may be taken as a
constant n(ﬁ, w) =n;.

When there are two identical molecules per unit
cell, 8,7(=1,2), then Eq. (46) takes the form

ok, w)=-Twi/4cnzw

X Z E [f$ (RN Im{(bg,, + b 223 0L, )

o B0 Im by, = Bazi Biadl
(47)
where
T BA) =10, &N) 7, (KA) . (48)
In deriving Eq. (47) we have taken (k)\) =fz 2(kK2)

-

a,k,w)=

Bcn*w 2 SENES, {13, [0(w- 95, -
Ay

+05,,[0(w - Qg

kv

The expressions for the absorption coefficients
a,(k,w) and a_(k,w) describe optical transitions for
which w satisfies the equations

w=x(Qz,, £ €;,,) (53a)
and
w=(Q;,-t€;,.), (53b)

respectively; positive and negative values of w
refer to the physical processes of absorption and
emission, respectively. Thus the excitation spec-
trum consists of four energy bands wkich have 6-
function distributions.

In the limit when A (k’)=0, i.e., in the absence of
electron-exciton coupling, then uk”— 0, uz,=1and
a=e(k, w)= °“°(k, W)+ ae(k, w), where

Z 75, &NE,

exc(k, w) = 801’ ”

X[5(w—EEu)+ 5(w+E;V*)} s
(54)

with the energies of excitation E;,, defined by Eq.
(20) describing the Davydov components of the ex-
citon states.! Thus the excitation bands described

+ €2
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=f,,(KX) and F12(kn) =£2 (k) =7, (KA). For the an-

thracene crystal, which belongs to the monoclinic
system having two identical molecules in the unit
cell, we have!

F@ &N =£, {1 £2 sin[k3 (E+D)]}, (49)

where 5,5, ¢ are the three basis vectors of the base
crystal of which b coincides with the monoclinic
axis, 3-b=b=0 and &€ =accos 125°.

Taking the imaginary part of Eq. (27) and its
complex conjugate, we obtain

-21Im{B;,, +63; 5£N>)
2
=uiw[6(w - Q'lzw - €iu*) + 6(""’ +in¢ + El‘wt)J
;u +€kvt) 6(w+kat)J~ (50)
Substitution of Eq. (50) into (47) yields

a,w) =a K 0 +a &, v, (51)

where

6kv¢) + 6((.0 +Qku&+ Eiui)l

)+ 0(w+8g, — €z} (52)

r

by the expressions a+(ﬁ, w) and a_(§, w) will have
the same polarization directions as those of the
Davydov’s components but different intensities and
energies of excitation. The amplitude uzgv* gives

a measure of the polarization ratio between the
electron-exciton bands with energies Qg,, +€;,, and
the corresponding Davydov’s components of the ex-
citon bands with energies Eg,,, respectively. The
other two electron-exciton bands with energies

Q;,, - €g,, and scattering amplitudes v%,, are due
entirely to the electron-exciton coupled system.
Considering that #3,,> %, the former two bands
are expected to dominate the latter ones. The
quantity um L’f‘m is a measure of the ratio of the
intensities of the corresponding electron-exciton
bands. The corresponding energy splittings are
determined by 2¢;,, given by Eq. (29).

V. GROUND-STATE ENERGY

The excitation spectrum given by the Green’s
functions (25)-(27) may be represented by an ef-
fective Hamiltonian describing independent quasi-
particles in the form
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"}Ceff = <3C> + Z [(Qiyo + €Ev+) g%yo giw + (niv- + €iv-)€§v-£iv-

kv
'(in - Eiw)glltwgiw
- (in- - €Ev-)El{u-2iv-], (55)

where the energies of excitation Q;,, + €;,, are de-
termined by Egs. (28), (29), (40), and (41). The
operators £;,, and ;,, describe the fields of the
quasiparticle with energies (3, + €3,,) and (93,
— €3,.), respectively, and satisfy Fermi-Dirac
statistics. The exciton b3, , b;,, and electron oy,,,
ay,, Operators are related with the new operators
£z, and g, by the relations

by £ Do = ﬁ(uiutgiv* + 7"1'(:;*211':&) ’ (56a)
Uy £ Ao = ﬁ“”fw*‘iiv* +UgysE i) s (56b)

along with their complex conjugates. The inverse
transformation to Egs. (56a) and (56b) are given by

1
$ivs :7_5 [uivt(bin * bl'wz) - ”iu*(aﬁvl * aivz)] ’ (57a)
o 1
§ fue™ _\/%' (M5a b7y £ D30s) + ugyu (g, £ @)1, (57b)

where the scattering amplitudes ug,, and »g,, are
defined by Egs. (30a) and (30b).

