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Pairing of vibronic small excitons due to enhanced polarizability in a crystalline polarizable
nonmetallic medium
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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.
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I. INTRODUCTION dipole-dipole coupling was clearly indicated earfitrthe

renormalization of polarizabilities due to exciton-phonon
The binding of a pair of excitons into biexcitons in crys- coupling has not yet been studied. In order to address this
talline semiconductors has been well established for manproblem, in this paper, we first calculate the electrical polar-
years'? It has now become rather common to observe biexizability of an off-centered exciton system and compare it
citons in quantum wells, because of their enhanced binding/ith that of an on-centered exciton system. Pair interactions
energy due to confinemehiThe binding energy of biexci- ©Of polarizable vibronic Frenkel excitons are then introduced,
tons in GaAs quantum wells has been systematicall)find the _re_sultlng re_nor_mahze(_j polarlzab|llt|_es are derlv_ed.
measuretiand calculated theoreticalif However, previous Of Providing quantitative estimates, the vibronic polariz-
theories of the binding of biexcitons both in bulk semicon-ab'l't'es and binding energies, thus derived, are calculated

ductors and quantum wells have taken only the Coulorm51umerical|y for alkali halides. We also consider the possibil-

interaction among the carriers to be responsible for the bind':[y that an elecftron and a hole, moving in nelghborlng con-
ing of biexcitons. ducting planes in a layered perovskite, would pair by binding

. L . L separately to a highly polarizable partner in the intercalated
In polarizable media, like for instance ionic crystals, the b y gny p b

s b 4ed to be diff b . “insulating layer. The theory can be applied to low-
situation may be regarded to be different because excitongonsional structures as well. The results of this study are
are polarizable electrostatically even though they are neutr xpected to advance our understanding of the nonlinear pho-
They may thus be expected to couple to an external electrig)nic properties of polarizable systems.

field through permanent or induced dipoles. In a previous The paper is organized as follows. In Sec. II, we present
paper, we showed that off-centered vibronic excitons maythe derivation of the binding energy as a function of the
be formed if the original site symmetry-operations incorpo-polarizability of an exciton interacting with phonons and an
rate the spatial inversion. Thus the appearance of an offexternal electric field. In Sec. Ill, an expression for the renor-
centered exciton at a site breaks down the local parity conmalized or vibronic polarizability of an exciton due to its
servation, which allows the exciton to acquire an extrainteraction with phonons and external electric field is de-
electric dipole moment. These off-center dipoles and the rerived. The ratio of the renormalized polarizability to that of
sulting vibronic polarizabilities can then open channels ofthe electronic polarizability(without phonon interaction
binding of excitons into biexcitons through their vibronic and the temperature dependence of the vibronic polarizabil-
dispersive forces. ity at higher temperatures, are also derived in Sec. lll. In Sec.
It is well known that a renormalized vibronic polarizabil- 1V, an expression for the dipole-dipole interaction between a
ity may define the electrostatic response of strongly couplegair of vibronic excitongexcitons interacting with phonohs
electron-phonon systems; a familiar example is the ammoniand its contribution to the binding energy of a resulting biex-
molecule. Moreover, the peculiar behavior of small polaronsciton, are derived. In Sec. V we present the binding energy of
coupled to asymmetric modes was already expressed kg pair of electron and hole confined in one layer mediated by
Holstein® who showed that the coupling to an asymmetrica polarizable partner localized in another layer in a layered
intramolecular vibration could split the vibronic potential material. In Sec. VI, we discuss the results obtained.
into a double-well type. Now that the quantum-mechanical
interpretation of the inversion spectrum is based on the Il. ELECTRIC-FIELD COUPLING
pseudo-Jahn-Teller effedPJTH, it predicts renormalized
vibronic polarizabilities for the ammonia molecufeSubse- In order to study an electric field coupling with an exci-
guent developments in theory have transferred the vibroniton, we first develop a theory of coupling between the quan-
concept to off-centered polarois. tized field of excitons and an extra charge localized at a
Although the possibility of pairing excitons through site I. For the localized nature of the problem, it is more
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convenient to express the Hamiltonian of an exciton interact- .
ing with the lattice in the real crystal space, and express the W(i] |a,8):(e|e/;<)f Wo(r=rp)r—r | " wg(r—rjdr.

