
RAPID COMMUNICATIONS

PHYSICAL REVIEW B 15 OCTOBER 1998-IIVOLUME 58, NUMBER 16
Observation of antibound states for exciton pairs by four-wave-mixing experiments
in a single ZnSe quantum well

Hailong Zhou* and A. V. Nurmikko
Division of Engineering and Department of Physics, Brown University, Providence, Rhode Island 02912

C.-C. Chu, J. Han† and R. L. Gunshor
School of Electrical Engineering, Purdue University, West Lafayette, Indiana 47907

T. Takagahara
NTT Basic Research Laboratories, 3-1 Morinosato Wakamiya, Atsugi-shi 243-0198, Japan

~Received 6 March 1998; revised manuscript received 14 July 1998!

We have employed spectrally resolved, subpicosecond transient four-wave-mixing techniques to identify
and to study the four-particle ‘‘antibound states’’ associated with excitonic molecules in a binary ZnSe single
quantum well. Previously, the existence of robust bound biexcitons have been observed in this wide band-gap
semiconductor heterostructure, including a density regime where optical gain is dominated by the molecular
states. We employ selective circular polarization excitation to suppress the bound~ground state! exciton-pair
state contribution and find a spectrally distinct and isolated feature emerging approximately 3.5 meV higher in
photon energy than then51 heavy-hole exciton transition. The new resonance is distinct only in the negative
time delay regime, and is interpreted as a manifestation of coherent four-particle correlated states within the
biexciton continuum.@S0163-1829~98!51736-5#
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While excitons and their excited states have been th
oughly investigated in many semiconductors, import
questions remain about their many-body interactions, es
cially those that involve complexes such as biexcitons, tri
citons, and so on. Biexcitons have been for several ye
studied in GaAs quantum wells~QW’s!,1 with theoretical2

and experimental3 work yielding new insight with unex-
pected nuances imposed by the four-particle correlations
particular to four-wave-mixing~FWM! probes. Elsewhere
Ikezawaet al.4 have recently reported on excited biexcito
and triexciton states in CuCl quantum dots. The II-VI sem
conductor QW’s have also been a source of rich exci
physics, including the demonstration that excitonic m
ecules in their ground state can support a very large op
gain ~105 cm21! at cryogenic temperatures.5,6 In zinc-blende
semiconductors, the bound pairs of excitons~molecules in
their ground state! have a total angular momentum ofJ50,
as they are formed from heavy-hole~HH! excitons of oppo-
site spins. In a binary ZnSe the molecular binding energy
been measured to beDEb5560.5 meV, while additional
localization effects in the ZnxCd12xSe random alloy increas
the effective binding, measured relative to the exciton,
nearly 10 meV.7 Considerations based solely on basic ru
applicable to angular momentum addition provide the ba
for the optical excitation schemes for the observation of
molecular ground state. The same rules also predict op
access to an ‘‘antibound’’ state, in the simplest picture wh
the excitation spectrum of the true correlated four-parti
state is replaced by a state with a repulsive energyDEa .
This state, unstable in the sense that its binding energy h
negative value, possesses a total angular momentum ofJ52
(Jm522, 0, 2!, and is made up of two excitons of parall
spins. In reality, the concept of this type of an antibou
state is too simplistic due to many-body Coulomb corre
PRB 580163-1829/98/58~16!/10131~4!/$15.00
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tions; nonetheless we employ it as a schematic starting p
in our discussion. In fact, as shown in the work by Scha¨fer
et al.,2 a full description of the problem requires the prop
accounting of the biexciton continuum states that couple
coherent nonlinear polarizations, in order to fully account
the four-particle Coulomb correlations. From a wholly d
ferent point of view, the presence of excited biexciton sta
has been inferred in recent pump-probe experiments on C
quantum dots and theoretically considered within the fram
work of weakly correlated, confined exciton-pair states.4 As
for II-VI semiconductors, in their study of excitons and bie
citons in ZnxCd12xSe QW’s Häupl et al. noted a spectra
asymmetry in the FWM signal at the HH exciton resonan
and suggested this feature as a possible indicator of an
boundlike molecular state.8 In this paper, we report a clea
experimental observation of these types of ‘‘antibou
states’’ in a single ZnSe QW from spectrally resolved, tra
sient, degenerate FWM measurements.

