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An analysis of the interaction of an electronic collective excitation, of dimensions 1 and
2, with the radiation field is presented. The use of translation symmetry in infinite lat-
tices allows us to reduce the interaction problem to a coupling of a discrete matter state
to an effective continuum of photons presenting a low-energy edge. The resulting states
(radiatively unstable excitons, polaritons) are investigated as a function of the electronic
excitation energy relative to the edge of the continuum, with emphasis on the spectral
properties and the dynamical regimes in the intermediate region, when the energy of the
electronic excitation sweeps the edge of the continuum. Contact with the three-
dimensional polariton is made while application to radiative dynamics in layered crystals

is suggested.

I. INTRODUCTION

The purpose of this series of papers is to present
a quantum-mechanical model for the interaction of
an ordered, weakly coupled, one-, two- or three-
dimensional system with the radiation field, in the
absence of phonons. An example of these systems
will be a molecular chain, a plane of molecules, or
a real finite crystal of layered structure interacting
with a photon continuum. In this paper, we
restrict our attention to the case where a discrete
state of energy fiwy and wave vector K, for
example | K), strongly couples to a continuum of
photons. We analyze the effect of dimensionality
on the states of the matter-radiation systems and
we point out the conditions for instability as a
function of the position of the discrete energy level
| K) relative to the photon continuum energy.
These investigations allow a natural transition
from the three-dimensional polariton limit
introduced by Hopfield' and other authors? to one-
and two-dimensional cases. One- and two-
dimensional lattices have already been investigated
quantum-mechanically by Agranovitch et al.® and
classically by Philpott et al.*~% in what may be
termed the pole approximation limit. We present
an approach which goes beyond the pole
approximation limit and allows us to investigate
the behavior of the excitation in the intermediate
regimes (K~wq/c) around the intersection of the
two zero-order dispersion curves, for the so-called
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intermediate states between quasiphotons and
quasiexcitons.

The major features of our approach can be out-
lined as follows: First, we solve the exact total
Hamiltonian and calculate the eigenstate spectrum
which contains the stable polariton, the unstable
exciton, and perturbed photon states. Second, by
calculating exactly the evolution of the amplitude
Ag(t) of the |K) state and its Fourier transform
Ag(w), we analyze the excitation dynamics. We
find that the dynamics of these coupled systems
vary continuously and exhibit large variations in
the decay characteristics of the discrete |K) state
(i.e., an exponential decay, oscillatory behavior,
etc.). We should point out that it will not be possi-
ble to handle some of these dynamical regimes
(especially the intermediate case) using the well-
known pole approximation which is based on a
perturbative approach. These new findings are
important to the problem of crystal-surface
excitation dynamics where a surface exciton
couples to a crystal bulk continuum and to a
radiation field, as examplified in the case of
anthracene crystal on the ab surface,®’ as well as
for bulk dynamics which will be presented in the
second paper of this series.

The present paper is outlined as follows: In Sec.
IT we present our model and discuss its limitations;
in Sec. III we define the basis of our mathematical
approach. We discuss the weakness of the
resonance approximation and introduce Feynman
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propagators, which provide a better analytical
behavior and suppress divergences of the matter-
radiation coupling at low- and high-frequency
limits. In Sec. IV, we present calculations of
dispersion curves for one- and two-dimensional
lattices; in addition, we provide detailed
calculations for the excitation dynamics and of the
smearing out of the matter state due to its
coupling to the effective continuum of photons.
Finally, in Sec. V, we use Feynman propagators
both for photons and excitons and, as a test of our
method of treating one- and two-dimensional
lattices, we derive the well-known equation for
three-dimensional polariton energies. We mention
briefly the equivalence of the quasiboson
approximation with the method of Feynman
propagators, considered also by other authors
particularly in the coupling of electrons with
bosons (photons or phonons).?

II. DESCRIPTION OF THE MODEL
A. General deﬁnitiohs

The systems we are considering are infinite lat-
tices of one or two dimensions. We replace the
molecules by point dipoles placed at their centers.
The dipoles we are considering are electric transi-
tion dipoles connecting the ground state to an ex-
cited state; this two-level approximation suffices
for the investigation of phenomena near resonance.
As a further approximation we restrict our atten-
tion to rigid lattices and we deal only with the ex-
citonic and photonic components of the phenome-
na, neglecting phonon effects. Therefore, we keep
in mind that important discrepancies may be ex-
pected when comparing our results with experi-
mental data which may contain effects owing to,
for instance, (i) renormalization of states by cou-
pling to the thermal bath phonons, leading to shift
and damping of the excitonic component of the po-
lariton,’ and (ii) damping from the formation of
two-particle states'® (exciton and phonon) continu-
um which may relax the vibronic excitons.

B. The Hamiltonian of
the matter-radiation system

The interaction Hamiltonian is set up from the
interaction of one molecule with the radiation field
and its form will be common to all cases we are
considering. The total Hamiltonian is given the
usual form

H=H,+H,+H;, (1)

here the indices m, r, and I stand for matter, radia-
tion, and interaction.

1. The matter Hamiltonian

The excited state of each lattice site T is written
as | ). When taking into account quantum ex-
change of excitation between different sites to form
Frenkel excitons, one writes

H,, ﬁwOZIH)(n|+Z'J—>—»]n)( |)

—»—»,

(2)

where fiwg is the resonance energy of local transi-
tion and J; 3 is the matrix element of the elec-
trostatic dipolar interaction between sites  and @’
H, is diagonalized by Fourier transformation on
the lattice-site states, using Born—von K4rm4n
periodic boundary conditions,

H, =3 #og [K)(K| , 3
K

with

—+

1
K)=—= 3 exp(iK-%) | &)
VN 3

and 4)

K is the excitonic wave vector in the first Brillouin
zone (0< K <7/a), J(K) is the excitonic energy
dispersion with

J(K)=3'expliK-@)Wy 7 ,
Ee

and a indicates the lattice spacing. In problems of
effective coupling with radiation, we have to con-
sider only small values of excitonic wave vectors
K << m/a, so that in what follows we may ignore
the excitonic dispersion which may be included in
the unperturbed energy of the exciton.

