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Exciton-Exciton Interaction Resulting from Phonon-Exciton Coupling 

By 

ANI)RZEJ WITKO~VSKI 

It  is shown using second quantiz~tion formalism and treating excitons as bosons that 
phonon-exciton coupling leads to exciton-exciton interaction. This interaction limits sub- 
stantially the possibility of exeiton condensation. 

Es wurde mit Hilfe des Formalismus der zweiten Quantisierung gezeigt, dal~ die Phonon- 
Exziton Kopphng zu einer Exziton-Exziton Wechselwirkung ffilLr~. Dabei wurden die Ex- 
zitonen als Bosonen behandelt. Diese Wechselwirkung begrenzt wesentlich die MSglichkeit 
einer Kondensation der Exzitonen. 

En traitant les excitons comme bosons on a demontr6 par le formalisme de la deuxi6me 
quantisation que le couplage exeiton-phonon conduit £ l'interaction exciton-exciton. Cette 
interaction limite sensiblement la possibilit6 de la condensation des excitons. 

1. Introduction 

Recent  developments in the laser intense light sources, synthesis of  molecules 
forming molecular crystals with exceptionally low laying exciton states (like 
t e t racyanoquinomethan type  crystals) create experimental conditions for high 
exciton concentrations. In teract ion between exeitons is then a natural  question 
and is now being studied in reference to paramagnet ic  properties of  te t racyano-  
qninomethantype  crystals [5] and semiconducting properties [6] of  molecular 
crystals. 

Coupling of  exciton with the nuclear vibrations is a rather  well established 
fact for molecular crystals [11]. I t  seems resonable therefore to suspect tha t  
virtual exchange of a phonon between the exeitons can lead in a similar fashion to 
superconduct ivi ty  theory  [2], to  effective exeiton-exeiton interaction. I t  will be 
shown in this note t ha t  indeed the exciton phonon coupling in a three-dimesional 
molecular crystal  leads to exciton-exciton interaction. 

Coupling of an exciton with the nuclear vibrations arises from the change of 
the potential  energy for nuclear motions between the ground and excited elec- 
tronic states of  the molecule [12, 13]. 

The Hamil tonian H of the molecular crystal is 

H ~ T n + Y i , ~ + ½ ~ V ~ m  (1) 
n n n , m  

where Tn is nuclear kinetic energy, hn the electronic Hamil tonian  of  the molecule 
n and Vnm is the interaction between the molecules which is supposed to  depend 
only on electronic coordinates [13]. Denote by  ~ normalized and ant isymmetr ized 
electronic wave function of  the crystal when molecule n at Rn is electronically 
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excited. Then 
h~ ~ = [E ° (Qn) + dE(Qn)] ~ 

hm ~n = [E ° (Qm)] ~n (2) 

where in dE(Qn) we retain only the linear term in normal coordinates [13]. Intro- 
duce the creation and distrution operators a~, an: 

y) = ~ an ~vn (3) 
n 

and denote by N the number of' molecules with periodic boundary conditions. 
Exciton operators obey, like spin waves, the Pauli commutation relations [•]. 

Following Dyson's theory of spin-wave interactions [7] we will tract them how- 
ever as bosons. The kinematic interaction i.e. the fact that  two excitons (like spin 
waves) can not be localized at the same lattice site is then a purely statistical 
effect and should appear in the statistical calculations but is supposed not to 
appear in the dynamics of the exciton interactions in which we are intersted here. 

Transform now ~vn to the crystal exciton wave functions 

1 
y~k = N--~ ~ exp (ik Rn)  ~Vn (4) 

n 

and introduce in the similar wave the phonon creation and destruction operators 

b'w, bw 
Ibm, b~,] = (3wu,, • (5) 

In  this representation the Hamiltorfian [1] has the form: 
1 

• , 1- ¢ = ~ ~ ~I. ~ + ~ Z b; b~ + y ~  X--~  ~ (~; ~ _ ~  bw T ~ ~ ~ bw) (6) 
k w k, w 

w h e r e  o9 i s  vibrational 

constant and ~, defined by (~E(Qn) - me@ ~ Qn, is the change of nuclear equili- 
brium position between the ground and excited molecular states. Similar exeiton- 
phonon tIamiltonian has been used recently by MER~I~IELD [10] in his varia- 
tional treatment of the lowest, crystal exciton state. As we are interested here in 
exeitomexciton interaction resulting from coupling with phonons we are not 
including in (6), for simplicity, direct exeiton-exeiton interactions. 

2. The Unitary Transformation of the Exciton-Phonon Hamiltonian 

To study the influence of phonons on excitons we will t ry  to separate as far as 
possible the exciton and phonon variables• For this aim, like in F~6nLICH's treat- 
ment of the superconductivity theory [8], we will t ry  by a suitable transformation 
to get rid of the term linear in phonon variables. 

Put  

where 

then U is unitary. Define S by 

U ~ e i s  

S = S¢ 

S -- ~ q~ (k, w) a~ ak -w  bw ÷ Herm. c (7) 
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where ~s (k, w) are to be determined. Denote 

k w 
1 

H 1 = yco N - ~  ~ a~ a k - w  bw + Herin. c 

now, as 

(s) 

(9) 

H r = e , s  H d s  = t t  + i [H,  S]  - ½ [[H. S], S] + . . .  (10) 

choose the ~o (/c, w) from the condition 

H~ + i [H 0, S] = 0 (i t) 

what gives 
1 

(lc, w)  = i y w  N - ~  (sk - -  S~ -w  - -  w)  -1 • (12) 

Perform the transformation (i0) to the second order in Y and treat vibrations as 
harmonic (therefore terms quadratic and nondiagonal in b'w, bw are neglected). 
This gives for the transformed Hamiltonian: 

e~ - -  ~ . - w - -  co /bw bw + 

co~ a¢k a k - w  a¢q-W aq (i3) + y2 co N -1 ~ (~,,-, _ ~)~ _ co~ 
I~, q, u 

n k  ~ 6~k t ~k • 

where 

3. Discussion 

Although the commutation properties of a,~, bw in the transformed Hamil- 
tonian (13) are the same as in (6) their physical meaning, however is different. 

a t  r U t  The Fourier component of exciton density ~w = ~. k-w a~ is now ~w = Qw U 

and corresponds to excitons carrying along some molecular distortion. On the 
other hand bw are now vibrational amplitudes accompanied by the exciton density 
oscillations. 

In  the molecular crystals where overlap of electronic wave functions is small 
the width of the exciton band, in particular the triplet exciton bands [9] is often 
smaller then the vibrational quantum. Then the third term of (i3), describing the 
exciton-exciton interaction, is negative and all excitons in the band are subject 
to attractive interaction. As no Bose condensation is possible for bosons with 
attractive interaction [4] the possibility of exciton condensation proposed by 
BLAT~ [3] seems doubtful in such crystals. For the molecular crystals with strong 
intermolecular interactions the attractive interaction in the group of exciton 
states of ~o width surrounding the filled exciton level would presumably at low 
temperatures also limit substantially the possibility of exciton condensation. 

The author express his gratitude to Dr. ZALEWSKI for a valuable discussion. 
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