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Pairing of vibronic small excitons due to enhanced polarizability in a crystalline polarizable
nonmetallic medium

Mladen Georgiev* and Jai Singh
Faculty of Science, Northern Territory University, Darwin NT 0909, Australia

~Received 29 September 1997; revised manuscript received 6 April 1998!

Parity breaking at a centrosymmetric site, resulting in the appearance of an inversion electric dipole moment,
is shown to enhance the polarizability and thus add an additional binding energy for the pairing of vibronic
excitons into biexcitons. Implications of such formation of biexcitons in polarizable media like alkali halides
are discussed. The possibility of electron-hole binding in layered perovskites, where the electron and hole
move in the neighboring conducting planes, while binding is mediated by a highly polarizable partner in the
intercalated insulating layer, is also considered.
@S0163-1829~98!02035-9#
s-
an
ex
in

al

n
m
in

he
to
tr
ctr
u

ay
o
o
o
tr
r
o

ic

il-
le
n
n

ric
al
ca
th

n

h

on
this
ar-

it
ons
ed,
ed.
iz-
ted
il-
n-

ing
ted
-

are
ho-

ent
he
an
or-
ts
e-

of

bil-
ec.
n a

x-
y of
by

red

i-
an-

re
I. INTRODUCTION

The binding of a pair of excitons into biexcitons in cry
talline semiconductors has been well established for m
years.1,2 It has now become rather common to observe bi
citons in quantum wells, because of their enhanced bind
energy due to confinement.3 The binding energy of biexci-
tons in GaAs quantum wells has been systematic
measured4 and calculated theoretically.5,6 However, previous
theories of the binding of biexcitons both in bulk semico
ductors and quantum wells have taken only the Coulo
interaction among the carriers to be responsible for the b
ing of biexcitons.

In polarizable media, like for instance ionic crystals, t
situation may be regarded to be different because exci
are polarizable electrostatically even though they are neu
They may thus be expected to couple to an external ele
field through permanent or induced dipoles. In a previo
paper,7 we showed that off-centered vibronic excitons m
be formed if the original site symmetry-operations incorp
rate the spatial inversion. Thus the appearance of an
centered exciton at a site breaks down the local parity c
servation, which allows the exciton to acquire an ex
electric dipole moment. These off-center dipoles and the
sulting vibronic polarizabilities can then open channels
binding of excitons into biexcitons through their vibron
dispersive forces.

It is well known that a renormalized vibronic polarizab
ity may define the electrostatic response of strongly coup
electron-phonon systems; a familiar example is the ammo
molecule. Moreover, the peculiar behavior of small polaro
coupled to asymmetric modes was already expressed
Holstein,8 who showed that the coupling to an asymmet
intramolecular vibration could split the vibronic potenti
into a double-well type. Now that the quantum-mechani
interpretation of the inversion spectrum is based on
pseudo-Jahn-Teller effect~PJTE!, it predicts renormalized
vibronic polarizabilities for the ammonia molecules.9 Subse-
quent developments in theory have transferred the vibro
concept to off-centered polarons.10

Although the possibility of pairing excitons throug
PRB 580163-1829/98/58~23!/15595~8!/$15.00
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dipole-dipole coupling was clearly indicated earlier,11 the
renormalization of polarizabilities due to exciton-phon
coupling has not yet been studied. In order to address
problem, in this paper, we first calculate the electrical pol
izability of an off-centered exciton system and compare
with that of an on-centered exciton system. Pair interacti
of polarizable vibronic Frenkel excitons are then introduc
and the resulting renormalized polarizabilities are deriv
For providing quantitative estimates, the vibronic polar
abilities and binding energies, thus derived, are calcula
numerically for alkali halides. We also consider the possib
ity that an electron and a hole, moving in neighboring co
ducting planes in a layered perovskite, would pair by bind
separately to a highly polarizable partner in the intercala
insulating layer. The theory can be applied to low
dimensional structures as well. The results of this study
expected to advance our understanding of the nonlinear p
tonic properties of polarizable systems.

The paper is organized as follows. In Sec. II, we pres
the derivation of the binding energy as a function of t
polarizability of an exciton interacting with phonons and
external electric field. In Sec. III, an expression for the ren
malized or vibronic polarizability of an exciton due to i
interaction with phonons and external electric field is d
rived. The ratio of the renormalized polarizability to that
the electronic polarizability~without phonon interaction!,
and the temperature dependence of the vibronic polariza
ity at higher temperatures, are also derived in Sec. III. In S
IV, an expression for the dipole-dipole interaction betwee
pair of vibronic excitons~excitons interacting with phonons!,
and its contribution to the binding energy of a resulting bie
citon, are derived. In Sec. V we present the binding energ
a pair of electron and hole confined in one layer mediated
a polarizable partner localized in another layer in a laye
material. In Sec. VI, we discuss the results obtained.