wave functions in terms of Wannier’s localized representa- (10)
tion. The Hamiltonian of an exciton interacting with phonons ) ) ) )
in a crystal can thus be writtéf? as Here « is the dielectric constant, and,(r —r;) are Wanni-

er’s functions of the host lattice. For calculating the coupling
constantW(ij|aB) in Eq. (10), we apply the coordinate
_ T T
H= ij%S TijapsBiasBjps T .Z«s EiasBiasBiasTHipns () transformatiorr — ri=u;, r—ri=R;, and sef =i, because
of the negligible overlap of Wannier’s functions at different

whereH ,, is given by sites. We then use a multiple expansion as
P’ Ir—r| t=|u—R| " *~R Y(1+u;-R /R}) +---
_ t 1 iafB 2 I i i i iR .
Hiph= %;S GiapsQiapBiasBipst z% ( Mios + Kia,BQiaﬁ) ) (11)

2 Terminating the series at the dipole terms fgR; and

where the subscriptsand j label lattice sitesp and g are  then using Eq(11) in Eq. (10), we obtain
exciton bands, and is the spin.P;,z, M.z, andK;,z are . 3
the momentum, reduced mass, and force constant, respec- W(ii|aB) = (€16l kRi) 8,5+ (1R /kRY) - Piag

fcively, associgted \_/vith the lattice vibr_ation mode correspond— =eU; 8,5+ Piap- Fi (12)
ing to the lattice displacement coordin®g, ;. Gj.gs is the

linear exciton-phonon coupling coefficient. We adopt awhere U;=¢,/«R; is the monopole-monopole interaction
simple model of excitons in two nearly degenerate narrowterm, andF;=(e,R;/«R?) is the field created by the extra
bandsa and B, and assume, K, E,, andE, to be inde-  chargep;,z is ana-B mixing dipole given by

pendent of the site and spin. Using the adiabatic approxima-

tion, that means neglecting the kinetic-energy operators of .

ions, and the eigenvalugBp. (Q) and eigenvector$AD piaﬁ:JWa(ui)e“iwﬁ(“i)dui' (13

+:Q) of the Hamiltonian in Eq(1) are obtained ds ) )
For a distant charge, the intraband monopole-monopole

Eap+(Q)=W,(k)+3{KQ?=[(2GQ)?+E24]*3, (3)  terms cancel out on summing for the electron and hole at site

. . . ) i, and then we obtain
whereW, (k) is the dispersion energy term of an exciton in

the energy state and wave vectok, and W(ii|aB)=Ppi.p-Fi- (14

Eap=Es—Ep. (4) ConsideringH’ as a perturbation operator and then using
Eq. (14) in Eq. (9), we obtain its first-order contribution to

It is to be noted that the dispersion eneiMyy,(k) plays no H‘e energy of the lower adiabatic branERp_(Q) as

role in a problem of localized nature such as that considere

here, and therefore it will be dropped from further calcula-

tions. The corresponding eigenvectors can be expressed as <Hf>:2 (AD—;QIH/ aﬂ|AD_ :Q)
lap

ADi! = iaSiBiTozS 0 ’ 5 .. *
| Q ;«s ¢ 0) © :2% W(iilaB)ci, Cig-
where
Closs =~ 34— cosfi D = sin(F,0/2)], (©) = 2 Prow i c0tliap) = 2 Pg(Q) o (19
Cipss = 3 = COL f;,p/2) +sin(f; ,5/2)], (7)  where
and Piap(Q)=Piap COL fiap) =Piasl2GQ[(2GQ)*+EZ,1M
fiap=tanm (E,z/2GQ). 8 (16

) ) ] is the adiabatic off-center dipole &. As the overlap be-
The sign= refers to the upper and lower adiabatic branchegyeen the Wannier's functions at different sites is negligible,
of the energy eigenvalues, and the corresponding eigenvegse individual terms of Eq(15) will be the same and hence

tors are functions of the viblrational coordindpe independent of site. Therefore, we will drop the subscript
The interaction operatdt between the extra charge and om the expression ofH') given in Eq.(15), and denote
the exciton field can be written as the individual site expectation values as the averdge),,
given by
H'= > W(ij|ap)B],:Bjgs. 9
fabs b (H")ay=Pap(Q) - F. (17
whereBiTaS (Bj,s) are exciton creatioannihilatior) opera-  From Eq.(16), one finds that when the vibrational coordinate

tors, and the coupling constaw(ij|a) is given by oscillates between-Q and Q across the interwell barrier,
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the adiabatic dipol@,; oscillates between-p,z andp,;, ~ Where the negative sign refers to the lower value for the
so that its average value vanishes. Thus the dipole has @f¥ound state. We will now study the combined effect of the
elastoelectric character. exciton-lattice interaction and electric field by calculating the

