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Coherent response of spin-orbit split-off excitons in InP: Isolation of many-body effects
through interference
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The spin-orbit split-off~SO! exciton is observed in a III-V semiconductor~InP! using spectrally resolved
four-wave mixing~SR-FWM! with 1.515 eV, 35 fs pulses at 77 K. Interference between the coherent response
of the SO exciton and that of electron-hole pairs in continuum states leads to frequency- and time-dependent
signatures that can be directly attributed to excitation-induced dephasing~EID! of the SO exciton. Many-body
effects can therefore beisolatedfrom free induction decay contributions, in contrast to experiments that probe
the fundamental exciton. Simulations employing the multiband Boltzmann-Bloch equations including EID
effects corroborate our experimental results.
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During the past two decades, considerable effort has b
dedicated to understanding the coherent response of I
semiconductors such as GaAs,1–14 especially in the energy
region near the direct band gap where the fundamental e
ton exists. Coherent spectroscopy techniques, such as fe
second four-wave mixing~FWM!, have provided consider
able insight into this exciton’s dynamic characteristics a
the influence of a host of Coulomb-mediated effects, incl
ing local field interactions5 and exciton-carrier scatterin
processes.3,4,6,9–14However, complex experiments have ofte
been needed to reveal several aspects of the under
many-body physics.3,7,10,12–14 In contrast, little is known
about the characteristics of the spin-orbit split-off~SO! exci-
ton in the III-V semiconductors. This is perhaps not surpr
ing since the SO exciton is hardly discernible in linear op
cal experiments.15 Indirect evidence for the SO exciton ha
been seen in pump–continuum-probe experiments in G
due to conduction state energy renormalization effects,16 al-
though a detailed non-Markovian analysis was needed to
termine the influence of the SO exciton resonance on
differential transmission spectra.17 Here we report the obser
vation of aclear signature of the SO exciton in a III-V sem
conductor through measurement of its coherent response
ing spectrally resolved four-wave mixing~SR-FWM!. The
SO exciton response was studied in InP since the SO exc
energy in this system~1.532 eV at 77 K! is readily access-
able by our tunable short pulse Ti:sapphire laser. Our exp
ments reveal that the coherent dynamics of the SO exc
differ significantly from those of the fundamental excito
since the SO exciton isresonantwith a continuum of transi-
tions between the heavy-hole~HH! and light-hole~LH! va-
lence bands and the conduction band~see Fig. 1!. This en-
ergy degeneracy leads toclassicalinterference of the exciton
and continuum polarization sources and provides a mean
isolating certain many-body effects. Theinteraction retarda-
tion property of many-body related excitonic FWM
signals,5,9 such as those induced by excitation induc
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dephasing ~EID!, produces novel spectral and time
dependent characteristics through interference of the exc
emission with the optically degenerate photon echo produ
by the continuum of electron-hole pair excitations. The
interference effects allow Coulomb-mediated interactions
be easily isolatedfrom the noninteracting optical electri
field scattering contributions in FWM experiments, such
excitonic free polarization decay~FPD!. This contrasts with
corresponding FWM studies of the fundamental exciton,
which the similar spectral response of noninteracting, a
many-body induced FWM signals complicates the interp
tation of experimental results.3,4,7,9,10,12–14It might also be
noted that apparent19 interference effects in early FWM ex
periments at the fundamental exciton were more recently3,4,9

shown to be due to EID effects themselves, and not to in
ference betweenseparatepolarization sources, as we repo
here. Numerical simulations of our SR-FWM experimen
employing the multiband Boltzmann-Bloch equations inclu
ing EID effects provide good agreement with our experime
tal data.