II. ELECTRIC-FIELD COUPLING

In order to study an electric field coupling with an exc
ton, we first develop a theory of coupling between the qu
tized field of excitons and an extra chargeeI , localized at a
site I . For the localized nature of the problem, it is mo
15 595 ©1998 The American Physical Society
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15 596 PRB 58MLADEN GEORGIEV AND JAI SINGH
convenient to express the Hamiltonian of an exciton intera
ing with the lattice in the real crystal space, and express
wave functions in terms of Wannier’s localized represen
tion. The Hamiltonian of an exciton interacting with phono
in a crystal can thus be written7,12 as

H5 (
i j abs

Ti j absBias
† Bj bs1(

ias
EiasBias

† Bias1HIph , ~1!

whereHIph is given by

HIph5 (
iabs

GiabsQiabBias
† Bibs1

1
2 (

iab
S Piab

2

Miab
1KiabQiab

2 D ,

~2!

where the subscriptsi and j label lattice sites,a and b are
exciton bands, ands is the spin.Piab , Miab , andKiab are
the momentum, reduced mass, and force constant, res
tively, associated with the lattice vibration mode correspo
ing to the lattice displacement coordinateQiab . Giabs is the
linear exciton-phonon coupling coefficient. We adopt
simple model of excitons in two nearly degenerate narr
bandsa andb, and assumeG, K, Ea , andEb to be inde-
pendent of the site and spin. Using the adiabatic approxi
tion, that means neglecting the kinetic-energy operators
ions, and the eigenvaluesEAD6(Q) and eigenvectorsuAD
6;Q& of the Hamiltonian in Eq.~1! are obtained as7

EAD6~Q!5Wa~k!1 1
2 $KQ26@~2GQ!21Eab

2 #1/2%, ~3!

whereWa(k) is the dispersion energy term of an exciton
the energy statea and wave vectork, and

Ea,b5Ea2Eb . ~4!

It is to be noted that the dispersion energyWa(k) plays no
role in a problem of localized nature such as that conside
here, and therefore it will be dropped from further calcu
tions. The corresponding eigenvectors can be expressed

uAD6;Q&5(
ias

cias6Bias
† u0&, ~5!

where

cias652 1
2

1/2@2cos~ f iab/2!6sin~ f iab/2!#, ~6!

cibs65 1
2

1/2@6cos~ f iab/2!1sin~ f iab/2!#, ~7!

and

f iab5tan21~Eab/2GQ!. ~8!

The sign6 refers to the upper and lower adiabatic branch
of the energy eigenvalues, and the corresponding eigen
tors are functions of the vibrational coordinateQ.

The interaction operatorH8 between the extra charge an
the exciton field can be written as

H85 (
i j abs

W~ i j uab!Bias
† Bj bs , ~9!

whereBias
† (Bias) are exciton creation~annihilation! opera-

tors, and the coupling constantW( i j uab) is given by13
t-
e
-

ec-
-

a-
of

d
-
s

s
c-

W~ i j uab!5~eIe/k!E wa~r2r i !ur2r I u21wb~r2r j !dr .

~10!

Herek is the dielectric constant, andwa(r2r i) are Wanni-
er’s functions of the host lattice. For calculating the coupli
constantW( i j uab) in Eq. ~10!, we apply the coordinate
transformationr2r i5ui , r I2r i5Ri , and setj 5 i , because
of the negligible overlap of Wannier’s functions at differe
sites. We then use a multiple expansion as

ur2r I u215uui2Ri u21;Ri
21~11ui•Ri /Ri

2!1¯ .
~11!

Terminating the series at the dipole terms forui!Ri and
then using Eq.~11! in Eq. ~10!, we obtain

W~ i i uab!5~eIe/kRi !dab1~eIRi /kRi
3!•piab

5eUidab1piab•Fi , ~12!

where Ui5eI /kRi is the monopole-monopole interactio
term, andFi5(eIRi /kRi

3) is the field created by the extr
charge.piab is ana-b mixing dipole given by

piab5E wa* ~ui !euiwb~ui !dui . ~13!

For a distant chargeeI the intraband monopole-monopo
terms cancel out on summing for the electron and hole at
i , and then we obtain

W~ i i uab!5piab•Fi . ~14!