2. The radiation Hamiltonian

As usual, the radiation field is quantized in a
box of side L where L 8Oes ¢ t0 oo; the field states
are written | K,€) with K+&=0, where #K and €
are the momentum and the polarization of the
photon. The wave vectors k form a three-
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dimensional lattice with a constant spacing
(27)/L. This leads to the expression,

H,=# 3 0P pe+T) » (5)
k€
with
t
[exeaiel=0¢, e
and
=# | K| .

3. The interaction Hamiltonian

In order to derive the matter-radiation interac-
tion we use the continuous medium approximation,
which means that we neglect in the summation on
the reciprocal lattice all the wave vectors which do
not belong the first Brillouin zone. [See Eq. (8b).]
This approximation is equivalent to neglecting the
local-field contribution or, more precisely, its

dispersion, since the contribution of the local field -

for K =0 may be assumed to be included in the ex-
citonic energy fiwy. This approximation is valid
since we limit ourself to excitonic wave vectors

K <<m/a. (See Sec. IIB1 above.)

We now consider in detail the way the continu-
ous medium approximation appears in the terms of
the usual interaction Hamiltonian, which is built
up by summation over all the charges a:

2
Cy > - — e

Hi=-3 2P AR,)+ <
I ?maa a §2m

a

AYR,) .

(6

When giving to A its development on the radiation
field modes, Eq. (6) transforms, when neglecting
the term in 42, to

H=-3 <

ke, ™ m

172
1

Voy

2urfic?
L3

B .2 w1 K7
XP,-€lay.e +a_ge ).

(7a)
P,, which is the momemtum operator of the nth
cell of the matter - system, is related to the electric
transition dipole D, (the index n is dropped since
all the dipoles D are parallel) as follows:

- mwo
P,=

(|n)€0] = [0)(n |)D. (7b)

Also, denoting by Py the momentum operator of
the matter system,

—

imog
Pr= efi

—]OXK|)D, (70
we may use the Fourier transformation

?nzN“/ZZe‘iK'ﬁ?K
K

in order to eliminate the site variables in (7a)
which becomes

H1=—~ zi

T(e,K m

2mhic?
LJ

X?K-E’(aye-{—af_?e) . (8a)

In order to benefit from selection rules of the
momentum conservation law, let us decompose the
three-dimensional photon vector K into a com-
ponent k“ lymg in the matter subspace, and a
component q orhtogonal to it, i.e., k = kn+q
Using this decomposition, the summation S, in
Eq. (8a) transforms to

1
N

=25<E,,_fi+é>, (8b)
G

where ¥, extends over all reciprocal-lattice vec-
tors of the matter system. Neglecting the terms
G=£0, i.e., “umklapp” processes, is equivalent to
neglecting the atomic character of the matter and
making the jellium approximation. Therefore, the
approximation G=0 provides the selection rule
k|;=K which simplifies the interaction Hamiltoni-
an to

e | 2ntic? 2
Hf=-3 = 3
T]’e,Km
172
X |=— | Pg-&laget+al), (8¢
D

with E=I—i+ii. The summation over photon
states now involves only the component § which is
of lower dimension than three and defines the ef-
fective continuum to which the exciton K is effec-
tively coupled. In fact, the subspace of the G’s is



7266 MICHEL ORRIT, CLAUDE ASLANGUL, AND PHILEMON KOTTIS 25

complementary to the subspace of K in the sense
that if we indicate, respectively, by 2, and Z ¢
the dimension of these two subspaces, we have
D 4=3—Dg. Using the translational invariance
of the lattice and the interaction Hamiltonian
given by (8¢), it is straightforward to diagonalize
the total Hamiltonian by blocks of total momen-
tum K.

4. Dimensionality effects and nature of
the effective continuum

In each subspace K the interaction problem
amounts to the investigation of the coupling of the
discrete state | K;0) to the continuum of photon
states |0;K+7, € €)0<g<w- In what follows, we
analyze the structure of this continuum for each
dimension.

(i) Zero dimension. In this case one point dipole
is coupled to a three-dimensional continuum of
photons. It is well known that in this case one ob-
tains a radiative shift and a radiative width as well
as a nonexponential contribution to the radiative
decay at long times. The effective continuum is

three-dimensional with a density of states g'%(w)
which is a “smooth function” of w:
3
gV0)=—E—0? . (9a)

27%¢3

(i) One dimension. The lattice is a chain of
molecules and K defined by the chain is one-
dimensional. It is coupled to the continuum of
photons k = (K+q)0 <, 4 being perpendicular
to the chain. The effective continuum is two-
dimensional with a density of states,

2

S0 for o >cK
2me (9b)
m
g ()=
0 for w<cK.

This exhibits a discontinuity at @ =cK for which
anomalous decay of | K;O) is expected for exciton-
ic energies fiwo~#icK.

(iii) Two dimensions. The lattice is a plane of
molecules; K is two-dimensional and lies in the
plane. It is coupled to the continuum of photons
kK= (K-}-q)o <G <« Whose component q is carried
by a line normal to the plane. The effective con-
tinuum is one-dimensional with a density of states,

L (7]
37¢ (0 —c2K)12 for w>cK
g(2)(w)= (9c)
0 for w <cK.

It exhibits a singularity and diverges for o =cK.
(iv) Three dimensions. The lattice occupies the

whole space of quantization of the photons, the

matter state | K;0) no longer faces a continuum of

photons but it is coupled to a single photon with

k =K, and the deg’sity*of states is reduced to a

Dirac function 8(K —k).

In general, when matter excitations are coupled
to a continuum of photons, these states are radia-
tively unstable. Furthermore, a singularity in the
continuum near the critical point Ky=wq/c gives
rise to a complex radiative decay the nature of
which will be examined below.!!