In Eq. (55), (5) represents the average energy of
system. To calculate (JC), we average the Hamil-
tonian (1) for the case of a crystal having two iden-
tical molecules in the unit cell and then in the limit
of zero temperature and after making use of the
distribution functions given by Eqs. (30a)-(32b)
we obtain the following expression for the ground-
state energy:

1 Es —w- )2
G0y =2 (in + Q. - By, - wp)?

i €hve

_—— e - —

i(E,;V—w;,,_F) AP AP (58)
U u -

We are interested in the binding energy due to
the electron-exciton pairing, namely, in the ex-
pression W,.

WO = <3C>0 - Z (QTUM + Q'lzu-)
k

= 2 < %(EEW - wiu*-)z + T:(Efna- - (""Ev-)z >
K

€k s €30-
A, P la_P
U "o (59)

To calculate Eq. (59), we make use of the same
approximations as those deriving Eqs. (40) and
(41), with the result

WO = WS'*' W(-) ’ (608_)

where

N,(0)% 3 o,

“tanh(1/p,) ~ 772 tanh(1/p,) (60b)

W=

Equation (60) is a generalization of Eq. (43) of I
for a crystal having two identical molecules per
unit cell. Eq. (60) indicates that there is a co-
herent electron-exciton state which has lower
energy than the normal exciton state provided that
there is an attractive electron-exciton interac-
tion.

To get an estimate for the gap function A, (K),
the transition temperature T and the binding ener -
gy W, corresponding to the plus energy mode, we
rewrite Eqs. (40), (45), and (60) in the form

2

A+/o,=—£— sinh(1/p,), (61)
4m
0.57£2 /.

+ =" 2 62
T:/o, Tk sinh(1/p,), (62)
W3/o,= -5 = fanh(1/p,) (63)

ol “+ 2 4m 0
w,/0,=£/4m, (64)

m m
Sl i b ©3

m being the free-electron mass and p, is deter-
mined by Eq. (42b). It is easily seen from Eq. (64)
that 0,=1 and in the absence of any experimental
data, o, will be taken as a parameter. Since we
are concerned with the region of high exciton con-
centrations we make use of the value of n=2 x 10'®
cm™ and upwards. The exciton concentration of

2 X 10'® cm™ has been recently attained through op-
tical pumping in anthracene crystals.® The com-
puted values of 4, |o,, T}|o,, Wi/0,, and w,/o,

for different values of » and p, are listed in Table
I.

V1. DISCUSSION

We have extended the theory for the CT electron-
exciton bound states to be applicable to molecular
crystals having several molecules per unit cell.
Detailed expressions for the energies of excitation
are calculated for crystals like anthracene having
two identical molecules in the unit cell. The ex-
citation spectrum consists of four excitation bands,
two of which are modifications of the Davydov’s
doublet while the other two are caused entirely
by the electron-exciton pairing. Optical transitions
to the electron-exciton bands indicate that the elec-
tron-exciton states have the same polarization
directions but different intensities and energies
from those of the corresponding exciton bands.

The scattering amplitude u$,, describes the polari-

kv
zation ratio, i.e., the ratio of the intensities of
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the two electron-exciton bands with energies Q;,,

+ €;,, and the corresponding components of the ex-
citon doublet with energies Ej;,, respectively.

The polarization ratio of the electron-exciton bands
with energies Q;,, + €3,, and those of Q;,, - €;,, is
given by u},,/v%,,, respectively.

In our calculation we have made the assumption
that the inequality (4) is satisfied and thus we have
omitted terms from the Hamiltonian (3) which de-
scribe the simultaneous creation and annihilation
of two excitations. Inthe case that the inequality (4)
is violated then our expressions remain again valid
provided that in all derived formulas the expression
for Ej,, given by Eq. (20b) must be replaced by
the expression E, [1+2J,(K)/E, ]!/, which takes
into account the fact the ratio J *(12)/E‘,0 is no longer
a small quantity.

The numerical results in Table I indicate that

for exciton concentrations n=2 X 10'® cm™, the
energy -gap function is a measurable quantity pro-
vided that we are dealing with the strong-coupling
limit, i.e., when the average interaction energy is
equal or greater than the average kinetic energy
(U=w,). The last column in Table I gives the
values of w,/o, for different exciton densities. The
values of w,/o, indicate that the condition for the
strong coupling limit U = w, can be fulfilled witha
reasonable strength of the required interaction

U. The present experimental situation has been
outlined in II. With the improvement of the experi-
mental techniques there is the possibility of creat-
ing higher and higher exciton concentrations. The
results of the present study indicate that at exciton
densities n=2 x 10'® cm™, the observation of the
charge carrying electron-exciton states is feasible
in molecular organic solids.
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