ConsideringH8 as a perturbation operator and then usi
Eq. ~14! in Eq. ~9!, we obtain its first-order contribution to
the energy of the lower adiabatic branchEAD2(Q) as

^H8&5(
iab

^AD2;QuHii ab8 uAD2;Q&

52(
iab

W~ i i uab!cia2* cib2

5(
iab

piab•Fi cos~ f iab!5(
iab

piab~Q!•Fi , ~15!

where

piab~Q![piab cos~ f iab!5piab$2GQ/@~2GQ!21Eab
2 #1/2%

~16!

is the adiabatic off-center dipole atQ. As the overlap be-
tween the Wannier’s functions at different sites is negligib
the individual terms of Eq.~15! will be the same and henc
independent of sitei . Therefore, we will drop the subscripti
from the expression of̂H8& given in Eq.~15!, and denote
the individual site expectation values as the average^H8&av
given by

^H8&av5pab~Q!•F. ~17!

From Eq.~16!, one finds that when the vibrational coordina
oscillates between2Q and Q across the interwell barrier
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PRB 58 15 597PAIRING OF VIBRONIC SMALL EXCITONS DUE TO . . .
the adiabatic dipolepab oscillates between2pab andpab ,
so that its average value vanishes. Thus the dipole ha
elastoelectric character.

According to the adiabatic approximation, the exciton
energy thus derived in Eqs.~3! and ~15! acts as a potential
energy term for the nuclei in the vibronic Hamiltonian f
solving the vibronic eigenvalue problem. However, as
expression of the adiabatic dipole in Eq.~16! is quite com-
plicated, we will rather follow a circumventing way by re
placing Pvv8 with its average value in the vibronic groun
state as an approximation. The average of Eq.~16! in the
harmonic-oscillator ground stateug(Q6Qo) centered at
6Qo is obtained as7

6Pab~Qo!56pab@12~Eab/4EJT!2#1/2, ~18!

whereEJT5G2/2K. This average value of the dipole is on
meaningful at 4EJT /Eab.1. Actually the dipole ascend
from nil at the mode-softening point (4EJT5Eab) to pab of
Eq. ~13! in the small-radius excitonic polaron extreme whe
4EJT /Eab@1. Using Eq.~18! in Eq. ~17!, we obtain the
average of the interaction in the ground state as

^H8&av52pab~Qo!•F, ~19!
h

-

an

e

where the negative sign refers to the lower value for
ground state. We will now study the combined effect of t
exciton-lattice interaction and electric field by calculating t
eigenvalues of the vibronic Hamiltonian^H8&av , given by

Hv ib5Hv ib,o1^H8&av , ~20!

whereHv ib,o is the vibronic Hamiltonian obtained by addin
the kinetic-energy operator in Eq.~3! as

Hv ib,o52~\2/2M !~d2/dQ2!

1 1
2 $KQ22@~2GQ!21Eab

2 #1/2%. ~21!

For calculating the energy eigenvalue of Eq.~20!, we intro-
duce a basis composed of the symmetric and antisymm
combinations of vibronic wave functionsug(Q2Qo) and
ug(Q1Qo); in this basis only the field-coupling terms a
off-diagonal. We thus solve the Schro¨dinger equation

Hv ibuug~Q2Qo!6ug~Q1Qo!&

5Ev ib6~F !uug~Q2Qo!6ug~Q1Qo!& ~22!

to obtain the energy eigenvalueEv ib6(F) as
Ev ib6~F!5 1
2 ˆHSS/~11S!1HAA /~12S!6@$HSS/~11S!2HAA /~12S!%214HSA8 HAS8 /~12S2!#1/2

‰, ~23!

where the matrix elements are7

HSS5HRR1HRL , HAA5HRR2HRL ,

HRR5^ug~Q2Qo!uHv ib,ouug~Q2Qo!&,

HLL5^ug~Q1Qo!uHv ib,ouug~Q1Qo!&,
~24!

HRL5^ug~Q2Qo!uHv ib,ouug~Q1Qo!&,

HLR5^ug~Q1Qo!uHv ib,ouug~Q2Qo!&,

HSA8 5HAS8 5Pab~Qo!•F.

Here we have usedHRR5HLL andHRL5HLR , andS5^ug(Q1Qo)uug(Q2Qo)& is the overlap integral. From Eqs.~23! and
~24! we obtain the energy-level~tunneling! splitting dEv ib(F) as:

dEv ib~F![Ev ib2~F!2Ev ib1~F!5$@dEv ib~0!#21@2pab~Qo!•F#2/~12S2!%1/2, ~25!

wheredEv ib(0) is the splitting at the zero field but at nonzero exciton-lattice interaction given by7

dEv ib~0!5~Eab/2!F12
Eab

4EJT
G Y sinhF2EJT

\v F12S Eab

4EJT
D 2G G. ~26!
or-
rom

ng
er-

rgy,
The polaron binding energyEp(F) is given by

Ep~F![ 1
2 ~Ev ib11Ev ib2!5Ep~0!. ~27!