Four-wave mixing has been the technique of choice
exploring the dynamics of coherently excited excito
biexciton systems in both III-V and II-VI semiconductor
both in the bulk and quantum wells. The study of the Zn
binary II-VI semiconductors QW offers advantages in th
context since, in addition to the intrinsically large excito
oscillator strengths, sub-meV linewidths of the lowest ex
ton state have been measured in quality samples.6 Hence,
both the exciton and biexciton states, as well as their in
actions, can be studied with high spectral clarity and pre
sion. Furthermore, the absence of a significant inhomo
neous broadening due to alloy compositional fluctuatio
such as encountered in the more strongly type-I ZnxCd12xSe
QW, reduces the rates of dephasing that can significa
diminish the observation of coherent excitations such
those discussed below.
R10 131 © 1998 The American Physical Society



rg

on
in

d
es
-
ns
r-

-

r

-
ic

a

e
e

y
it
o
ua

2

on
n

in

e

wn
ub-
the

fa-
in

k
by
e

ave

ub-
e of
the

,
eri-

f
y

tes
es
le
nd
e
I-VI
cale
rms

ve

rr-
-

ne
two
n 5°
al

nd
wo
and
-
um

w

c-
66

-

lar
tem
W

RAPID COMMUNICATIONS

R10 132 PRB 58HAILONG ZHOU et al.
As a schematic guide for introducing the relevant ene
scales for the experiments discussed below. Fig. 1~a! shows a
five-level model of energy level diagram featuring excit
and molecular states relative to the crystal ground state
zinc-blende semiconductor adapted from Ref. 8.~In a ZnSe
quantum well, thek50 degeneracy between the HH an
light-hole~LH! valence states is lifted and only the HH stat
are included in the figure.! For an incident optical wave vec
tor kz perpendicular to the QW layer plane, only transitio
with DJz561 are dipole allowed, driven by oppositely ci
cularly polarized fields, leading to the generation ofs1 and
s2 excitons at an energyEx that carry a total angular mo
mentumJ51 @with Jz511 ~s1! or Jz521 ~s2!#. By ex-
tension, direct optical access~by electric dipole transitions!
to the states of exciton pairs is only possible forJ52
(Jz512,0,22) and J50.9 the J50 states are the familia
bound excitonic molecules at an energyEb , being composed
of two excitons with oppositez component of angular mo
mentum, i.e., in antispin configuration. In the hydrogen
molecular analog and neglecting~the crucial! many-body in-
teractions, theJ52 ~Jz512,0,22! states correspond to
single antibound two-exciton state at an energyEa with
parallel-spin orientation and with a repulsive interaction b
tween the two excitons that leads to a negative binding
ergy, labeled asDEa in Fig. 1~a!. Of course, as alread
noted, this picture is oversimplified and consequently om
key pieces of physics that originate from the interplay
many-electron correlations within the biexciton contin
with the electromagnetic polarizations as shown in Ref.
The presence of a dense electron-hole (e-h) population or
polarization due to these principal excitations in a semic
ductor quantum well gives rise to interparticle interactio

FIG. 1. ~a! Schematic five-level model diagram with relevant angu
momentum and optical transition rules for the one- and two-exciton sys
~b! a comparison between the PL and the FWM spectra for a ZnSe SQ
T510 K ~latter taken at a time delay oft50.66 ps!, showing the coincidence
of the positions for the excitonic~uX&! and biexcitonic (uB&) resonances.
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that both enable their detection~finite x (3)! and give an op-
portunity to study such interaction in FWM spectroscopy
the coherent regime. In the spirit of Fig. 1~a!, the optical
fingerprint of ‘‘antibound’’ states should appear on th
higher energy side of the corresponding HHn51 exciton
resonance.