According to the adiabatic approximation, the excitoniceigenvalues of the vibronic Hamiltonigi )., , given by
energy thus derived in Eq§3) and (15) acts as a potential-
energy term for the nuclei in the vibronic Hamiltonian for Hyib=Hoib,ot(H )av (20)
solving the vibronic eigenvalue problem. However, as theWhereH
expression of the adiabatic dipole in H46) is quite com-
plicated, we will rather follow a circumventing way by re-

vib,o IS the vibronic Hamiltonian obtained by adding
the kinetic-energy operator in E(B) as

placing P, with its. average value in the vibronic_ ground H,ib o= — (A22M)(d%/d Q?)
state as an approximation. The average of @®) in the ’
harmonic-oscillator ground statey(Q+Q,) centered at +3{KQ?-[(2GQ)?*+EZ41Y3. (21)

+Q, is obtained as . _ _
For calculating the energy eigenvalue of E§Q), we intro-

*£Pop(Qo) = £ Papl 1= (E,pl4E 1), (18  duce a basis composed of the symmetric and antisymmetric
combinations of vibronic wave functionsy(Q—Q,) and
Ug(Q+Q,); in this basis only the field-coupling terms are
off-diagonal. We thus solve the Sclidinger equation

whereE ;r=G?/2K. This average value of the dipole is only
meaningful at £&;:/E,z>1. Actually the dipole ascends
from nil at the mode-softening point &+=E,g) to p,z of

Eg. (13) in the small-radius excitonic polaron extreme where H . _ + +
4E,r/E,>1. Using Eq.(18) in Eg. (17), we obtain the vib|Ug( Q= Qo) = Ug(Q+ Qo))
average of the interaction in the ground state as =E,ip=(F)|ug(Q— Qo) = ug(Q+Qy)) (22
(H"av="Pap(Qo)-F, (199  to obtain the energy eigenvallg,;, . (F) as
|
Eyip=(F)=3{Hss/(1+S) +Han/ (1= S) £[{Hss/(1+S) —Haa/(1—8)}2+4Hg HAd (1- S 1Y, (23)

where the matrix elements dre
Hss=HgrtHri, Haa=Hgrr=Hre,
Hrr=(Ug(Q—Qo)|H,ip,o/Ug(Q—Qo)),
Hii = (ug(Q+Qo)|Hyin o/ Ug(Q+ Qo).
HrL=(Ug(Q—Qo)[H,ib o ug(Q+Qo)),
Hir=(Ug(Q+ Qo)[H,ib,olug(Q—Qy)),

Hsa=Has=Pap(Qo)-F.

Here we have usedgg=H  andHg =H g, andS=(uy(Q+Q,)|us(Q—Q,)) is the overlap integral. From Eq&3) and
(24) we obtain the energy-levétunneling splitting 5E,;,(F) as:

SE,in(F)=E,in—(F) — Eyip+ (F) ={[ 8E,ip(0) 1*+[2p,4(Qo) - F1/ (1~ SH}*2, (29
where SE;,(0) is the splitting at the zero field but at nonzero exciton-lattice interaction givén by

(29)

5E,1(0) = (E, 5/2)| 1= =& i »{ZE” o e 2 26
vib(0) = (Eqp4/2) “6,.|/ M. |1 2E, ) | (26)
|
The polaron binding energ(F) is given by ened without affecting the polaron binding energy. The cor-
responding quantities at the zero field can be obtained from
Ref. 7.
—1 —
Ep(F)=2(E,ib+ +Eyin-) =Ep(0). (27 The field-dependent term in E@25) is the monopole-

induced dipole coupling potential. As the polaron binding
Thus the tunneling splittindE,;,(F) in Eq. (25) is modified  energy is the same whether the field is on or off, the differ-
due to the interaction with the external electric field, but theence 5E,;,(F) — 6E,;i,(0), obtained from Eq(25), can be
polaron binding energ¥,(F) in Eq. (27) is independent of regarded as a monopole-induced dipole binding energy,
F. Accordingly, ag- increases, the tunneling splitting is wid- Uy;nq,ip, Obtained as
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Ubind,vib= 5[ 8E,in(F) — 6E,ip(0)], (28) lll. VIBRONIC POLARIZABILITIES