Thus the tunneling splittingdEv ib(F) in Eq. ~25! is modified
due to the interaction with the external electric field, but t
polaron binding energyEp(F) in Eq. ~27! is independent of
F. Accordingly, asF increases, the tunneling splitting is wid
e

ened without affecting the polaron binding energy. The c
responding quantities at the zero field can be obtained f
Ref. 7.

The field-dependent term in Eq.~25! is the monopole-
induced dipole coupling potential. As the polaron bindi
energy is the same whether the field is on or off, the diff
encedEv ib(F)2dEv ib(0), obtained from Eq.~25!, can be
regarded as a monopole-induced dipole binding ene
Ubind,v ib , obtained as
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15 598 PRB 58MLADEN GEORGIEV AND JAI SINGH
Ubind,v ib5 1
4 @dEv ib~F!2dEv ib~0!#, ~28!

which for 2p•F!dEv ib(0), andS2!1 reduces to

Ubind,v ib; 1
2 @pab~Qo!•F#2/dEv ib~0![~1/2!av ibF2,

~29!

where the factor 1/4 is introduced to obtain the correct fo
for the binding energy, andav ib is the vibronic
polarizability9 given by

av ib5@pab~Qo!cos~pa,b ,F!#2/dEv ib~0!, ~30!

where the cosine term should be regarded as averaged
all field-dipole angles. Equation~29! has the form of the
interaction energy between a polarizable particle with an
ternal electric field to which it couples through the induc
dipole of magnitudeav ibF.

Near the onset of an off-center instability (4EJT;Ea,b),
the local vibronic dipole@Eq. ~13!# is virtually smeared due
to interwell tunneling. Such a smearing usually affects
configurational averaging of anyQ-dependent quantum
mechanical quantity over the off-center sites. Neverthe
the exciton is still polarizable in an external electric field li
a polarizables atom. However, at the other extreme (4EJT
@Eab), the vibronic exciton being virtually localized in on
of the lower-symmetry wells at6Qo , it will have associated
with it a nonvanishing dipole moment6p(Qo). Conse-
quently, its behavior may now be more like a rigid dipol
molecule. Thus, in both cases, two nearby excitons, whe
polarizable or dipolar, may be expected to couple to e
other to form a biexciton through the dipolar forces and w
a significant binding energy. This binding energy is in ad
tion to the Coulombic one, and it is nonzero in a polariza
medium as shown below.
f

q.
ver

-

e

ss

er
h

-
e

III. VIBRONIC POLARIZABILITIES

The vibronic polarizability, obtained in Eq.~30!, may be-
come significantly larger than the electronic polarizabil
ael , which is obtained if the system is not coupled with t
phonon field, but subjected only to the external fieldF. In the
present case of a two-level~a andb! system with an energy
separation ofEab , we can writeael in an analogous form to
Eq. ~30! as

ael5@pab cos~p,F!#2/Eab , ~31!

and following Eq. ~29! the corresponding electroni
monopole-induced dipole binding energy can be written

Ubind,el5
1
2 aelF

2. ~32!

Using Eqs.~30! and ~31!, we can derive the ratioav ib /ael
as7

av ib /ael52 sinh„@2EJT /\v#@12~Eab/4EJT!2#…

3@11Eab/4EJT#, ~33!

which may become exponentially large for 4EJT.Eab
@\v. This suggests that the binding energy in the range
4EJT.Eab@\v should be significantly enhanced in a p
larizable medium.

As we have considered only the ground-state energie
far, the results obtained are applicable only at low tempe
tures. At higher temperatures, however, the temperature
pendence of the vibronic polarizability can be derived
assuming the Boltzmann distribution in the occupation
splitted vibronic energy levels. Considering that the low
and higher-energy levels correspond to symmetric and a
symmetric combination of wave functions, respectively, t
average energy of the system in an applied field can be
tained as7
^E~F!&5@Ev ib1 exp~2Ev ib1 /kBT!1Ev ib2 exp~2Ev ib2 /kBT!#/@exp~2Ev ib1 /kBT!1exp~2Ev ib2 /kBT!#

52@dEv ib~0!tanh„dEv ib~0!/2kBT…1av ibF21¯#. ~34!
igher-
.

n
In

il-

n

The polarizabilityav ib(T) is then given by the coefficient o
the second-order term inF as:

av ib~T!5~po
2/2kBT!$„2kBT/dEv ib~0!…tanh„dEv ib~0!/2kBT…

1@1/cosh„dEv ib~0!/2kBT…#2%. ~35!