The ZnSe single QW samples for this study were gro
by molecular-beam epitaxy on lattice-matched GaAs s
strates and epitaxial buffer layers. The configuration for
pseudomorphic II-VI material was a ZnSe/Zn~S,Se!/
~Zn,Mg!~S,Se! separate confinement structure, which has
cilitated the study of optical gain and lasing by biexcitons
these samples as reported previously.6 The active region was
formed by a 75-Å-thick QW, surrounded by 1000-Å-thic
Zn~S,Se! barrier and optical waveguide layers, cladded
0.5-mm-thick~Zn,Mg!~S,Se! optical confinement layers. Th
conduction-band offset for ZnSe/Zn~S,Se! is relatively mod-
est so that in terms of the binding energy, our excitons h
a mixed two-dimensional–three-dimensional~2D!-~3D!
character.6 The GaAs substrate and buffer layers were s
sequently removed by wet chemical etching. The absenc
alloy compositional fluctuations, such as encountered in
more frequently studied ternary~ZnCd!Se QW’s, leads to the
presence of a narrow, intensen51 HH exciton resonance
readily observed, e.g., in a single pass transmission exp
ment with a peak absorption coefficient ofa52
3106 cm21 and a full width at half maximum linewidth o
about 0.5 meV. The HH exciton is very well isolated, b
more than 10 meV, from both the excited HH exciton sta
and then51 LH excitons, as well as their continuum stat
~by about 25 meV!. As shown below, this makes it possib
to observe unambiguously both the biexcitonic ground a
higher excited~‘‘antibound’’! correlated pair states. We not
that the spectral sharpness of these transitions in our I
system makes up for the considerably larger energy s
associated with excitons, e.g., in the cuprous halides in te
of the clarity of the spectroscopic observations.

We performed spectrally resolved, transient four-wa
mixing experiments on the single quantum well~SQW! ZnSe
samples by using the frequency doubled output of a Ke
lens mode-locked Ti:sapphire laser~150-fs pulsewidth, spec
tral width of about 20 meV, and a 76-MHz repetition rate!.
The laser beam was divided by a beam splitter, with o
beam passing through an adjustable time-delay line. The
beams were focused on the sample with an angle less tha
from the normal to the QW layer plane. The FWM sign
was observed in the background-free direction2k22k1 ,
wherek1 andk2 represent the wave vectors of the pump a
probe beams, respectively. Polarization control of the t
beams was achieved by using both prism polarizers
quarter-wave plates. Figure 1~b! shows the photolumines
cence~PL! spectrum and a representative FWM spectr
taken at a temperatureT510 K. The excitation level for the
PL spectrum corresponds to ane-h pair density of about
531010 cm22 and that for the FWM spectrum ton'2
31011 cm22. The latter density is about a factor of 5 belo
the estimated ‘‘Mott density’’ for excitons in the 2D limit in
ZnSe. The FWM spectrum, which falls well within the spe
tral bandwidth of the laser, is shown for a time delay of 0.
ps with the pump and probe beams linearly polarized~paral-
lel configuration!. In the PL spectrum, we can clearly iden
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tify two peaks, a feature athv52.814 eV due to radiative
recombination of the HH excitons~labeled asuX&!, and a
resonance athv52.809 eV that originates from the radiativ
dissociation of~bound state! biexcitons into excitons, emit
ting a photon with an energy ofEb2Ex ~labeled asuB&!.
This identification has been discussed in detail elsewhe6

Of course, the PL by the biexciton emission is due to
incoherent process, while that for the FWM emphasize
coherent nonlinear polarization involving this four-partic
bound state. While a perfunctory comparison of the PL a
FWM line-shape features shows that the biexcitonic featu
are very similar, then51 HH excitonic peak width in the
FWM spectrum shows a distinct asymmetry, with ex
broadening on the high energy side. This observation,
gether with the theoretical and previous experimental ar
ments about the particular fingerprints of excited states
exciton pairs, prompted us to search for the manifestatio
these types of states in ZnSe QW’s. Since the ‘‘antiboun
states are unstable configurations of biexcitons, such an
periment should be preferably carried out in a regime wh
the excitonic wave functions are fully coherent, typically
the sub-ps time domain in a transient FWM experiment.