which for 2p- F<8E,j,(0), andS?<1 reduces to The vibronic polarizability, obtained in E¢30), may be-
come significantly larger than the electronic polarizability
1 . aq, Which is obtained if the system is not coupled with the
Ubindwib™ 2[ Pap(Qo) - F1%/ 8E,in(0)=(1/2) a,in F?, pﬁlonon field, but subjected onl);/ to the external r13iléldn the
(29 present case of a two-levek and 8) system with an energy
where the factor 1/4 is introduced to obtain the correct formseparation o€, ;, we can writea, in an analogous form to
for the binding energy, anda,; is the vibronic EQ.(30) as
polarizability’ given by
@e1=[Pag cOIP,F)I/E 15, (31

avibz[paﬁ(Qo)cos{paﬁ,F)]2/6Evib(0), (300 and following Eg. (29) the corresponding electronic

. monopole-induced dipole binding energy can be written as
where the cosine term should be regarded as averaged over P P g 9y

all field-dipole angles. Equatiof29) has the form of the Upind.el= 3 @elF2. (32

interaction energy between a polarizable particle with an exy . - .
ternal electric field to which it couples through the inducedgs?Ing Eqs.(30) and (31), we can derive the ratiap / a
dipole of magnitudex,;,F.

Near the onset of an off-center instabilityB4~E,, z), yip aey=2 SINN[ 2E 11 w][1— (Eaﬁ/4EJT)2])
the local vibronic dipoldEqg. (13)] is virtually smeared due
to interwell tunneling. Such a smearing usually affects the X[1+E,pl4E 1], (33

configurational averaging of an@-dependent quantum- \hich may become exponentially large forE s> Eap
mechanical quantity over the off-center sites. Nevertheless. , This suggests that the binding energy in the range of
the exciton is still polarizable in an external electric field like 4 > E.z>ho should be significantly enhanced in a po-

a polarizables atom. However, at the other extremeH4  |arizable medium.

>E,p), the vibronic exciton being virtually localized in one  As we have considered only the ground-state energies so
of the lower-symmetry wells at Q,, it will have associated far, the results obtained are applicable only at low tempera-
with it a nonvanishing dipole moment p(Q,). Conse- tures. At higher temperatures, however, the temperature de-
quently, its behavior may now be more like a rigid dipolar pendence of the vibronic polarizability can be derived by
molecule. Thus, in both cases, two nearby excitons, whethetssuming the Boltzmann distribution in the occupation of
polarizable or dipolar, may be expected to couple to eaclsplitted vibronic energy levels. Considering that the lower
other to form a biexciton through the dipolar forces and withand higher-energy levels correspond to symmetric and anti-
a significant binding energy. This binding energy is in addi-symmetric combination of wave functions, respectively, the
tion to the Coulombic one, and it is nonzero in a polarizableaverage energy of the system in an applied field can be ob-
medium as shown below. tained a$

(E(F))=[Ey,ib+ eXp—E,ip+ /kgT) +E,ip— exp(—E,ip— /kgT)1/[€Xp( —E,ip+ /KgT) +exp( — E,ip— /KgT)]
= —[ 8E,ip(0)tanh(SE,ip(0)/2kg T) + a,ipF2+- -+ ]. (34)

The polarizabilitya,,;,(T) is then given by the coefficient of decreases as the temperature increases. These and higher-

the second-order term iR as: symmetry vibronic polarizabilities are discussed in Ref. 9.
a,in(T) = (P5/2kg T){ (2K T/ 5E,,i(0))tanh(SE i (0)/2kgT) V. DIPOLE-DIPOLE PAIRING
+[1/COSK5Evib(O)/2kBT)]2}- (35) Here we will assume that the vibronic exciton-exciton

coupling is the same as a vibronic dipole-dipole coupling. In
In the low temperature limit, wherekgT<oE,;,(0), Eq.  the localized limit the exciton-exciton interaction Hamil-
(35) gives the same result as that in E§0), whereas in the tonianH;,; can be written as:
higher-temperature limit whenlk®T> SE,;,(0), we obtain
the reorientational polarizabilityr, (T) of a permanent-
dipole rigid molecule given by Hin=(1/2 >, N W(aByslijkl)Bl,Bl5BiysB s,