In the low temperature limit, where 2kBT!dEv ib(0), Eq.
~35! gives the same result as that in Eq.~30!, whereas in the
higher-temperature limit when 2kBT@dEv ib(0), we obtain
the reorientational polarizabilityaor(T) of a permanent-
dipole rigid molecule given by

aor~T!5p2/kBT, ~36!

wherep is the magnitude of the vibronic dipole given in E
~18!. It is obvious that in the higher-temperature limitaor(T)
decreases as the temperature increases. These and h
symmetry vibronic polarizabilities are discussed in Ref. 9

IV. DIPOLE-DIPOLE PAIRING

Here we will assume that the vibronic exciton-excito
coupling is the same as a vibronic dipole-dipole coupling.
the localized limit the exciton-exciton interaction Ham
tonianHint can be written as:

Hint5~1/2! (
abgd,i jkl

W~abgdu i jkl !Bias
† Bj bs

† BkgsBlds ,

~37!

wherei , j , k, andl denote lattice sites,a, b, g, andd denote
exciton bands,s is the spin, and the coupling functio
W(abgdu i jkl ) is given by
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W~abgdu i jkl !5E wa* ~r2r i !wb* ~r 82r j !

3$~e2/k!ur2r 8u21%

3wg~r2r k!wd~r 82r l !dr dr 8. ~38!

Defining r2r i5ui , r 82r j5vj , r i2r j5Ri j , we can expand
ur2r 8u215uui2vj1Ri j u21 into a multipole series. Here w
consider only those displacementsui and vj that are both
small (ui ,v j!Ri j ) and correlated (ui•Ri j 5vj•Ri j ), and
then we obtain

ur2r 8u215Ri j
21@11~ui2vj !

2/Ri j
2 #21/2

.Ri j
21@12~1/2Ri j

2 !~ui2vj !
2#. ~39!

Assuming the vanishing overlap between Wannier’s fu
tions at neighboring sites, settingk5 j and l 5 i ~two sites!
and using Eq.~39! in Eq. ~38!, we obtain:

W~abgdu i j j i !5Ui j daddbg2~1/2kRi j
3 !

3$qiaddbg1qj bgdad22piad•pj bg%,

~40!

where

Ui j 5e2/kRi j , ~41!

piab5^wa~ui !ueui uwb~ui !&, ~42!

and

qiab5^wa~ui !ue2ui
2uwb~ui !&. ~43!

Because of symmetry,piab50 for a5b, and qiab50 for
aÞb. In Eq. ~40!, settingg5a andd5b, and usingpia,b
52pib,a , we obtain a two-band coupling constant as

W~ababu i j j i !5Ui j dabdab2@piab•pj ab /kRi j
3 #

2~1/2kRi j
3 !@qiabdba1qj badab#.

~44!

The first term of Eq.~44! is the Coulomb repulsive energ
term due to an intraband (a5b) monomole-monopole inter
action, and the second term is attractive due to the interb
(aÞb) dipole-dipole interaction. The third term is th
higher-order quadrupole intraband interaction, which te
to reduce the Coulomb repulsion.

Another interaction function is obtained fora5b, and
g5d as

W~aaggu i j j i !5Ui j dagdag1@piag•pj ag /kRi j
3 #

2~1/2kRi j
3 !@qiag1qj ag#dag , ~45!
-

nd

s

where the second term of the interband dipole-dipole in
action is now repulsive.

Two excitons, in different bands (aÞb), may pair due to
the attractive dipole-dipole interactionW(ababu i j j i ) in Eq.
~44!. The corresponding Hamiltonian foraÞb can be writ-
ten as

Hint52 1
2 (

iÞ j ,aÞb
@~piab•pj ab /kRi j

3 !

3Bias
† Bj bs

† Bj asBibs1H.c.#. ~46!

ReplacingHIph in Eq. ~3! by Hint in Eq. ~46!, and then
applying first-order perturbation theory, we obtain a disp
sive pairing interaction of excitons with a van der Waa
binding energy of the form

Ubind,el5~Eab/4!~ael /koRi j
3 !2. ~47!

Excitonic van der Waals coupling has already been con
ered with regard to exciton aggregation.2 However, here we
will show how this coupling is renormalized by the excito
phonon interaction.