Before concluding this section we would like to
remind the reader that these considerations may be
generalized to systems other than Frenkel excitons,
provided that the interaction involves only two
types of particles, photon-exciton such as in ionic
crystals, photon-optical phonon, etc.

III. CHOICE OF THE MATHEMATICAL APPROACH

A. Introduction

When a discrete state is coupled to a continuum,
the spectrum of the “new” eigenstates is still con-
tinuous, with possibly discrete states split off at the
edges of the continuum. These discrete states are
characterized by their energy, while the states of
the continuum may be characterized (i) by the re-
striction of the resolvent G (z) to the initial discrete
state, or (ii) equivalently and in a more general
way, by the scattering amplitude between states of
the initial continuum (S matrix elements). In part
C of this section, we discuss these two approaches.
Now, with the reduced interaction (8c) we are led
to mvestlgate the coupling of a discrete excitonic
state | K) to a continuum of photons
(K+4 G)o<q <> cf. Egs. (9). However, i m addition
to resonant processes, the interaction H 1 couples
by antiresonant processes, the state | K; ;0) to states
IK, K —K+4,&) with two excitons and one pho-
ton,'? and then, by the successive powers of Hj, to
states containing a higher and higher number of
excitons and photons. Therefore, if we are not able
to sum up all the processes of the perturbation, it
is necessary to truncate to a given order the sub-
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space Q of states accessible from | K;0), with the
subsequent difficulty of this task. We may over-
come this difficulty by a renormalization of the
photonic propagator which allows us to treat both
resonant and antiresonant processes.

B. Restriction of the resolvent
in the matter subspace

1. General formalism

In a general way'® the space of the states of the
matter-radiation system is partitioned into two
orthogonal subspaces with projectors P and Q
which satisfy

P+Q=1, PQ=QP=0.

The restriction of the resolvent G (z)=(z —H)~! to
the subspace P is written PG (z)P. The total Ham-
iltonian is written as H =H,+ H;. Because P and
Q are eigenspaces of H,, and H; couples P to Q,
one has the general relations:

G=Gy+GoH,G ,
PGP=PG\P+PGyH; PGP+ PG H,;QGP ,
QGP=QG,H; PGP +QG,H,;QGP ,

with
Go=(z—H,y)™'.

The elimination of QGP leads to the restricted
resolvent

PGP=P[(PG,P)~!—PR(z)P]"". (10a)

The so-called self-energy PRP has the following ex-
pression

PR (z2)P=PH,P+PH;Q QH,P .

1
z—QHQ
(10b)

In our specific system we always have PH;P=0.

2. The resonance approximation

The only elementary process we consider in-
volves states with only one photon. Then the pro-
jectors to be considered are

P=|K;0)(K;0|

and

0=3 |0;K+q,e)(0;K+7,€] .
'3

With the use of interaction (8c), where we replace
P by (7c), the operator (10b) is a function with
the explicit form

2rN# @9 - 112 1
R,(z)= (e-D) .
r L3 a‘z?“’_ﬁ+?f z —fiwg 44

(10c)

The resonance approximation sums up in PGP all
the powers of H; in the subspaces P and Q.
Nevertheless, because of the divergence at wy —0
of the interaction (10c) for certain dimensions of
the continuum, an artificial cutoff function must
be introduced for low frequencies.

3. Feynman propagators

We replace the photonic propagator
1/(z —#fiwg 44) in the resonance approximation
(10c) by the Feynman propagator

2wk o /[22—(Fiwg 4] .

Although this change causes negligible effects near
resonance (z =fiwg 1,), it provides a much simpler
analytical expression for the interaction. In partic-
ular, the presence of antiresonant terms in the
Feynman propagator suppresses the infrared diver-
gence which appears in (10c) for a two-dimensional
lattice. With the Feynman propagator, the self-
energy (10c) has the form
iﬂ-\?iwg (&-Dy
L 3¢

1

(1]
22— (fiwg 4o )

RF(Z)=

In what follows, we consider Ry as the complete
self-energy and write it as R.

C. The dynamics of the matter state
coupled to the photon continuum

1. The time evolution of the initial state

We look for the probability of finding the sys-
tem in the initial matter state | K) at a later time
t, the amplitude of this probability being

Axg(=(K|U®|K), (12)
with



7268 MICHEL ORRIT, CLAUDE ASLANGUL, AND PHILEMON KOTTIS 25

X fo, expl—izt /AIG (2 (2) .

The path of integration is
C, =[— o0 +i€,+ o0 +i€]

as shown in Fig. 1; the region [¢K <z < o] consti-
tutes a cut for G(z). As shown in Fig. 1, the am-
plitude (12) contains two contributions, that from
the poles of G(z) and that from an integral Lg(z),
which is generally much smaller than the contribu-
tion from the poles except in the intermediate re-
gion (K~wmqy/c). Lk(t) becomes important and
secures the continuity of Ag(¢) vs K, when K
crosses the intermediate region. Thus one can
write (res indicates residues),

Ag()= res +Lg(1), (13)
with

L[ izt /#)G (2)d
LK(t)=5;i—[ch_iwexp(——tzt/ x(2)dz

cK—ie
+ ch exp(—izt /#)Gg(z)dz | ,
and
Gx(2)=(K|G(2) |K) .

When only one pole contributes significantly, the
evolution is an exponential decay. On the other
hand, when two or more poles contribute, or when
the integral over the loop Lg(t) (cf. Fig. 1) is im-
portant, then the evolution is more complex, as
shown below in Figs. 10 and 11.

2. Spectral broadening of
the matter state

The Fourier transform Ag(w) of Ax(t) provides

the probability of finding the energy #w at the end
of the decay. Using the relations

[ Grlo—iO)explizt /A dz=0 ,
(14)

# + . .
A=~ f_o° [Gxlw—i0)—Gglo+i0)]
Xexp(—iot)dw ,

and the explicit expressions

FIG. 1. The integral (35) must be taken along the
line C . In order to get the experimental decay from
the complex £" pole, it is necessary to close the integra-
tion contour. However, this may be done only by pass-
ing from the second sheet to the first one, for instance,
by means of a loop parallel to the imaginary axis. The
contribution of the loop, although small for cK <, and
¢K > wy, becomes quite comparable to that of the £
pole in the intermediate region cK ~w,.