Figure 2 shows the time-integrated FWM spectra a
function of pump-probe delay for theco-circular-
polarization configuration atT510 K. As in Fig. 1~b!, the
excitation conditions correspond to an equivalent electr
hole pair density of 231011 cm22. We have found that this
is very nearly the optimum excitation density for maximizin
the amplitude of ‘‘antibound’’ exciton pair features d
scribed next. The individual FWM spectra, which emphas
the importance of the negative time-delay regime, are
played vertically for clarity. At zero delay, the asymmetry
the high energy side of then51 HH exciton, centered a
hv52.814 eV, is enhanced relative to the case of the c
ventional parallel linear polarization under the same con
tions of excitation. With increasing~negative! time delay, the
asymmetry becomes increasingly pronounced, and deve
into two spectrally resolved resonances. For a delay
T520.7 ps, the~spectrally integrated! cross section for the
higher energy feature centered athv52.8175 eV rivals and
actually exceeds that for the exciton FWM signal. This is

FIG. 2. Transition FWM spectra as a function of pump-probe time de
for the SQW ZnSe sample under co-circular-polarization configuration
T510 K, including amplitude normalization factors. The excitation lev
corresponds to a pair density ofn5231011 cm22.
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feature we interpret as a direct manifestation of the impac
the antibound states of the excitonic molecule, roughly w
an effective ‘‘repulsive’’ energyDEa53.5 meV relative to
the excitonic transition.~Close examination of Fig. 2 show
an apparent small, time-dependent shift in the position of
peak associated with theuA& transition; the magnitude of the
shift is, however, close to the experimental resolution.! Note
how the signal decays rapidly for further increase in t
negative time delay so that byt521 ps, it has been reduce
to a level comparable to a residual contribution from t
bound state of the excitonic molecule at 2.809 eV. The
currence of the finite signal from the ground state of t
excitonic molecule is, of course, contrary to the spin/orb
selection rules and is here attributed to the less than 10
purity of circular polarization in our experimental setu
~The polarization impurity arises from the finite misalig
ment of the quarter-wave plates and the spectral breadt
the Ti:sapphire laser so that finite dispersion in the birefr
gence in the quarter-wave plate material makes a contr
tion.! Switching the pump-probe circular configuration to
anticircular one causes the ‘‘antibound’’ signals to disapp
completely, as shown in the top trace of Fig. 3, where
comparison we include also the FWM spectra taken in
parallel-linear and co-circular-polarization configuratio
~bottom traces!. For the anti-circular-polarization case, th
FWM selection rules also imply vanishinguB& anduX& tran-
sitions; in Fig. 3 the weak residual contributions are m
likely due to unavoidable~incoherent! luminescence signals
reaching our detection system. For the positive time dela
we find that asymmetry of the excitonic resonance att50
weakens with increasing the time delay, and it eventua
disappears after a time delay of also about 1.0 ps. Finally,

y
t

l

FIG. 3. A comparison of the FWM spectra measured under co-circu
polarization configuration~t 520.75 ps! highlighting the antibound
exciton-pair transitionuA&, linear-polarization configuration~t 50 ps!, and
anti-circular-polarization configuration~t 50 ps!, all under the same condi
tions of excitation.
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note that further increase of the excitation density beyond
optimum value of 231011 cm22 led to a reduction of the
signal for amplitude of the antibound resonance~labeled
uA&! at a much faster rate than the corresponding decrea
x (3) for the bound molecular state.