(37)

wherei, j, k, andl denote lattice sitesy, 8, v, and 5 denote
wherep is the magnitude of the vibronic dipole given in Eq. exciton bands,s is the spin, and the coupling function
(18). It is obvious that in the higher-temperature lirai, (T) W(aBydlijkl) is given by

afyo,ij

ao(T)= pzlkBTv (36)
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W(aﬁy&lijkl)=jWz(r—ri)w’ﬁ‘(r’—r]-)
x{(ek)r—r'|"Y}
XW,(r=r)wy(r'—rpdr dr’. (38

Definingr—r;=u;, r’' —
[r=r'|"t=]u—v;+ Ry
consider only those displacements and v; that are both

small (uj,v;j<Rj;) and correlated -R;;=v;-R;;), and
then we obtain

r]'=Vj, I

—r;=Rj;, we can expand

[r=r'| 7 =R 1+ (u—v)RE] Y2

=R 1~ (1/2Rf) (U —v))?]. (39

PAIRING OF VIBRONIC SMALL EXCITONS DUE TO. ..

Y into a multipole series. Here we

15599

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

Two excitons, in different bandsy# 8), may pair due to
the attractive dipole-dipole interactiof(« 8a8lijji ) in Eq.
(44). The corresponding Hamiltonian faer+# 8 can be writ-
ten as

Hnnz'_% 25

i#j,a% B

[(plaﬁpjaﬁ/kRﬁ)

X BB 3B asBigs T H.C.

las

(46)

ReplacingH,, in Eq. (3) by Hjn in Eqg. (46), and then
applying first-order perturbation theory, we obtain a disper-
sive pairing interaction of excitons with a van der Waals
binding energy of the form

Assuming the vanishing overlap between Wannier's func-

tions at neighboring sites, setting=j andl=i (two sites
and using Eq(39) in Eq. (38), we obtain:

W(aBydlijji )=Uij 8,585y~ (1/KR3)

X{qiaﬁb‘ﬁ'y—i_ qjﬁ'ytsaﬁ_ 2pia5' pjﬁy}:

(40)
where
Uij:eleRij, (41)
piaB:<Wa(ui)|eui|Wﬁ(ui)>! (42)
and
Giap=(Wa(Up)|€2U7|W4(u))). 43

Because of symmetryp;,;=0 for «= g, andq;,z=0 for
a# . In Eq. (40), settingy=a and 6= B, and usingp;, g
=—Pig.o» W€ Obtain a two-band coupling constant as

W(aBaplijji ) =Uij8upbap=Piap Pjap/KR}]
_(I/Z(Riaj)[qiaﬁaﬁa+qjﬁaaaﬁ]'
(44)

The first term of Eq(44) is the Coulomb repulsive energy
term due to an intrabandy= 8) monomole-monopole inter-
action, and the second term is attractive due to the interbant®
(a# B) dipole-dipole interaction. The third term is the
higher-order quadrupole intraband interaction, which tends

to reduce the Coulomb repulsion.
Another interaction function is obtained fer=g, and
y=24 as

W(aa’y'y|ljjl ):Uij 6ay5ay+[piay' pjay/kRﬁ]

— (VKR [ Gy Ujay]day,  (45)

Ubind.e1= (Eapl4) (are1/KoR5)?. 47
Excitonic van der Waals coupling has already been consid-
ered with regard to exciton aggregatibRlowever, here we
will show how this coupling is renormalized by the exciton-
phonon interaction.

For this purpose we will first consider a two-site interac-
tion to calculate its contribution from the first-order pertur-
bation theory, and then find its average value. Thus we con-
sider a two-particle electronic stat&;;)=|F;)|F;) as the
product of two single-particle states, one for each of the two
coupled oscillators andj, respectively. The first-order con-
tribution averaged over all paired sites can be written as

(Hind=3 2 (FijlHindFij), (48)
i#],a# B

where the state§;) and|F;) are the unperturbed eigenfunc-

tions of the lower branchAD_Q) given in Eq. (5). Re-

grouping the terms inandj and comparing them with those

in Eq. (16) or (13), we obtain

(Hin) =~ > Bpiain)-pjaB(Qj)/KRﬁ, (49)

#],a#

where p;,5(Q) is the adiabatic off-center dipole at site
Instead of analyzing the results in detail as in Sec. Il here we
will only mention it briefly. We first select two exciton sites

i andj, and consider a Hamiltonian for the system of two
upled oscillators as

H,in(Qi,Qj) =H,in(Q) +H,in(Qj) +(Hiny).  (50)