Gxlw+i0)=[#o—wvy)—Rg(0+i0)]"!,

(15)
Rylw+i0)=1i AK(m)i%FK(w) ,
we arrive at the Fourier transform
(o= [ dg(exp(—iot)dr
Tglo) (16)

1
- 2T [w—«wo——‘AK(a))]z—}-%I‘K(w)z '

Using the basis |i) of the eigenstates of H and
their density g(w) [cf. (9)] at the energy fiw, we
may write

Aglo)=|(K|i)|%g(0) . a7

If the spectrum of H contains discrete states, then
Ag(w) contains Dirac peaks. As for the density of
states g (w) we use the functions (9), since this den-
sity is not modified by the coupling to a discrete
state, with the exception of a possible splitting off
of the lowest-energy state of the continuum,'* cf.
Fig. 2. Ag(w) represents the spectral density of the
matter state at the energy #iw. Owing to coupling
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Wo

FIG. 2. Variation vs K of the edge of the effective
continuum of photons. #iw, indicates the energy of the
excitons discrete state. (b) the states below the edge cK
are radiatively stable states (polaritons) and the states
above the edge are the excitonic resonances in the effec-
tive continuum.

(GR+T,€]8 |GR+T,e) =0y 80— 2T

with the continuum, it represents also the popula-
tion of the channel of energy #iw following the de-
cay of | K) In addition, the expression

Ax(0)/g(0)=| (K |i)|?

represents the matter component of the continuum.
Its connection with the dimensionality is obvious
and will be discussed below in the section of appli-
cations.

Concluding this section, let us indicate that the
function Gg(w+i0) allows the calculation of a
more general expression than Ag(w). This is the
scattering matrix S:

(;K+q,¢| HF | K;0)(K;0| HF |0;K+",¢’)

X G0k 44 +10)8(wk +q—@k 44 5

which contains the full description of a continuum scattered by a lattice of electric transition dipoles. This
expression allows one to calculate quantities such as reflectivity or transmission by a two-dimensional lattice,

or light scattering by a molecular infinite chain.

IV. APPLICATIONS AND DISCUSSION

A. One-dimensional excitations coupled to the radiation

Let us first calculate the self-energy R‘". Using the density of states g'"(w) [cf. (9b)] and writing

L =Na, one derives from (11),

2‘, (eDy?
(fiwy)?
Rz )-——-— dig—————- (18)
f f [z —-(ﬁw ) 1
After summation over the polarization € perpendicular to K—Hi, angular integration, and writing
ok +g=c(K?+¢%!72, one obtains
2__(yp2_
(AiweD)? po I+ : (211:2+qq2
R(l)(z)=——-—a——— fo qdq F(K +q), (19)

[22—(#ic)X(K*+q7)]

where 0 is the angle between the axis of the molecular chain and the direction of the electric transition di-
pole D. F(K +¢) is the usual cutoff phenomenological function which prevents the logarithmic divergence
of (19) for g— « and secures the decrease of the dipole-radiation coupling for large values of g. In order to

simplify (19), we take for F(k) a Lorentzian form,

1

Flk)=———F,
(k) 14122

where / is a characteristic length of a molecule. For a standard calculation of (19) let us introduce dimen-

sionless parameters such as:
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Ko=wo/c, E=z/tiwg, p=(cK/wy)=K/Ky,

(20
f=D%e%a?, a=e%/tic, n=IK, .
This transforms (19) into
w?—(2u®—x?)cos’0
‘ wa e + ul4x? 1
RW(E)=fatiw;— | xdx . Q1)
g f 0 c fo §2___“2__x2 1+n2(y’2+x2)

This expression has a cut extending from p to « on the real axis. After integration, one gets two solutions
of RV(£), one noted R in the first and one noted RV in the second Riemann sheet, with

LI gy g J D02
R (&) ="y >

52

2
+(3cos’0—1 )Lé;lnyz—i—( 1+ cos?0)In

In(u?—£2) is such that we have for the two solutions:

2
E—( 1—3cos?6)+ 1 +cos?0

ln(‘ll,2—§2)

. (22)

1,2
—+
n u

2 g2y JIn(x?—p®)—ir with &'=x4i0 and p<x
In(u®—£%)= [ln(xz—y2)=i7r with £%—x —i0 and g <x - 23)

In (22) we notice the presence of the factor
aKy=wgya /c; on the other hand, the radiative
width T'9 of a single dipole (system of zero di-
mension) would be, using the parameters (20),
PN 2

9= fafio .

Thus, with respect to the radiative width I'? of a
single dipole, the radiative width of a one-
dimensional radiant exciton is multiplied by a fac-
tor ¢ /wpa. This amplification factor, of an order
10° with typical values for wy and @, may be inter-
preted as an emission in phase of A/a dipoles of
the chain, where A is the emitted wavelength. An-
gular and K dependence of the radiative shifts are
discussed below for the different approximations
used.

1. The pole approximation

For a small shift R (z) which varies slowly with
z (as for an isolated dipole, for instance) one gets
an excellent approximation of G (z) be replacing z
in R (z) by #wo+i€)e_o

Gk (2)~[z —fiwy— R (#iwy+i0)] ™!, (24)

with the complex energy

#ig+ Ry (fiwg+i0)=# ,

00+Ax—érx

(25)

giving a strictly exponentially decaying evolution.
The quantities Ay and 'k, the so-called frequency
shift and radiative width, depend on the wave vec-
tor K. Substitution of R’ in (22), and with 7 << 1
(1073), provides

A
2K —afaKo| (1+cos?®)n(n? | u2—1])
@o

2
+u¥(1-3 cos20)ln—l4u—,;—_—u—

(26)
Ag
= —O(1—u)2mafaK, | 1+cos’d
0
+u*(1—3cos?0) | ,
27

where O is the Heaviside function ©(x >0)=1 and
O(x <0)=0. The variations of Ag and Ik, as
functions of K and in the pole approximation, are
illustrated in Figs. 3 and 4.
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FIG. 3. One-dimensional states in the pole approximation: variation vs K of the energy for three angles 6 between
the electric transition dipole D and the lattice axis. Solid lines indicate the real poles and broken lines the real part of
the complex poles. The quasivertical line indicates the edge #icK of the effective continuum. We notice a logarithmic

divergence at K —Kj,.