For this purpose we will first consider a two-site intera
tion to calculate its contribution from the first-order pertu
bation theory, and then find its average value. Thus we c
sider a two-particle electronic stateuFi j &5uFi&uF j& as the
product of two single-particle states, one for each of the t
coupled oscillatorsi and j , respectively. The first-order con
tribution averaged over all paired sites can be written as

^Hint&5 1
2 (

iÞ j ,aÞb
^Fi j uHintuFi j &, ~48!

where the statesuFi& anduF j& are the unperturbed eigenfunc
tions of the lower branchuAD2Q& given in Eq. ~5!. Re-
grouping the terms ini and j and comparing them with thos
in Eq. ~16! or ~13!, we obtain

^Hint&52 (
iÞ j ,aÞb

piab~Qi !•pj ab~Qj !/kRi j
3 , ~49!

wherepiab(Qk) is the adiabatic off-center dipole at sitei .
Instead of analyzing the results in detail as in Sec. II here
will only mention it briefly. We first select two exciton site
i and j , and consider a Hamiltonian for the system of tw
coupled oscillators as

Hv ib~Qi ,Qj !5Hv ib~Qi !1Hv ib~Qj !1^Hint&. ~50!

The wave function of the zeroth-order vibrational eigenst
is chosen as a product of twoug(Qi6Qio) linear-
combination wave functions localized ati and j .7 Following
this we form symmetric and antisymmetric combinations
the single-well states for bothi and j , and then construc
their respective products. Then after some lengthy calc
tions we obtain the level splitting as



he
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dEv ib; i j 52$@dEv ib; i i #
21@2piab~Qi !•pj ba~Qj !/kRi j

3 #2%1/2, ~51!

wheredEv ib; i i is the splitting in the absence of pairing as given in Eq.~27!, and the second term is the contribution of t
pairing. As described in Sec. II, we expand at small pairing strengths~e.g., largeRi j ) to obtain the vibronic van der Waal
binding energy as:

Ubind,v ib5 1
16 @dEv ib; i j 22dEv ib; i i #5 1

8 dEv ib; i i $@11„2piab~Qio!•pj ba~Qjo!/kRi j
3 dEv ib; i i …

2#1/221%.@dEv ib; i i /4#@av ib /kRi j
3 #2.
~52!

It should be mentioned here that the effective vibronic well-interchange frequency7 is \vv ib5(1/2)dEv ib; i i . As av ib is much
higher thanael , it is obvious from Eqs.~47! and~52! that the vibronic binding energyUbind,v ib will also be large. Using Eqs
~47! and ~52! we can derive the ratio as

Ubind,v ib /Ubind,el52 sinh„@2EJT /\v#@12~Eab/4EJT!2#…@11Eab/4EJT#@12~Eab/4EJT!2#~ko /kp!2, ~53!
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where we usedkp5(ko
212ks

21)21. Here again we find tha
the ratio is exponentially large at 4EJT.Eab@\v. Thus the
binding energy of two excitons into a biexciton is enhanc
in a polarizable crystalline medium when 4EJT.Eab@\v.

V. EXCITONS IN LAYERED MATERIALS

The research interest in layered perovskite oxocupr
has been increasing for some time due to their supercond
ing behavior at not so low temperatures. While the sup
conducting mechanism is not yet understood, excitons
believed to play a part as they are known to appear in
optical properties of progenitor copper oxide. On the ot
hand, some of the conceived mechanisms suggest ca
pairing via the mediation of a highly polarizable partne
such as the apex oxygen in an insulating rocksalt layer ou
the conducting copper oxide plane. This suggests an inte
ing form of electron-hole binding through a polarizable pa
ner. It is to be noted that in the case of the enhanced vibro
polarizability of a partner, the resulting binding energy m
be larger than the Coulomb attraction or repulsion within
electron-hole or hole-hole pair, respectively. At the sa
time, due to the large dielectric constant of layered pero
kites, especially the one along thec axis, the Coulomb inter-
actions may recede significantly at relatively large distan
from the partner. Therefore, we will next consider
electron-hole binding mediated by a polarizable partner w
polarizability such as the one described in Sec. III. We w
also confine our discussion to the structural geometry
electron-hole pairs in layered materials. Alternative str
tures and phase diagrams for the Bose condensation of h
hole pairs have been discussed earlier.14 We now consider a
unit composed of a pair of an electron and hole and a po
izable partner, which is an ion. The binding energy of suc
three-body unit is given by

Ub5~1/2!av ib~F11F2!•~F11F2!, ~54!

where Fi for i 51 and 2 is the field produced by thei th
carrier at the partner site. We use point-charge electrosta
to setFi56(e/kRi

3)Ri , whereRi is the separation vecto
between thei th carrier and partner. The upper sign~1! holds
when the carrier ati is a hole, and the lower one~2! when
there is an electron ati . In a symmetric pair geometry,R1
5R25R. We assume the polarizability tensor to be isotro
d
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in the xy plane, settingaxx5ayy . Introducing thenFiz

5F cosu, where thez axis is along the interconnecting lin
of the carriers, from Eq.~53! we obtain

Ub65~e/kR2!2@16cos~R1 ,R2!#

3@axx sin2 u1azz cos2 u#, ~55!

where (R1 ,R2)5p22u is the angle betweenR1 and R2 .
The ~1! sign applies when the pair is composed of li
charge carriers~electron-electron or hole-hole!, and the~2!
sign applies when it is composed of unlike charge carri
~electron hole!. In order to distinguish the two cases, th
latter case will be referred to here as ‘‘partner exciton.’’