Two-pulse, degenerate SR-FWM experiments were p
formed at 77 K in bulk InP~band gap,Eg51.414 eV; spin-
orbit valence band splittingD05108 meV) using 35 fs (tp)
pulses, with a full width half maximum bandwidth of 8
meV, centered at 1.515 eV (E0). FWM spectra were mea
sured versus pulse delay (t) using a monochromator~0.5
meV resolution! and a photomultiplier tube. The measure
signal characteristics were identical for samples of differ
thicknesses~0.3, 0.5 mm). The total excited carrier densit
generated by the two optical pulses (Nex; the pulse intensity
ratio was 4:1! was varied in the range 4.031016 cm23 to
2.231017 cm23. Typical experimental SR-FWM result
for parallel pulse polarizations (i) and with Nex51.4
31017 cm23 appear in Fig. 2~a!. The strong peak in the
spectra at 1.53 eV is attributed to the coherent respons
the SO exciton, while the FWM emission from carriers
continuum states appears mainly at lower photon energ
©2002 The American Physical Society01-1
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The most noticeable feature is the prominent dip on the lo
energy side of the SO exciton peak. It is deepest in the ra
of pulse overlap, becoming shallower with increasingt. The
spectral positions of the dip and the SO exciton peak w
found to be insensitive to changes inE0 over the total range
investigated~1.48–1.54 eV!, indicating that these feature
arise from the optical response of the InP layer. The pu
spectrum for the data of Fig. 2 is shown in Fig. 3~a!. The
SR-FWM response of the SO exciton is pulse width limit
versus delay, despite being spectrally narrow relative
the pulse bandwidth. The continuum emission peaks
120 fs ('tp/2) and thereafter decays rapidly. At low ca
rier densities (4.031016 cm23), the exciton feature consti
tutes the entire SR-FWM signal; with increasing carrier d
sity the continuum contribution increases relative to
exciton signal. The FWM spectrum at zero pulse delay
perpendicular pulse polarizations (') appears in Fig. 3~a!,

FIG. 1. ~a! Schematic band structure diagram of InP. The ene
axis is not to scale in order to show the valence bands more cle
Vertical arrows indicate optical transitions resonant with the
exciton.~b! Energy level diagram of the excitation spectrum in t
exciton picture.

FIG. 2. ~a! SR-FWM signal versus pulse delay following exc
tation with 1.515 eV, 35 fs optical pulses. These data were ta
with parallel pulse polarizations with a total carrier density of 1
31017 cm23. ~b! Calculated SR-FWM with the same excitatio
conditions (Nex;tp ;E0; incident light intensities! as in ~a!
20120
-
ge

re

e

o
at

-
e
r

together with the correspondingi results. The most striking
difference between the two curves is the absence of the
in the' results. This dip is absent for all delay values, r
sulting in a smooth, photon-echo-like FWM response. In
dition, the SO exciton peak is much smaller relative to t
continuum contribution.

To understand the experimental results, we have p
formed simulations of the SR-FWM experiments through n
merical integration of the Boltzmann-Bloch equations,
which conduction, heavy-hole, light-hole, and spin-or
split-off valence bands have been included. Our kinetic eq
tions were derived within a many-body approach, where
the carrier-carrier Coulomb interaction is included within t
screened Hartree-Fock approximation to the self-energ18

This approximation gives both mean-field Hartree-Fock c
tributions to the kinetic equations and scattering terms. Ho
ever, due to the complexity of the latter in a multiband si
ation, such phase-breaking scattering processes were tre
phenomenologically, as detailed below. The bulk elect
wave functions of InP were calculated usingk•P theory and
used to evaluate the Coulomb and electron-light coupl
matrix elements explicitly at each electron wave vector. T
gether with the inclusion of four bulk electron bands, th
significantly increases the numerical complexity of our sim
lations compared with typical jellium model treatments.2,6,9

The light electric field was taken to consist of two pulse
centered att52t andt50, with each having an envelope o
the form sech(1.76t/tp). ~Here t is the real time, tp is the
pulse duration, andt is the delay between the two pulses!
The FWM spatial component was extracted from the to
calculated polarization by projection.8

The effects of exciton-carrier scattering, which are n
glected at the Hartree-Fock mean-field level, are treated p
nomenologically through the inclusion of a dephasing r
that depends linearly on the total optically excited carr
density:

gv~Nex!5
1

T2
v

1GvS (
k

f ckD . ~1!