2. Calculations of the poles of the resolvent Gg(z)

The next step is to calculate the poles of Gk (z)
in order to arrive at a more accurate derivation of
the dynamics of the matter-radiation interaction

e=90°

Lo 1

O|'ILIIJ;LIIA

|
i
|
|
!
|
|
|
|
|
|
|
|
)

0.5 L X
V3
FIG. 4. One-dimensional states in the pole approxi-
mation: variation vs K of the radiative decay rate for
four angles 6 between the electric transition dipole D
and the lattice axis. A discontinuity occurs at K =K,
since for K > K the decay rate is zero.

for all values of K (the dynamics are fully account-
ed for when we include the contribution of Lg(z),
[see (13)]. Equation (25) becomes now an implicit
equation to be solved in each Riemann sheet

EL_q 1 RLU(ELT) |

Fiog (28)

(LIT designate the first and second sheets.) Ac-
cording to the contour chosen, cf. Fig. 1, the poles
in the second sheet contribute to the amplitude
Ag(t) only if their real part satisfies

Re£R > (#icK) /(#iwg); otherwise their contribution is
included in the integral Lg(t), cf. (13).

We have calculated numerically the real and im-
aginary parts of fiwoE’ and #iweE", as a function of
K and derived exact frequency shifts and radiative
widths from the relation

i (29)

ARt — T ] =ty g~ 1) .

The calculations are illustrated in Fig. 5.
B. Two-dimensional excitations
coupled to the radiation

Let us first calculate the self-energy R?. With
L =Na, one derives from (11),
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FIG. 5. One-dimensional states with the exact pole: variation of the energy vs K for three angles 6. In the first
sheet (I) the poles are real (solid lines), they define eigenstates of H and give the dispersion of the polariton in the chain,
In the second sheet (II) the poles are complex with real parts indicated by broken lines; they define radiatively unstable
states. The quasivertical line indicates the edge photon #cK to which the solid lines are asymptotic.

2 momentum K. We notice that (30) converges
w 1— —IEE——E'COSZG without need of a cutoff function; this property is
R?(z)= i’?.(wop)Z f dg—; '2*"1 5 - specific to dimension two. Also the divergence for
a‘c 0 T 22—#cXK>+q?%) K —0, present in the resonance approximation, is
(30) naturally eliminated with the use of Feynman pro-
. pagators. With the dimensionless parameters (20),
To simplify, the dipole D was assumed to lie in the we obtain for the solutions R*! in the first and
plane and to make an angle 6 with the excitonic second Riemann sheet,
|
RN Il(g) 2nfatio &2_ 29 i 1 E’i 20 (31)
NE)=2nmfafiwy | — = cos“B— —&-cos
52 (52___”2)1/2 §2

The complex square root is chosen so that R! corresponds to (£2—pu?)!/?=i(u*—x2)!/2 for £=x +i0 with
p>x, and R corresponds to (£2—u?)'2=(x2—u?)'/? for E=x +i0 with p <x.

1. The pole approximation

Following the same procedure as for the one-dimensional case, one derives for the radiative shifts:

22
2rfawg _“00829__1__5&%8/‘29 foru>1,

=1 (32)
Ax= 2mfawy( —pcos?d) foru<1,



25 QUANTUM-MECHANICAL-MODEL CALCULATIONS OF RADIATIVE ... . L ... 7273

0 foru>1

41rfa(oo—&f/2e forp<1. (33)
(1—p?)

K=

The variation of Ag and Ty as functions of K, are illustrated in Figs. 6 and 7 for several angles 6.

2. Calculation of the poles of the resolvent

Numerical solution of the implicit equations

LII [N s
¢ =14 ——Rg ) )
=145 —RE"EEM
(LII designates first and second sheet) allowed us to derive exact values for the frequency shifts A*™(K) and
the radiative widths I'"™(K). The results are illustrated in Figs. 8 and 9, respectively.

C. Exact calculation of 4 ,((’ () and generalization of the polariton concept

According to the value K, the amplitude (13) takes the following expression:
1 1l
res +res +Lg for K <K (34)

(f)
A ()= res'+ Lg for K>K,, ,

where cK ., =wo+A(K ), K., indicates the critical value beyond which (K > K,) res" has no physical
meaning (cf. Figs. 8 and 9), its contribution being included in Lg. In what follows the treatment is common
to one- and two-dimensional systems: j =1,2 indicates the dimension and the corresponding self-energy,
respectively, (19) and (30), which we are introducing in the calculation of (34).

In fact, no discontinuity appears in the amplitude (34) when K crosses K, because the absence of res' is
compensated by the integral

1
LK(t)'"—zl',n.,ch/wo—ioo £—1 Rl(é) B 1 Ru(é)
= §—1— #io,

e 1 : e g (35)

which changes suddenly on the passage of the pole to the other side of the loop (cf. Fig. 1).
From the calculation of the residues in (34), one obtains

1 dRMM
" fw, dE

i £LI1
—i&agt
1 e 0

resb! (36)

gl' gll
The numerical integration of Lk(¢) is delicate but we have the check Ax(0)=1. The results of the calcula-
tion of (34) are illustrated in Figs. 10 and 11. They satisfy the relation | Ax(0)| =1 with an accuracy better
than 10~* for the real part and better than 5 10~ for the i imaginary part. Because of the strong decay of

oot , the integral Lk (¢) provides a significant contribution only in the intermediate region; elsewhere, the
calculatlon of Ag(2) is satisfactory with only the contribution of the poles:

—i(o +A") -l
e 0 , 0<K «<K, (37)
Ax(t)= e—i(wo—AK)t

’ K>>K0 .
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FIG. 6. Two-dimensional states in the pole approxi-
mation: variation vs K of the energy for different an-
gles 6 between the transiton dipole D and the wave vec-
tor K. Solid lines indicate the real poles and broken
lines the real parts of the complex poles. The line
w=cK indicates the variation of the edge of the effec-
tive continuum.