Minimizing Ub1 with respect tou, we obtain the optimal
value ofu as

uopt5sin21@azz/2~azz2axx!#
1/2, ~56!

at whichUb1 is minimum. For a strongly anisotropic mate
rial azz@axx , we obtain uopt5p/4 and (R1 ,R2)5p/2,
which yieldUb1(uopt)5 1

2 (e/kR2)@axx1azz#. We also note
that Ub150 at (R1 ,R2)5p(u50), which implies that two
electronic carriers of the same sign may not pair when
neighboring Cu-O planes at diametrically opposite sites re
tive to the partner.

The partner-exciton binding energyUb2 is at its highest
amounting toUb252(e/kR2)azz at (R1 ,R2)5p(u50),
which is a partner exciton formed by an electron and a h
in neighboring conducting planes, and toUb250 at
(R1 ,R2)50(u5p/2), which is a Frenkel exciton formed b
an electron and a hole in the same conducting plane. Co
quently, partner excitons will most likely form sandwichwis
by electrons and holes in neighboring planes at diametric
opposite sites relative to a mediator~apex oxygen! in the
intercalated rocksalt layer. The polarizability of apex ox
gens, known to be large in layered perovskites, may also
enhanced by the vibronic off-center effect.14

We can now compare the partner exciton binding ene
Ub2 with the Coulomb energyUc of the electron-hole pair

Uc5e2/kuR12R2u

5~e2/kR!221/2@12cos~R1 ,R2!#21/2 ~57!

to obtain
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TABLE I. Exciton polarizabilities and van der Waals energies. Calculated as explained in text usin
from Table I ~Ref. 7!. The nearest-neighbor~nn! ^110& binding energiesUb,el and Ub,v ib are calculated at
Ri j 521/2r o using ^cos(p,F)&51. The JT energy is computed asEJT5Gsp

2 /2Ksp , where Gsp

54(e/kpr o
3)psp ~Ref. 10!. The notationqo

25@2EJT/\v#@12(Esp/4EJT)2# is also used.

Host
Esp

~eV!
psp

(eÅ)
asp

(Å 3)
r o

~Å! ko kp

Gsp

~eV/Å!
Ub nn
~meV!

RbBr 0.74339 2.30959 103.186 3.445 2.34 4.51 0.72048 27
KI 0.59299 2.58595 162.167 3.533 2.62 5.39 0.62579 37

Host
\vsp

~meV!
ksp

(eV/Å2)
EJT

~eV!
m5

Esp/4EJT qo
2

dÊv ibsp

~meV!
âv ibsp

(Å 3)
Ûb,v ib nn

~meV!

RbBr 12 1.38409 0.18752 0.99108 0.555 5.678 240 0.3
KI 9 1.23651 0.15835 0.93620 4.347 0.490 24250 159
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Ub2 /Uc5~1/kR3!21/2@12cos~R1 ,R2!#3/2

3@axx sin2 u1azz cos2 u#. ~58!

It is to be noted that at (R1 ,R2)5p Ub2 is maximum, but
Uc is minimum, and, at (R1 ,R2)50, Ub2 is minimum but
Uc is maximum. At the optimum binding, (R1 ,R2)5p(u
50), we obtain

Ub2 /Uc54~1/kR3!azz, ~59!

where fromUb2 /Uc@1 at azz@kR3/4. Settingk55 and
R51.8 Å, data typical for layered perovskites, we estim
azz@7.3 Å3. For comparison, the unit-cell volume o
LaCuO4 is 102 Å 3. This demonstrates that when two exc
tons are close enough through a polarizing partner they
form a biexciton with enhanced binding energy.

