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Biexcitons in one-dimensional systems with electron-hole exchange interactions
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Biexcitons in one-dimensional systems with electron-hole (e-h) exchange interactions are studied. By nu-
merically diagonalizing a one-dimensional two-band tight-binding model, we found that the bound state~biex-
citon! of two triplet excitons or two singlet excitons is obtained as the strength ofe-h exchange interactions is
varied. Both biexcitons have strong optical nonlinearity, which gives information on the electronic structure of
excited states, including single excitons as well as biexcitons.@S0163-1829~97!01419-7#
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Recently, Kuwata-Gonokamiet al.1 reported experimen
tal results on multiexciton states in one-dimensional char
transfer insulators, which have opened up new possibili
to observe biexcitons in semiconductors with lo
dimensional structures and/or strong electron-hole (e-h) in-
teractions in which the radius of excitons is comparable
the lattice constant.2,3

When interactions between electrons and/or holes
strong, the effect ofe-h exchange interactions on excitons
no longer negligible. For example, it is well known that
molecular crystals stronge-h exchange interactions cause
large energy splitting between singlet excitons and trip
excitons.4 Although corresponding effects ofe-h exchange
interactions are expected for biexcitons, former studies5 em-
ployed a continuum model in which electrons and holes
so weakly coupled thate-h exchange interactions play only
subsidiary role.6

It should be noted that we must consider two spin c
figurations for singlet states with four fermions: one is co
posed of two singlet pairs and the other is a composite of
triplet pairs. Corresponding to the energy splitting of sing
excitons and triplet excitons, the above two states with
ferent spin configurations are affected bye-h exchange in-
teractions in a different manner. This means that the low
singlet state with twoe-h pairs is not sufficient to study th
effect of e-h exchange interactions, i.e., we should inves
gate not only the lowest biexciton, but also higher exci
states with twoe-h pairs of which the energy is comparab
to twice the singlet exciton energy in order to make the eff
of e-h exchange interactions on many-body excited sta
clearer.

In this paper we show how biexcitons in one-dimensio
semiconductors and their optical nonlinearities are affec
by stronge-h exchange interactions. Possible biexciton le
structures in one-dimensional systems are shown compa
with the results of previous studies.3,7 We employed a one
dimensional tight-binding model of which the Hamiltonian
described by
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H52te(
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~ai11s
† ais1ais

† ai21s!2th(
is

~ci11s
† cis

1cis
† ci21s!1U (

iss8
~ais

† aisais8
† ais81cis

† ciscis8
† cis8

2ais
† aiscis8

† cis8!2J(
i
sW i
e
•sW i

h , ~1!

where ais and cis denote the annihilation operator of a
electron and a hole with spins at site i , respectively.sW i

e(h)

denotes the second-quantized spin operator of an elec
~hole!. Since low-lying biexcitons are considered, the typic
energy relevant to the present study is twice the lowest
citon energy. As long-range Coulomb interactions betwe
electrons and/or holes are irrelevant to the qualitative f
tures of the lowest excitons,3 they do not contribute to the
biexciton properties of interest, and thus the direct inter
tion is taken to be short ranged. The values of the parame
are: te5th51 andU58. The relation betweenU and J is
determined if the material under consideration is chos
However, this relation is affected by the properties of t
conduction and valence bands and hence there is no un
sal value forJ/U. Furthermore, it is important to vary th
value ofJ to investigate the effect of thee-h exchange in-
teractions on biexcitons. ThusJ is not fixed, but taken to be
0, 1, 2, and 3.

Both the singlet exciton and the triplet exciton in Ham
tonian ~1! were obtained analytically, of which the energ
dispersion is, for example, given by3,8

ES~k!52A~U23J/4!214~ te
21th

212tethcosk!, ~2!

ET~k!52A~U1J/4!214~ te
21th

212tethcosk!, ~3!
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FIG. 1. r(E), the joint density of states for excitons, the exact energy levels of the low-lying excited states~vertical bars!, and the
induced absorption spectra for~a! J50, ~b! J51, ~c! J52, and~d! J53.
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where the lattice constant is taken to be unity.
To obtain the eigenstates with twoe-h pairs, we numeri-

cally diagonalized Hamiltonian~1! on a chain with 41 sites
in the subspace of twoe-h pairs which form spin single
states. Then it is necessary to find a method to distingu
bound states from unbound states of two excitons. Suppo
there were two-exciton states~total momentum5 0! without
‘‘exciton-exciton interactions,’’ the energy levels of thos
states would be understood by joint density of states for
citons defined by

r~E!5
N

2pE2p

p

$d@ET~k!1ET~2k!2E#

1d@ES~k!1ES~2k!2E#%dk

5
N

8p H uEuu@E22ET~0!#u~2ET~p!2E!