In the intermediate region, cf. Figs. 10 and 11, the
two poles and the integral contribute and the
behavior of Ag(¢) is no longer simple; it shows os-
cillations which, unlike the three-dimensional po-
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FIG. 7. Two-dimensional states in the pole approxi-
mation: variation vs K of the radiative decay rate for
different angles 6. The rate diverges for K— K, with
K <Ko.
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FIG. 8. Two-dimensional states with exact poles:
variation of the energy vs K for three angles 6. Solid
lines indicate the real poles (polariton), broken lines indi-
cate the real parts of the complex poles (unstable exci-
tons), and dotted lines indicate branches without physi-
cal meaning.
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FIG. 9. Two-dimensional states with exact poles:
variation vs K of the radiative decay rate for different
angles 6. The divergences are eliminated; dotted lines
indicate branches without physical meaning.
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FIG. 10. One-dimensional states: variation of the
modulus of the probability amplitude a(¢) for different
values of the ratio K /K in the intermediate region.
The time scale of the decay is of the order of 10~'° sec.

lariton, are damped because of the presence of the
effective continuum.

Now, we wish to show that a Fourier analysis of
Ak (1) leads, in a simple manner, to the derivation
of radiatively stable states and to their photonic
and excitonic components. At large times t— oo,
Ag(t) is only due to the contribution of the pole in
the first sheet, cf. (37), because on one hand, the
imaginary part of £ is nonzero and negative and,
on the other hand, Lg(¢) goes to zero as 1/¢, cf.
(35). This result may be described in the following
manner: Let | &'), which is the pole of Gk located
in the first Riemann sheet, be the discrete eigen-
state of H (radiatively stable since Im&'=0). The
projection of the initial state |K) on | &') in-
creases suddenly when K crosses the intermediate
region, cf. Figs. 12 and 13. If we write |i(w))

FIG. 11. Two-dimensional states: variation of the
modulus of the probability amplitude 4,(t) for different
values of the ratio K /K| in the intermediate region.
The time scale of the decay is of the order of 1 psec.
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FIG. 12. Exciton character vs K of the polariton in
one- and two-dimensional cases. We notice that the ex-
tension of the intermediate region is much larger for
two-dimensional polaritons (b) than for one-dimensional
polaritons (a).

for the continuum eigenstates of H, the general ex-
pression (17) may be written, separating the contin-
uum and the discrete state contributions,

4w)= | (K |i(0) | %)
+ (K | £k ) | Blo—wk) , (38)

where g'”(w)=0 for @ <cK. One may verify the
completeness relation on the eigenstates of H.

Ag(t=0)=| <Kl§‘) |2
+ [ 14K i) | % (@) do=1 .

As the first term in the right-hand side of (38)
contains no 3 peak, its contribution to Ag(¢) van-
ishes for 1— . Then, using (36), we get

Ax(t— o0 )= | <K|§I> |2
1 8R!

1 —_—

iy O

-1
} . (39)
é’l

Using (22), one may check that 8R/3£ | P is neces-
sarily negative. Furthermore, it is possible to re-
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FIG. 13. Projection Ax(w) of the matter state on the eigenstates of H in a two-dimensional system, for different
values of |K | and for §=90°. The vertical line stands for the stable polariton 3 peak; the square indicates its area
which may be compared to that of the excitonic resonance in the intermediate region [cf. (a)—(d)]. (e) indicates the
shape of the resonance when the edge of the continuum is well above the exciton energy #iw,, whereas (f) indicates the
Lorentzian shape of the resonance where the edge is well below #iw,.

late the excitonic character of the radiatively stable so that (39) becomes
state to its dispersion curve, cf. Figs. 5 and 8. dé!
Indeed, in (22) In(u —£) is the dominant term in [ (K |&k)|*=1— f— >0. (40)
the intermediate region u~1. Then one has the K
approximate relation: Therefore, the variation of the matter character of
the radiatively stable state, cf. Figs. 12(a) and
SR| __8R 12(b), is directly related to its dispersion, cf. Figs. 5
o |, o ¢ and 8. In conclusion the state | £% ) is practically
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purely photonic for K < K and purely excitonic
for K > K. The change of the character occurs in
the intermediate region whose extension AK"/)
strongly degends on the dimentionality
(AKDP~TP_o/c), where T _o is the radiative
width at K =0 of the radiatively unstable state, cf.
Figs. 4 and 9. Again the index j indicates the di-
mension of the lattice. One may call the discrete
state | £K)) a polariton of the molecular chain,
or of the plane of molecules, by analogy with the
three-dimensional case (its lower branch). For

K <K, the polariton is a photonic mode trapped
in the material system, and for K > K, the polari-
ton is a downwards shifted exciton that is radia-
tively stable. With this polariton |£Y(K)) disper-
sion (cf. Figs. 5 and 8, solid lines) is associated for
K <K, a branch of radiatively unstable excitonic
states | £T(K)), tentatively corresponding to the
upper branch of the three-dimensional polariton,
with the important difference that the energies
£(K) are complex. The variations of #iwRe£™(K)
are plotted in Figs. 5 and 8 (broken lines) and the
variations of #iweImé&"(K) are plotted in Figs. 7
and 9. We indicate in dotted lines the variations
when they have no physical meaning. In the inter-
mediate region, where the excitonic unstable states
lose their meaning, the description of the energy
dynamics has to take into account the integral
Lg(t). We notice, however, that the derivation of
the polariton states is not affected by Lg(t) since
this quantity may be neglected for t— . The
spectral broadening of a two-dimensional excitation
is illustrated in Fig. 13. Anomalous with respect
to a resonance Lorentzian line shape, the spectral
line shapes in Fig. 13 are counterparts of nonex-
ponential, noncomplete radiative decays illustrated
in Fig. 11.