In lieu of a detailed model for the explanation of o
experimental results, we now make overview comme
about the experimental results. The spectroscopic locatio
the ‘‘resonance’’ athv52.8175 eV and its very clear co
circular-polarization selection rule directly support the int
pretation that an optical transition driven by continuum sta
of the excitonic molecule has been isolated in these exp
ments. The features appear only in the negative time-d
regime, underscoring the importance of interaction indu
coherent polarizations. The theory of Scha¨fer et al.2 appears
to contain the key pieces of physics applicable to our c
namely, that the ‘‘antibound’’ contributions are a direct
flection from biexciton continuum contributions, genera
as a consequence of dynamical interactions between 2D
excitons~though our system is only rather weakly 2D!. In the
context of bound biexcitons, it is shown in Ref. 2 how t
FWM response can be dominated by the interaction betw
the two coherent excitonic polarizations~as opposed to cou
pling via optical fields!, as a consequence of the interactio
via the biexcitonic continuum scattering states. How
theory would predict the appearance of a rather well-defi
spectral peak as theuA& transition suggests in Figs. 2 and 3
not clear to us at this time, and we hope that the experime
results stimulate further theoretical work in this regard.
note that the coupling bound molecular state decays fast
negative time delay than in positive time delay6 so that ex-
perimentally, a sub-ps temporal ‘‘window of opportunity
for the observation of the antibound states exists fort,0.

In terms of using the experimentally measured energy
sition of the peak of theuA& transition to roughly estimate a
average energy for the antibound states, we turn to the
cently developed model by Nair and Takagahara,9 which has
been successfully used to analyze excited exciton-pair s
and nonlinear optical response in CuCl quantum dots
weak confinement regime~where the dot’s confining poten
tial defines a radiusR@ax , the excitonic Bohr radius!. In the
present case we assume that the finite QW lateral pote
variation provides~weak! localization in the QW layer plan
so that an analogous quantum disk can be considered
basis for applying the model in which exciton-exciton pro
uct states are used as the basis set. The in-plane localiz
K
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of the four particles~at some unknown effective radius sa
isfying the conditionR@as! allows one to separate out th
center-of-mass motion. In our estimate ofDEa , we consider
the thickness of the quantum disk to be fixed by the lay
width of the QW whereas the in-plane localization radius
considered as an adjustable parameter. An expression fo
antibound exciton state can be approximately written as

F~r 1 ,r 2 ;r a ,r b!5f~r 1 ,r a!f~r 2 ,r b!2f~r 1 ,r b!f~r 2 ,r a!,
~1!

with the wave functionf(r 1 ,r a) representing the exciton
ground state withr 1 andr 2 ~r a andr b! corresponding to the
coordinates of the two electrons~holes!. Denoting the total
Hamiltonian for the four particles byH, the ‘‘repulsion’’
energyDEa in Fig. 1~a! is calculated by

DEa5^fuHuf&/^fuf&22Ex . ~2!

From the theory of Ref. 9,DEa decreases with increasin
lateral size of the quantum disk. We obtainDEa'3.5 meV
for a lateral size of about 30 nm, a not unreasonable value
the ZnSe SQW material used in the experiments. In turn,
estimate is consistent with the excitation level of about
31011 cm22, which indicates that on the order of one or tw
excitons can fit into each quantum disk. Thus these theo
ical considerations, although rough and requiring lateral
citon confinement that is only weak in the ZnSe QW, gi
some quantitative insight about the energy and spatial s
of the four-particle correlated states in question. At high
levels of excitation, these states are subject to increas
screening and annihilation by additional many-body effec
as observed in the experiment.

Finally, we note that we have not been able to observ
clear quantum-beat phenomenon involving the antibou
state, in contrast with such observation of wave-function
terference between the HH exciton and the bound state of
molecule in the ZnSe QW.6 This is understandable in par
due to the short-lived nature of the biexciton continuu
states and the relatively small value of the energyDEa ,
which corresponds approximately to the short time windo
where the effect is observable.10 As already noted, from the
spectroscopic experiment we obtain~Fig. 2! that DEa'3.5
meV, a value distinctly smaller than the bound exciton p
binding energy of 5 meV.
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