A@E224ET
2~0!#@4ET

2~p!2E2#

1
uEuu@E22ES~0!#u@2ES~p!2E#

A@E224ES
2~0!#@4ES

2~p!2E2#
J , ~4!

where
h
ng

x-

u~x!5H 0 ~x,0!

1 ~x.0!,
~5!

and N is the size of the system. In other words, Eq.~4!
determines the two-exciton continuum in the present mo
Equation~4! shows that there is an ‘‘energy gap’’ inr(E)
when the top of the triplet exciton band is below the botto
of the singlet exciton band, i.e.,ET(p),ES(0). Deviation of
the energy spectrum~density of states! of H from r(E) typi-
cally shows the effect of ‘‘exciton-exciton interactions,
e.g., the existence of bound states~biexcitons!.

Figures 1~a!–1~d! showr(E), and the exact energy level
of the low-lying eigenstates~vertical bars! for J50, 1, 2, and
3, respectively. We also calculated induced absorption~IA !
spectra, in which one of the laser beams is tuned to
resonance of the transition between the ground state and
singlet exciton, and the results are shown in Figs. 1~a!–1~d!.
We note that the highest peak at 2ES(0) corresponds to the
double resonance by the singlet exciton, which is not direc
related to our interest in the present study.

Those states which lie between 2ET(0) and 2ET(p) or
between 2ES(0) and 2ES(p) correspond to unbound state
of two excitons. On the other hand, Figs. 1~a!–1~c! show that
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there is an eigenstate below 2ET(0) which corresponds to a
biexciton forJ50, 1, and 2. ForJ53, no biexciton is ob-
tained below 2ET(0).

For J52 and 3, we found a state in the middle of th
energy gap inr(E) which is pointed by an arrow in Figs
1~c! and 1~d!. This state is also a bound state of twoe-h
pairs, as shown below. In general the wave function
bound states is spatially localized which is typically sho
by the hole-hole (h-h) correlation function3 defined by

z~n!5 (
i ,s,s8

^cis
† cisci1ns8

† ci1ns8&. ~6!

z(n) corresponds to the biexciton wave function discusse
the former variational studies,9 and is suitable for distin-
guishing bound states from unbound states. Figure 2 sh
theh-h correlation function and thee-h correlation function3

defined by

a~n!5 (
i ,s,s8

^ais
† aisci1ns8

† ci1ns8& ~7!

for the state in the middle of the energy gap inr(E) for
J53. It is seen that two electrons and two holes are boun
each other, i.e., they are in a state similar to the biexciton
the usual sense.9 We also found that the two holes~or exci-
tons! are located so close to each other that the deforma
of wave functions in forming a biexciton3 is no longer neg-
ligible, and the spin configuration of the twoe-h pairs is
rearranged, and as a result is different both from a compo
of two singlet excitons and from that of two triplet exciton
Hence the spin configurations are not appropriate to de
mine the character or the origin of the biexcitons. Howev
considering that, withoute-h exchange interactions, th
biexciton binding energy defined as energy difference
tween two excitons at infinite distance and a biexciton
&0.3,3 we will call this statea biexciton of two singlet exci
tons(BS), while the biexciton which is defined as the lowe
~bound! state of twoe-h pairs shall be calleda biexciton of

FIG. 2. The hole-hole correlation functionz(n) and the
electron-hole correlation functiona(n) ~Ref. 3! for the state in the
middle of the energy gap pointed by an arrow in Fig. 1~d!.
f

in

ws

to
in

n

ite

r-
r,

-
s

t

two triplet excitons(BT). The energy levels of the triple
exciton@ET(0)#, the singlet exciton@ES(0)#, and the biexci-
tons@«T(S) for BT(S)# are summarized in Table I. This term
nology is also justified if we consider the effect ofJ on the
binding energy of biexcitons. First we define the bindi
energy of each biexciton by

Em
B52Em~0!2«m ~m5T,S!, ~8!

Figures 3~a! and 3~b! exemplify schematically the role ofJ
on the exciton-exciton interaction. Although the spin co
figurations shown in the figures do not correspond to
exact singlet states, they are sufficient to understand the
of J.

When twosingletexcitons are located close to each oth
@Fig. 3~a!#, thee-h exchange interaction between the electr
in exciton A and the hole in excitonB, for example, de-
creases the total energy of the whole system, and henceES

B

should increase as a function ofJ. On the other hand, when
there are twotriplet excitons separated by a short distance@a
lattice constant, for example; see Fig. 3~b!#, the e-h ex-
change interaction between the electron in excitonA and the
hole in excitonB increases the total energy of the who
system. HenceET

B should decrease asJ increases. Figure 4
which showsES

B andET
B as a function ofJ, clearly indicates

that ES
B increases withJ, and thatET

B decreases asJ in-
creases, and hence the characterization of the two type
bound states is appropriate.