D. Discussion

In this subsection, we review briefly features
which are proper to a collective excitation-
radiation interaction, to its successive approxima-
tions, and also features which are specific to the
dimensionality.

The results obtained by the pole appreximation
for the two dimensions of the lattices account
correctly for the essence of the phenomenon out-
side of the intermediate region, shift of a purely
real energy level for K > K|, shift and radiative
width for K <K, cf. Figs. 3, 4, 6, and 7. This
behavior is easily understood in terms of a discrete

state |#iwg) coupled to a continuum. When the
lowest state of the continuum is above fiwy, i.e.,

[ﬁ(K2+q2)1/2]q=o>ﬁwo

the continuum repels downwards the discrete state
with a negative shift. On the contrary when

#icK < fiw, the discrete state overlaps the continu-
um and is mixed with it, cf. also Fig. 2. In the in-
termediate region A and I'" vary very rapidly and
this excludes the validity of the pole approximation
[A shows logarithmic divergence for one-
dimensional systems, A and I" show more severe
divergence, as (K2—K (2) )~172, for two-dimensional
systems]. ) )

In the region K < K, A‘,é) and l“(,é) take values
which are (A/a)" times larger than the corre-
sponding quantities for a single site; this amplifica-
tion of the interaction shows the trend of a collec-
tive excitation to exhibit constructive (short radia-
tive processes) and destructive (long radiative pro-
cesses) effects in the interactions between sites.

The decay probability of the collective excitations
of the N molecules in the molecular chain or in the
plane of molecules is redistributed over the exciton
states 0 <K <(wp/c). Thus we have super-
radiant-like states for K <wy/c, accompanied by
subradiant states for K > wg/c, with I'=0. With
respect to the redistribution of the radiative decay
probability on the exciton states, it is interesting to
notice that analysis of the trace of the self-energies,
cf. (19) and (30), shows that for a system of N/
molecules, in the pole approximation, one has the
relation

3 r=NVT® @1
K

The introduction of the exact poles in the resol-
vent, cf. Figs 5, 8, and 9, shows that there are no
significant changes outside the intermediate region.
On the contrary, the abnormal behavior of the ra-
diative interactions disappears in that region. The
sudden changes that I'" and A show for

cK > wo+A(K,,) are contributions from £(K);
they have no physical meaning, cf. dotted lines in
Figs. 8 and 9.

In conclusion, the main reason of the failure of
the pole approximation to describe the interaction
in the intermediate region, is that by putting in the
zeroth order z =(#wy+i€)_,g, ONe makes a pertur-
bation treatment and assumes that the excitonic
and photonic components may be distinguished
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separately. In the intermediate region these com-
ponents are comparable and the perturbation treat-
ment fails. As for the stability of the initial state

| K;0) coupled to a continuum of photons of arbi-
trary extension, cf. Figs. 11 and 13, we find the
two-limit behavior for which the pole approxima-
tion is valid. (i) For 0 <K «< K, the discrete state
faces a continuum without singularities and is
mixed into it, so that Ax(¢) decays exponentially.
(ii) For K >>K, the discrete state is repelled down-
wards without mixing | Ag(¢)| remains constant.
In the intermediate region where the discrete state
faces a continuum near a singularity, the decay is
neither forbidden, as it is for K >> K, nor total as
for the case K <<K,. In this region, the two poles
contribute and interfere; this explains the oscillat-
ing behavior of the excitonic component with beats
of frequency | Ak —AX |. However, unlike > the
three-dimensional case where each exciton K
“faces” a single photon k with k =K and where
these oscillations are not damped, in one- and
two-dimensional cases the effective continua
gMw) and g'®(w) introduce a radiative damping
mechanism for the excitonic component, this
damping being stronger for a two-dimensional ex-
citation. The behavior of the excitonic component
is better understood when we consider its smearing
out into the spectrum of the total Hamiltonian. In
Fig. 13, the square on the discrete polariton state
indi_gates the excitonic component, i.e.,

| (K| £k ) | % which survives in the polariton state
after complete decay. The line shape of the con-
tinuum measures the spectral density of the state

| K,%iwg;0) at the energy 7o, i.e.,
Ag(o)=| (K |i(0))|g(0).

When one may neglect the variation of g(w) over
the width of the peak of Ax(w), then the spectral
line is a Lorentzian and the decay Ag(t) is ex-
ponential. On the contrary, when the unperturbed
state | K,%wg;0) approaches the singularity of the
continuum, the spectral line around the maximum
becomes non-Lorentzian and asymmetric. Such a
spectral shape corresponds to a nonexponential de-
cay of Ag(t), complicated by the beats of the reso-
nance with a polariton state which exhibits, in this
region, an excitonic amplitude comparable to that
of the continuum, cf. Figs. 13(b) and 13(c).

1. Dimensionality effects

The dimensionality shows up strongly in two
quantities, the radiative shift and the extension of

the intermediate region where the states are super-
positions of photons and excitons. For instance,
when we compare the self-energies R‘" and R?,
cf. (19) and (30), respectively, we find that the ra-
diative widths in systems of dimension 2, 1, and 0
are simply related.

A

a

A

a

2
I*(Z)_N_ F“)z F(O) . (42)

Although the mathematics of this relation are
clear, one may interpret this relation by saying that
although the two-dimensional excitation faces a
less dense effective continuum g‘*(w) than the
one-dimensional excitation, it exhibits a much
stronger transition dipole, so that the final cou-
pling is stronger than that of the one-dimensional
excitation. Also, analyzing expression (40) one
finds that the extension of the intermediate region
AK Y is larger for the two-dimensional excitation
than for the one-dimensional excitation. One ob-
tains

A

a

AK?~ AKW | (43)

This relation shows once again the role of the
dimensionality in the interaction of excitations
with radiation, cf. Figs. 12(a) and 12(b).