The wave function of the zeroth-order vibrational eigenstate
is chosen as a product of twaiy(Q;=Q;,) linear-
combination wave functions localized iaandj.’ Following

this we form symmetric and antisymmetric combinations of
the single-well states for both and j, and then construct
their respective products. Then after some lengthy calcula-
tions we obtain the level splitting as
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SE ib:ij = 2{[ OB ip:ii 1°+ [ 2Pi o p(Qi) - pjﬁa(Qj)/kRﬁ]z}uzl (51

where 6E ;,.;; is the splitting in the absence of pairing as given in EY), and the second term is the contribution of the
pairing. As described in Sec. I, we expand at small pairing stren@tigs, largeR;;) to obtain the vibronic van der Waals
binding energy as:

Ubind,vib= 6L OEyib:ij =~ 26Eyibii 1= § O it {1+ (2Piap(Qio) - Pj gal Qjo ) KR SE i )21 2= 1} =[ S ib:ii /41[ it /kR?(j]z-)
52

It should be mentioned here that the effective vibronic well-interchange freqUinky,,i, = (1/2)SE,ip.ii - AS @,ip is much
higher thanag,, it is obvious from Eqgs(47) and(52) that the vibronic binding energy inq ,ip Will also be large. Using Egs.
(47) and(52) we can derive the ratio as

Ubind,vib/Ubind,er= 2 SN[ 2E 7 /A 0][ 1~ (E 4 /4 37)* D[ 1+ E  gl4E 371 1 — (E 1 s 4E 37)?1 (Ko /Kp) %, (53

where we used,=(x, ' — k5 ") % Here again we find that in the xy plane, settinga,,= ayy. Introducing thenF;,
the ratio is exponentially large aB4+>E,z>%w. Thusthe  =F cosg, where thez axis is along the interconnecting line
binding energy of two excitons into a biexciton is enhancedf the carriers, from Eq(53) we obtain

in a polarizable crystalline medium whefe>E > 0.

Up+=(e/kR?»)?1+cogR;,R,)]

V. EXCITONS IN LAYERED MATERIALS X [aty, Sir? 6+, cOZ 6], (55
The research interest in layered perovskite oxocuprates )

has been increasing for some time due to their superconducfNere Ri,Rz)=7—26 is the angle betweeR; andR;.
ing behavior at not so low temperatures. While the super- "€ (+) sign applies when the pair is composed of like
conducting mechanism is not yet understood, excitons argN@rge carrierselectron-electron or hole-hgleand the(—)
believed to play a part as they are known to appear in th§'9" applies when it is compos_ed pf unlike charge carriers
optical properties of progenitor copper oxide. On the othef€l€ctron hol& In order to d|st|ngU|sh“the two ca_ses,”the
hand, some of the conceived mechanisms suggest carriéitt€r case will be referred to here as “partner exciton.
pairing via the mediation of a highly polarizable partner, ~Minimizing Uy, with respect tof, we obtain the optimal
such as the apex oxygen in an insulating rocksalt layer out ofalue of 6 as
the conducting copper oxide plane. This suggests an interest- — 72
ing form of electron-hole binding through a polarizable part- Oopt=SIN" "L az2(az;— ) ™ (56)
ner. It is to be noted that in the case of the enhanced vibroni . L . .
polarizability of a partner, the resulting binding energy maygt whichUy. is minimum. For a strongly anisotropic mate-

' rial a,>ay,, we obtain 6,,=7/4 and Ry,Ry)=m/2,

be larger than the Coulomb attraction or repulsion within an__ . . 1 2
electron-hole or hole-hole pair, respectively. At the sam which yieldUy . (8op) = 2(6/ kR [ vt az,]. We also note

time, due to the large dielectric constant of layered perovs(?EhatU*”:O at (Ry,Rp)=m(6=0), which implies that two

kites, especially the one along theaxis, the Coulomb inter- ele_ctronig carriers of the same sigr_l may not pair _when in
actions may recede significantly at relatively large distance Ségthob?r:g]g a?r?ngr planes at diametrically opposite sites rela-
from the partner. Therefore, we will next consider an The art%er—exc.:iton binding ener is at its highest
electron-hole binding mediated by a polarizable partner Withamountlion toU,_—2(e/ Rz)g at gEng_ R,)— (0_90)
polarizability such as the one described in Sec. Ill. We will 9 b= £\SIKIY )z, 1,72) =T U=,