Here f ck is the conduction band occupation at wave vectork,
and v refers to the valence band involved in the interba

y
ly.

n

FIG. 3. ~a! Experimental FWM spectrum at zero pulse delay
the i ~circles! and' ~triangles! polarization geometries, togethe
with the pulse spectrum~dashed curve!. The excitation conditions
are the same as in Fig. 2.~b! Calculated FWM spectra correspond
ing to the conditions in~a! along with the calculated pulse spe
trum. In both~a! and~b!, the curves are plotted on the same scale
allow quantitative comparison of the signal amplitude for thei and
' configurations.
1-2
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transition. This model of exciton-carrier scattering is co
monly referred to as EID.3,9 The rates 1/T2

v take into account
dephasing processes associated with phonons and cryst
fects, and the EID parameterGv describes the strength o
Coulomb-induced exciton-carrier scattering. EID leads to
additional contribution to the FWM polarization at an exc
ton resonance when a large bandwidth of continuum st
is simultaneously excited.3,9 Such a continuum contri-
bution3,9 to an exciton FWM polarization exhibits the cha
acteristic feature of a rapid decay of the signal amplitu
versus delay despite the narrow linewidth of the exci
signal.3,9 In the simulations, the EID coefficientsGv and the
non-carrier-related dephasing rates 1/T2

v were varied to pro-
vide the best agreement with the experimental data; howe
the qualitative features of the numerical results were foun
be insensitive to the specific values used. Calculated
FWM results are shown in Fig. 2~b!. In the calculation, the
excitation conditions (Nex;tp ;E0, incident light intensities!
were set to the experimental values. Our calculated spe
give excellent agreement with the qualitative features in
experimental data, as seen from a comparison with Fig. 2~a!,
including the pulse-width limit of the SO exciton peak, th
spectral dip, and the peak position of the continuum pho
echo with respect to delay. The results in Fig. 2~b! were
obtained with dephasing parameter values for the SO
conduction-band transition ofT2

so5260 fs, attributed to
dephasing by phonons and defects, andGso55.2
310220 cm3/fs, in line with the corresponding value at th
fundamental exciton of 6.3310220 cm3/fs, found by Banyai
et al.11 Optimal agreement with the experimental results w
found with negligible EID effects in the continuum, sugge
ing that dephasing processes for continuum transitions
meV above the band gap at 1.431017 cm23 are dominated
by non-carrier-related processes, such as optical pho
scattering.12 The decay rate of the continuum contributio
was found to be insensitive to changes in the dephasing
for values lower thanT2

HH,LH545 fs, due to convolution
with the pulse profile.

Both the strong SO exciton peak and the sharp dip in
spectra of Fig. 2 are generated by an EID-induced contr
tion to FWM emission at the SO exciton. This is seen clea
in Fig. 4~a!, which shows the calculated FWM spectrum f
different strengths of the EID coupling parameter,Gso. The
spectra with no EID effects contains the FPD emission of
SO exciton, which is small due to fast dephasing. The
exciton signal is only present for temporally overlapp
pulses, as apparent in both the experimental and theore
results of Fig. 2, consistent with an EID-related source.9 The
reduction in the SO exciton signal relative to the continu
emission observed in the experimental results for increa
Nex is also expected for an EID-induced contribution sin
such a signal is proportional toGso, which decreases with
carrier density through screening.6 The EID-induced SO ex-
citon FWM polarization interferes with the continuum pola
ization, leading to a reduction in the amplitude of the FW
spectrum at low photon energies, an effect which is strong
just below the exciton resonance where it produces the s
20120
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dip seen in Fig. 2. At higher photon energies, the effects
interference are weaker, resulting in a large SO exciton pe

The distinct frequency dependence of the interfere
process between the EID-induced SO exciton and continu
polarizations is a consequence of theinteraction retardation
property of EID-induced signals.5,9 This property is common
to all many-body-induced contributions to FWM, reflectin
their origin as polarization scattering emission sourc
~FWM sources from noninteracting transitions result fro
diffraction of the electric field of the second optical pul
from the light-induced carrier population grating, where
Coulomb-related sources result from diffraction of thepolar-
ization induced by the second pulse.! The interaction retar-
dation property leads to a slow rise of the SO exciton po
ization with time, as seen in Fig. 4~b!, where the envelopes
of the SO exciton and continuum polarizations are sho
together with the envelope of the total polarization. The c
responding spectra appear in the inset. Because of the c
acteristic slow rise of the EID exciton signal, the impact
interference between the exciton and continuum polar
tions on the total signal is time dependent, vanishing fot
,0 and increasing in importance ast increases. This time-
dependent interference efficiency translates in the freque
domain into an asymmetric profile@see Fig. 4~b!, inset#,
where the stronger interference at later times produces