Certainly, the eigenvalue spectrum of a three-particle u
composed of an electron, a hole, and a binding partner is
easy to derive, though some numerical calculations h
been made of the spectrum of paired holes.15

VI. DISCUSSION

We have investigated the electrostatic response of P
vibronic excitons in a polarizable crystalline nonmetallic m
dium. To the authors’ knowledge, this is the first study
deal with the enhancement in the vibronic polarizability a
sociated with excitons in such a medium. As stated abo
pairing of excitons through dipole-dipole coupling has be
suggested earlier,11 but the renormalization of polarizabilitie
due to exciton-phonon coupling has not yet been stud
However, the relevant vibronic enhancement of the pola
ability has been suggested as an efficient electron-pai
mechanism for high-Tc superconducting materials.16,17 van
der Waals forces have also been considered for keeping
citons bound in dimers or higher aggregates.2 The present
study shows that the electrostatic polarizability may incre
as a result of symmetry breaking by off-center displa
ments.

For providing quantitative estimates, we have calcula
polarizabilities, vibronic tunneling splittings, and van d
Waals energies, both electronic and vibronic, of two alk
halides, and listed them in Table I. We have found that
most materials considered in Table I, the excitonic pola
bands become narrower beyond the range of any meanin
e
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off-center flip-flop rates. Accordingly excitons in all but tw
alkali halides may form permanent vibronic dipoles that m
also be too rigid to move, and hence no pairing may occ
The remaining two crystals RbBr and KI have been found
show a relatively mild off-centered behavior. In RbBr cry
tals, excitons are of large radius~very soft!, but in KI exci-
tons are of smaller radius~medium hard!. An exciton of
small radius is about ten times less mobile, though mu
more polarizable because of a narrower excitonic pola
band. As a result, it pairs vibronically five times more ef
ciently than does its purely electronic counterpart. Howev
an exciton of larger radius does not benefit at all from
vibronic coupling. Therefore, the polarizability and mobili
do not go together hand in hand in these crystals. In
event, the possibility that a vibronic effect may occur shou
always be checked while considering the electrostatic
sponse of excited configurational clusters.

An exciton-phonon interaction giving rise to an off-cent
relaxation has been observed in both highly ionic crysta
such as alkali halides, and in less ionic crystals such as a
quartz. In all known cases, the coupling originates from
electrostatic interaction and is believed to maintain the lo
charge neutrality. However, there are impurity centers
ionic crystals with permanent dipole moments, such as O2

molecular ions, which do not incite any sizable charg
compensating rearrangements on the neighboring ions. N
ertheless, as stated above, our off-center excitons are ne
but polarizable. The nearest-neighbor F-H pair, which is u
ally referred to as an off-center exciton, consists of two n
tral entities, and therefore may not be considered quite s
lar to the pseudo-Jahn-Teller-type case considered her
should be stressed that a pseudo-Jahn-Teller argument
similar to ours, although allowing larger anharmonic d
placements, has been used for predicting the characte
off-center excitons in alkali halides.18 In fact, in order to take
into account the compensating electrostatic effects of the
cipient anion vacancy and the trapped hole being displa
toward an interstitial site, the dipole moments calculated
this paper should be multiplied by@12(do /r a)#, wheredo is
the off-center displacement andr a is the anion vacancy ra
dius. Undoubtedly, the vacancy screening would lower
vibronic pairing energies in a purely ionic crystal, from som
10% to the extent of full extinction. It is to be noted that th
vacancy screening effect is not taken into account in Tabl
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However, it would be a very desirable exercise indeed
calculate the polarizability of a nearest-neighbor F-H p
coupled with its environment, and compare it with t
present results.

Finally, electrons and holes appear simultaneously in l
ered oxocuprates during photoinduced experiments. After
photoexcitation, holes remain in the oxygen sublattice of
Cu-O plane, whereas electrons are believed to be ultima
trapped at the oxygen vacancies. Excitons in layered ma
als may therefore be expected to be formed at the in
stages of photoexcitation before the electrons are trap
Although these stages have so far been investigated
comprehensively, it is believed that future experiments
provide a deeper insight into the fate of photoelectrons,
thus of the mechanism of photoinduced superconductivit

It should be noted that the behavior of layered perovsk
along thec axis is dominated by ionic features. The partn
exciton introduced above may be regarded as a form
bound exciton in which the binding energy to a partner
to
ir
e

y-
he
e

ely
ri-

ial
ed.
ess
an
nd
.
es
r
of
x-

ceeds the electron-hole Coulomb energy. Future studie
partner excitons may disclose whether these are itineran
layered materials.

The present localized picture is expected to be adeq
for dealing with the pairing of self-trapped excitons in
biexcitons. It is also adequate to deal with the problem
exciton formation through electron-hole pairing mediated
a partner at the initial stages of the photoexcitation in
parent insulating phase. However, the itinerancy of pho
electrons and photoholes is also essential to take into
count, and it is not considered here. Such a problem wil
considered in a subsequent study.
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