also confine our discussion to the structural geometry OYVh'Ch is a partner exciton formed by an electron and a hole

electron-hole pairs in layered materials. Alternative struc" neighboring conducting planes, and W,_=0 at

tures and phase diagrams for the Bose condensation of holER1:R2) =0(6=m/2), which is a Frenkel exciton formed by
hole pairs have been discussed eaffiae now consider a an electron and a hole in the same conducting plane. Conse-

unit composed of a pair of an electron and hole and a polarguemly’ partner exciton; will.most !ikely form sam_jwichvx_/ise
izable partner, which is an ion. The binding energy of such é)y electrons and holes in neighboring planes at diametrically
three-body un'it is given by opposite sites relative to a mediat@pex oxygeh in the

intercalated rocksalt layer. The polarizability of apex oxy-

ens, known to be large in layered perovskites, may also be
Up= (12 ayin(F1tF2)- (Fi+Fo), (54) gnhanced by the vibrognic off—}c/enterpefféét. g

where F; for i=1 and 2 is the field produced by tfiéh We can now compare the partner exciton binding energy

carrier at the partner site. We use point-charge electrostatiddo- With the Coulomb energy. of the electron-hole pair

to setF;= i(e/KR?)Ri, whereR; is the separation vector o,

between theth carrier and partner. The upper sigh) holds Uc=e/x|R1—Ry|

when the carrier at is a hole, and the lower one-) when =(e%/kR)2" Y 1—-cogR;,R,)] 2 (57)

there is an electron at In a symmetric pair geometr\y,

=R,=R. We assume the polarizability tensor to be isotropicto obtain
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TABLE I. Exciton polarizabilities and van der Waals energies. Calculated as explained in text using data
from Table | (Ref. 7. The nearest-neighbgnn) (110 binding energied), o and Uy, i, are calculated at

Rij =2V using (cosp,F))=1. The JT energy is computed aEJT:Ggp/2KSp, where Gg,
=4(elkpr 3)psp (Ref. 10. The notationg5=[2Er/hw][1—(Es/4E,7)?] is also used.
Esp Psp asg o Gsp U, nn
Host (eV) (eh) (A% R) Ko Kp (eVIA) (meV)
RbBr 0.74339 2.30959 103.186 3.445 2.34 451 0.72048 27
Kl 0.59299 2.58595 162.167 3.533 2.62 5.39 0.62579 37
hwsp ksp Esr M= 5Evibsp 8‘vib'sp L’\Jb,vib nn
Host (meV)  (eVIA?) (eV) Es4E;r a3 (meV) (A3) (meV)
RbBr 12 1.38409 0.18752  0.99108 0.555 5.678 240 0.3
Kl 9 1.23651 0.15835 0.93620 4.347 0.490 24250 159
Up_ /Uc=(1/KR3)21’2[1—cos{Rl.Rz)]3/2 off-center flip-flop rates. Accordingly excitons in all but two
. alkali halides may form permanent vibronic dipoles that may
X [axy SIF 6+ arz, cOS 6]. (58 also be too rigid to move, and hence no pairing may occur.

It is to be noted that atR,,R,)=m U,,_ is maximum, but  The remaining two crystals RbBr and KI have been found to
U, is minimum, and, atR;,R,)=0, U,_ is minimum but Show a relatively mild off-centered behavior. In RbBr crys-
U, is maximum. At the optimum binding,R;,R,)=m(# tals, excitons are of large radidsery soft, but in KI exci-
=0), we obtain tons are of smaller radiudmedium hargd An exciton of
small radius is about ten times less mobile, though much
Up— /U.=4(1/kR%a,,, (590  more polarizable because of a narrower excitonic polaron
. band. As a result, it pairs vibronically five times more effi-
where fromUp, /Ug>1 at a,> «R/4. Settingx=5 and ciently than does its purely electronicycounterpart. However,

R=18A, 3data typical for _Iayered perov§k|tes, we estlmatean exciton of larger radius does not benefit at all from the
a,2>7.3 A3. For comparison, the unit-cell volume of