BS appears when the energy gap inr(E) is present, i.e.,
ET(p),ES(0). In the present case, the threshold valu
of J for the presence of the energy gap
J054(42A14);1.03. Below this value, there is no boun
state corresponding toBS . In this case unbound states of tw
triplet excitons the energy of which is close to 2ES(0), in-

TABLE I. Energy eigenvalues of the singlet exciton, the trip
exciton, and the biexcitons forJ50, 1, 2, and 3.

Exciton\ J 0 1 2 3

ET(0) -8.944 27 -9.168 56 -9.394 15 -9.620 94
ES(0) -8.944 27 -8.280 25 -7.632 17 -7.004 46
«T -18.1910 -18.4167 -18.8013
«S -16.5305 -16.6386

FIG. 3. Schematic view of the effect ofe-h exchange interac-
tions on biexcitons for~a! two singlet excitons and~b! two triplet
excitons.
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terfere with the states with two singlet excitons, and su
spatially extended states prevent them from forming a bo
state. In other words, the energy gap inr(E) separates the
states with two triplet excitons from those with two sing
excitons, and hence we obtained a bound stateBS as an
eigenstate ofH for J.J0.

The IA spectra show that both types of biexcitons ha
strong optical response, i.e., peaks due to the transition
tween a singlet exciton and a biexciton appear promine
in each spectrum. In particular, a biexciton peak forBT is
present, although it is a bound state of two triplet excito
due to the rearrangement of spin configurations descr
above. Conversely, except for the two unbound exciton
the band edge of the two-singlet-exciton continuum, ot
states do not have measurable IA strength, and hence
spectra look as if there were only one two-exciton continu
and two biexcitonsBS andBT below the band edge.

ForJ53, several peaks are observed at and slightly ab
2ET(0), although no biexciton (BT) is obtained below
2ET(0). This structure in the IA spectrum is reminiscent
the linear absorption spectra in one-dimensional semic
ductors without exciton effects which directly reflect th
joint density of states. When, however, excitons are ta
into account, it was shown that the lowest exciton occup
most of the oscillator strength and thus the fundamental
sorption edge is not observable.10 This is characteristic of
one-dimensional systems, and we can apply it to the pre
case; i.e., the IA intensity is weak at 2ET(0) whenBT ap-

FIG. 4. Binding energy ofBS andBT as a function ofJ. Solid
and dotted lines are drawn as a guide for the eye.
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pears, while a certain structure is observed at 2ET(0) when
BT is not obtained. Nevertheless, we note that those sig
are weak compared to the peak forBS , and hence this spec
trum can be distinguished from the other cases shown
Figs. 1~a!–1~c!.

IA spectra show us other properties regarding with e
cited states. First, whenBT is observed in IA spectra, half o
its energy gives a lower bound of triplet exciton ener
ET(0). UsuallyET(0) is estimated by luminescence spect
in which we should take into account the energy shift
excitons due to relaxation. However, any relaxation p
cesses are not involved in IA spectra in principle, and he
ET(0) can be determined only with the ambiguity due to t
binding energy ofBT (&0.3).3,11Furthermore, the relaxation
energy of the triplet exciton can be estimated by compar
IA spectra with luminescence spectra.

Another aspect of IA spectra is seen from Figs. 1~a!–1~d!,
i.e., IA spectra give information on exciton band structu
When BS is observed in IA spectra, the top of the tripl
exciton band is below the bottom of the singlet exciton ba
which is given as the exciton peak energy in linear abso
tion spectra. Furthermore, whenBT is observed as well, it
means that the bottom of the triplet exciton band@ET(0)# is
above half of the peak energy in the IA spectra. Hence, w
both biexcitons are observed@Fig. 1~b! or 1~c!#, half of the
energy difference between those of the two peaks gives
upper bound of the triplet exciton bandwidth, which cann
be measured by means of either linear optical spectra o
minescence spectra.

It has been shown that the 21Ag state in conjugated poly
mers is mainly composed of two triplet excitations.12 Since
the energy splitting between1Bu exciton and

3Bu exciton is
comparable to the Coulomb interactions between electron13

the effectivee-h exchange interactions is regarded to
strong in conjugated polymers. Hence the biexciton le
structure is strongly affected by thee-h exchange interac-
tions in those materials. However, the correspondence
tween biexcitons in the present model and those in the mo
of conjugated polymers, e.g., the Pariser-Parr-Pople mo
is not clarified and is left for future study.

The e-h exchange interactions are neglected in many
the studies on biexcitons.3,9 The present results show tha
BT will be obtained if we perform perturbational calculation
on the biexciton forJ50. In this context we conclude tha
BS has a different nature from the biexcitons which has be
discussed with continuum models.9

The author is grateful to S. Itoh for valuable discussio
and thanks K. Ando for helpful advice.
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