V. THE THREE-DIMENSIONAL CASE

The three-dimensional lattice is assumed infinite
in all three directions. Thus photons and excitons
are quantized in the same box of L* where L goes
to «. In this case, there is no exciton state facing
a continuum of photons but in each subspace K__
there are two excitons with _rpomenta_}K and —K,
and photons with moment K and —K, and the ef-
fective continuum is of dimension zero.

A. The quasiboson approximation

The three-dimensional case has been treated in a
straightforward manner by adopting boson statis-
tics for excitons as well as for photons.!>~!7 This
is a harmonic oscillator approximation in the limit
of weak excitation, i.e., valid for low density of ex-
citons. The following equation has been derived' !¢
for real eigenenergies #iw(K) in the subspace K.

[22— (Fiwg)?][2%— (Fiwg )*]
=40k | (K;0| Hy | GK,E) |?, (44)
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with

2
— [0} —
|(K;0| H, |0, &) | 2= TR 20 2552,
()

ox=cK .

These eigenstates correspond to new quasiparticles,
the polaritons, which are combination of photons
and excitons and diagonalize the total Hamiltonian
(1) written in the quasiboson approximation,

H= EZKVCIEVCKV"' Ae,
K,v

with
Cx,=ULBx+ViBL
+ D (Ukage+Viake) ,
€

where BK,B;Q and aKe,a}:»E are Bose operators for
excitons and photons, respectively. The coeffi-
cients Ux and Vi represent the weight of the exci-
tonic state in the eigenstate of H and show the
change of the character of the eigenstate when the
momentum passes through the intermediate re-
gion.! Such changes have been discussed for one-
and two-dimensional polaritons, cf. Figs. 12(a) and
12(b). The results (44) are exact in the quasiboson
approximation in the sense that they sum up all or-
ders of the perturbation H;. On the other hand, it
is obvious that the assumption of bosons is not
equivalent to the method we used in Sec. III, for
one- and two-dimensional lattices, using a Feyn-
man propagator for photons and a two-level ap-
proximation for the excitonic state.

B. Calculation of three-dimensional
polaritons with Feynman propagators

We wish to show that it is possible to arrive at
the exact results (44) by extending to the three-
dimensional case the technique of Feynman propa-
gators we used for systems of lower dimension.
Let us first notice that using Feynman propagators
for photons only, one arrives at the result,

z=%wy+R5(2)
| (K;0| H; | 0;K,€) |
22—(ﬁ60]( )2

=fiwg+ 2wk , (45)
which approaches that of (44). Now since in the
boson approximation excitons and photons obey
Bose statistics, we associate in our technique the

same type of Feynman propagators to photons and
to excitons, 2%wg /(2> —#wk) and
2w,/ (22 —#wd), respectively. Thus in our calcu-
lation of the restricted resolvent PGP, we replace in
(10a),

P P 2wy

= by P————,
z—H, z—fiw, y 22— #wd

PGP = (46)
and we arrive at the implicit equation (44) by seek-
ing the poles of PGP in (10a). The fact that we
obtain the same result with the method of Feyn-
mann propagators suggests the following
equivalence of the mathematical techniques: (i)
The quasiboson approximation is equivalent to the
approach of associating Feynman propagators to
photons and to excitons in a two-level approxima-
tion. (ii) Correlatively, in systems of two particles,
Feynman propragators sum up all orders of the
perturbation H;. Such an equivalence is implicit
in works of many authors investigating the interac-
tion of electrons with bosons (photons or phonons);
see, for instance, Ref. 8.

VI. CONCLUSION

By using translational symmetry and neglecting
the atomic structure of matter, we showed that the
study of the coupling to radiation of a one- or
two-dimensional exciton reduces to that of a
discrete matter excitation, of wave vector K and
energy fiwg, coupled to an effective photon contin-
uum which has a low-energy edge #ic | K |. The
coupled system essentially presents two kinds of
limiting behavior according to the position of the
excitonic energy #iw, relative to the low-energy
edge of the effective continuum.

(i) When K > wy/c, the matter excitation is sim-
ply repelled downwards. Thus it is radiatively
stable (the polariton).

(ii) When K < wq/c, the matter excitation is radi-
atively unstable (the radiatively unstable exciton).

These two behaviors reflect the cooperative trend
in the coupling to the photon of the site dipoles of
the exciton. These cooperative effects lead to
subradiant!® states for K > wo/c and to super-
radiant states for K <wy/c, with an amplifying
factor (¢ /woa)? for the d-dimensional exciton radi-
ative decay.

The transition between these two responses to
the coupling to the radiation, which occurs around
K ~wy/c, has been thoroughly investigated. The
behavior in the transition region is well known for
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three-dimensional lattices, where, for each wave
vector K, two discrete eigenstates are formed (real
eigenenergies) as superpositions of exciton and pho-
ton. In one- and two-dimensional coupled systems,
the eigenstates are, on the one hand, a discrete
state of mixed character (the so-called d-
dimensional polariton) and, on the other hand, the
photon continuum mixed with matter character
showing non-Lorentzian shape in the transition
range of wave vectors K. Correlatively, the time
evolution of the matter excitations shows an in-
complete decay into the photon continuum, with

oscillations between the polariton and the excitonic
resonance.

The systems we investigated have allowed us to
present, from the theoretical point of view, an ex-
ample of discrete state coupled to a continuum of
photons near an edge. In addition, the quantum-
mechanical model we developed to investigate the
cooperative emission in two-dimensional exciton
states is a prerequisite for an investigation of sur-
face or bulk radiative dynamics in crystals of lay-
ered structure, such as anthracene, which we will
present in part II of this series.
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