LaCuQ, is 1C% A%, This demonstrates that when two exci- vibronic coupling. Therefore, the polarizability and mobility

tons are close enough through a polarizing partner they caﬂ0 not go together hand in hand in these crystals. In any

form a biexciton with enhanced binding energy event, the possibility that a vibronic effect may occur should
Certainly, the eigenvalue spectrum of a three-particle unit'jllw"’Iys be checked while considering the electrostatic re-

composed of an electron, a hole, and a binding partner is nG#PONSe Of excited configurational clusters.

easy to derive, though some numerical calculations have An exciton-phonon interaction giving rise to an off-center
been made of the spectrum of paired hdfes. relaxation has been observed in both highly ionic crystals,

such as alkali halides, and in less ionic crystals such as alpha
quartz. In all known cases, the coupling originates from the
electrostatic interaction and is believed to maintain the local
We have investigated the electrostatic response of PJTEharge neutrality. However, there are impurity centers in
vibronic excitons in a polarizable crystalline nonmetallic me-ionic crystals with permanent dipole moments, such as OH
dium. To the authors’ knowledge, this is the first study tomolecular ions, which do not incite any sizable charge-
deal with the enhancement in the vibronic polarizability as-compensating rearrangements on the neighboring ions. Nev-
sociated with excitons in such a medium. As stated abovegrtheless, as stated above, our off-center excitons are neutral
pairing of excitons through dipole-dipole coupling has beerbut polarizable. The nearest-neighbor F-H pair, which is usu-
suggested earliét, but the renormalization of polarizabilities ally referred to as an off-center exciton, consists of two neu-
due to exciton-phonon coupling has not yet been studiedral entities, and therefore may not be considered quite simi-
However, the relevant vibronic enhancement of the polariziar to the pseudo-Jahn-Teller-type case considered here. It
ability has been suggested as an efficient electron-pairinghould be stressed that a pseudo-Jahn-Teller argument very
mechanism for highF, superconducting materialé!’ van  similar to ours, although allowing larger anharmonic dis-
der Waals forces have also been considered for keeping eplacements, has been used for predicting the character of
citons bound in dimers or higher aggregateEhe present off-center excitons in alkali halide$.In fact, in order to take
study shows that the electrostatic polarizability may increaséto account the compensating electrostatic effects of the in-
as a result of symmetry breaking by off-center displace<ipient anion vacancy and the trapped hole being displaced
ments. toward an interstitial site, the dipole moments calculated in
For providing quantitative estimates, we have calculatedhis paper should be multiplied st — (d,/r )], whered, is
polarizabilities, vibronic tunneling splittings, and van der the off-center displacement amg is the anion vacancy ra-
Waals energies, both electronic and vibronic, of two alkalidius. Undoubtedly, the vacancy screening would lower the
halides, and listed them in Table I. We have found that forvibronic pairing energies in a purely ionic crystal, from some
most materials considered in Table I, the excitonic polaroril0% to the extent of full extinction. It is to be noted that the
bands become narrower beyond the range of any meaningfubcancy screening effect is not taken into account in Table I.

VI. DISCUSSION
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However, it would be a very desirable exercise indeed taeeds the electron-hole Coulomb energy. Future studies of

calculate the polarizability of a nearest-neighbor F-H pairpartner excitons may disclose whether these are itinerant in
coupled with its environment, and compare it with thelayered materials.

present results. The present localized picture is expected to be adequate
Finally, electrons and holes appear simultaneously in layfor dealing with the pairing of self-trapped excitons into
ered oxocuprates during photoinduced experiments. After thgjexcitons. It is also adequate to deal with the problem of
photoexcitation, holes remain in the oxygen sublattice of thexciton formation through electron-hole pairing mediated by
Cu-O plane, whereas electrons are believed to be ultimately partner at the initial stages of the photoexcitation in the
trapped at the oxygen vacancies. Excitons in layered materparent insulating phase. However, the itinerancy of photo-
als may therefore be expected to be formed at the initiaglectrons and photoholes is also essential to take into ac-

stages of photoexcitation before the electrons are trappe@ount, and it is not considered here. Such a problem will be
Although these stages have so far been investigated leggnsidered in a subsequent study.

comprehensively, it is believed that future experiments can
provide a deeper insight into the fate of photoelectrons, and
thus of the mechanism of photoinduced superconductivity.

It should be noted that the behavior of layered perovskites
along thec axis is dominated by ionic features. The partner M.G. is grateful to the Northern Territory University, for
exciton introduced above may be regarded as a form ofinancing his Australian trip, as well as for their kind hospi-
bound exciton in which the binding energy to a partner ex-ality.
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