FIG. 4. ~a! Calculated FWM spectrum at zero pulse delay f
different strengths of the EID coupling. The total dephasing rate
the SO exciton was held constant asGso was varied in order to
isolate the effects of dephasing from exciton-carrier scattering. D
ted line, Gso50; thick solid line, Gso56.4310220 cm3/fs; thin
curves show results for intermediateGso values, with equally spaced
increments.~b! Calculated FWM polarizations versus real time,t,
corresponding to the conditions in~a!, showing the SO exciton~thin
solid curve! and the continuum~dotted curve! polarizations sepa-
rately, together with the total signal~thick solid curve!. For clarity,
only the envelopes of the oscillatory polarizations are shown. In
FWM spectra corresponding to the time-dependent polarization
nals in ~b!.
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largest effect at lower frequencies in the spectrum. This
terference process is less effective for positive time de
because the pulselike envelope of the continuum polar
tion, which has the behavior of a photon echo, moves f
ward in time with increasing delay,t. As a result, fort.0 a
smaller portion of the continuum envelope overlaps
slow-rise portion of the EID exciton signal, which turns on
t50 ~the time of arrival of the second pulse! for all pulse
delay values, and the frequency-dependent interference
fects are reduced. This accounts for the decrease in the d
of the dip in the spectra of Fig. 2 with increasing pulse del

The dramatic spectral features observed when an exc
is excited together with an energetically degenerate c
tinuum allow many-body-induced contributions in SR-FW
to be clearly separated from the noninteracting electric fi
scattering contribution, or FPD response. Since
frequency-dependent features we observe at the SO ex
are caused by theinteraction retardationproperty of many-
body related signals, they are not induced by the nonin
acting electric field diffraction source terms. An exciton
FPD emission adds symmetrically to an energetically deg
erate continuum response in the FWM spectrum. This can
found from a close examination of the numerical resu
without EID effects@see Fig. 4~a!#, and was verified by the
authors using a simple two level atom analysis similar to t
used by El Sayedet al.9 We have therefore established th
many-body effects such as exciton-carrier scattering may
trivially identified at the SO exciton by examining the lin
shape of the SR-FWM signal, where these effects lead
prominent spectral signatures. Coulomb-mediated effe
may therefore be studied at the SO exciton without the n
for a series of complex optical experiments, in contrast
coherent experiments at the fundamental exciton where
traction of useful information often necessitates the use
polarization-dependent prepulse FWM and spectrally
solved differential transmission13,14 or partially nondegener-
ate FWM.10 Our finding leads to a dramatic simplification o
the interpretation of Coulomb-mediated effects in coher
optical experiments.

Simulations of the FWM experiments were also pe
formed for the' geometry. In this polarization configura
tion, EID-related FWM signals are absent due to a cance
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tion of contributions from transitions involving electro
states with opposite spins.13,14 Because our treatment in
cluded only a single electron spin for each band, EID effe
were removed from the' simulations to reflect the cance
lation of EID sources. This is a good approximation to t
full eight-band calculation because the only residual effec
the carrier density dependent dephasing rate is to modify
line shape of the non-EID related contributions to the exci
FWM response, and such contributions are small at the
exciton. The calculated four-wave mixing spectra at zero
lay in the i and' geometries are shown in Fig. 3~b!. The
polarization dependence of SR-FWM emission at the
band edge are well accounted for by our theoretical mo
as seen from comparison with the measured spectra in
3~a!. We note that the calculated spectra for orthogonal
larizations in Fig. 3 are quite similar to the numerical resu
in thei geometry in the absence of EID effects@see Fig. 4~a!,
dotted curve#. This result is anticipated since it is known th
coherent exchange effects alone do not lead to signific
polarization dependence in FWM experiments.7,14

We wish to emphasize that, although the FWM spectr
at the SO exciton reported here resembles a F
resonance,20,21 Fano effects do not occur. Fano effects ar
from quantum interference of coupled discrete and c
tinuum states,22,23 while in our system the Coulomb cou
pling of such states is negligible because of the large wa
vector separation of the associated interband transit
(.500 mm21).

In summary, we have observed the SO exciton in a II
semiconductor and measured its coherent response using
FWM experiments. Our experimental results demonstr
that the energy degeneracy of the SO exciton and heavy-
and light-hole to conduction band continuum transitions p
vides a sensitive probe of Coulomb-mediated effects thro
interference of the FWM emission sources on the sepa
exciton and continuum transitions. Simulations employ
the multiband Boltzmann-Bloch equations including E
provide good agreement with the FWM results.
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