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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 llI-V semiconductdnP) 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 dephddiny of the SO exciton. Many-body
effects can therefore hsolatedfrom 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 beestephasing (EID), produces novel spectral and time-
dedicated to understanding the coherent response of Ill-\dependent characteristics through interference of the exciton
semiconductors such as Gais’ especially in the energy emission with the optically degenerate photon echo produced
region near the direct band gap where the fundamental exchy the continuum of electron-hole pair excitations. These
ton exists. Coherent spectroscopy techniques, such as femtoterference effects allow Coulomb-mediated interactions to
second four-wave mixingFWM), have provided consider- be easily isolatedfrom the noninteracting optical electric
able insight into this exciton’s dynamic characteristics andfield scattering contributions in FWM experiments, such as
the influence of a host of Coulomb-mediated effects, includ€xcitonic free polarization decayPD). This contrasts with
ing local field interactiors and exciton-carrier scattering corresponding FWM studies of the fundamental exciton, in
processed*6°-14owever, complex experiments have often which the similar spectral response of noninteracting, and
been needed to reveal several aspects of the underlyingany-body induced FWM signals complicates the interpre-
many-body physicd71012-14 |y contrast, little is known tation of experimental resulfs:”*1%12=t might also be
about the characteristics of the spin-orbit split<8f) exci-  noted that apparefitinterference effects in early FWM ex-
ton in the I11-V semiconductors. This is perhaps not surpris-periments at the fundamental exciton were more recéfitly
ing since the SO exciton is hardly discernible in linear opti-shown to be due to EID effects themselves, and not to inter-
cal experiment$® Indirect evidence for the SO exciton has ference betweeseparatepolarization sources, as we report
been seen in pump—continuum-probe experiments in GaABere. Numerical simulations of our SR-FWM experiments
due to conduction state energy renormalization efféced; ~ employing the multiband Boltzmann-Bloch equations includ-
though a detailed non-Markovian analysis was needed to déag EID effects provide good agreement with our experimen-
termine the influence of the SO exciton resonance on th&al data.
differential transmission specttaHere we report the obser- ~ Two-pulse, degenerate SR-FWM experiments were per-
vation of aclear signature of the SO exciton in a -V semi- formed at 77 K in bulk InRband gapE,=1.414 eV; spin-
conductor through measurement of its coherent response ugrbit valence band splitting,=108 meV) using 35 fsx,)
ing spectrally resolved four-wave mixinggR-FWM). The  pulses, with a full width half maximum bandwidth of 80
SO exciton response was studied in InP since the SO excitomeV, centered at 1.515 e\E(). FWM spectra were mea-
energy in this systemil.532 eV at 77 Kis readily access- sured versus pulse delay)( using a monochromato(0.5
able by our tunable short pulse Ti:sapphire laser. Our experineV resolution and a photomultiplier tube. The measured
ments reveal that the coherent dynamics of the SO excitoaignal characteristics were identical for samples of different
differ significantly from those of the fundamental exciton thicknesseg0.3, 0.5 um). The total excited carrier density
since the SO exciton iesonaniwith a continuum of transi- generated by the two optical pulsddg; the pulse intensity
tions between the heavy-holeiH) and light-hole(LH) va-  ratio was 4:1 was varied in the range 4010'® cm™2 to
lence bands and the conduction basde Fig. 1 This en- 2.2x10Y cm 3. Typical experimental SR-FWM results
ergy degeneracy leads ¢tassicalinterference of the exciton for parallel pulse polarizations | and with Ng=1.4
and continuum polarization sources and provides a means of 101" cm 2 appear in Fig. @). The strong peak in the
isolating certain many-body effects. Theeraction retarda-  spectra at 1.53 eV is attributed to the coherent response of
tion property of many-body related excitonic FWM the SO exciton, while the FWM emission from carriers in
signals>® such as those induced by excitation inducedcontinuum states appears mainly at lower photon energies.
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) ) FIG. 3. (a) Experimental FWM spectrum at zero pulse delay in
FIG. 1. (a) Schematic band structure diagram of InP. The energyne || (circles and L (triangles polarization geometries, together
axis is not to scale in order to show the valence bands more clearlyiiy the pulse spectrurfdashed curve The excitation conditions
Vertical arrows indicate optical transitions resonant with the SOype the same as in Fig. &) Calculated FWM spectra correspond-
exc?ton.(p) Energy level diagram of the excitation spectrum in the ing to the conditions ina) along with the calculated pulse spec-
exciton picture. trum. In both(a) and(b), the curves are plotted on the same scale to
allow guantitative comparison of the signal amplitude for [trend

The most noticeable feature is the prominent dip on the low- configurations.
energy side of the SO exciton peak. It is deepest in the range
of pulse overlap, becoming shallower with increasinghe  together with the correspondirigresults. The most striking
spectral positions of the dip and the SO exciton peak werdifference between the two curves is the absence of the dip
found to be insensitive to changeskg over the total range in the L results. This dip is absent for all delay values, re-
investigated(1.48—1.54 eV, indicating that these features sulting in a smooth, photon-echo-like FWM response. In ad-
arise from the optical response of the InP layer. The pulsélition, the SO exciton peak is much smaller relative to the
spectrum for the data of Fig. 2 is shown in Figad The  continuum contribution.

SR-FWM response of the SO exciton is pulse width limited To understand the experimental results, we have per-
versus delay, despite being spectrally narrow relative tdormed simulations of the SR-FWM experiments through nu-
the pulse bandwidth. The continuum emission peaks afnerical integration of the Boltzmann-Bloch equations, in
+20 fs (=7,/2) and thereafter decays rapidly. At low car- Which conduction, heavy-hole, light-hole, and spin-orbit
rier densities (4.8 10 cm™3), the exciton feature consti- split-off valence bands have been included. Our kinetic equa-
tutes the entire SR-FWM signal; with increasing carrier dentions were derived within a many-body approach, whereby
sity the continuum contribution increases relative to thethe carrier-carrier Coulomb interaction is included within the
exciton signal. The FWM spectrum at zero pulse delay foscreened Hartree-Fock approximation to the self-entrgy.

perpendicular pulse polarizations Y appears in Fig. @), This approximatiqn g_ives both mean-field Ha_rtree-Fock con-
tributions to the kinetic equations and scattering terms. How-

ever, due to the complexity of the latter in a multiband situ-
(@) (b) ation, such phase-breaking scattering processes were treated
phenomenologically, as detailed below. The bulk electron
wave functions of InP were calculated usikgP theory and
used to evaluate the Coulomb and electron-light coupling
matrix elements explicitly at each electron wave vector. To-
gether with the inclusion of four bulk electron bands, this
significantly increases the numerical complexity of our simu-
lations compared with typical jellium model treatmeffs’
The light electric field was taken to consist of two pulses,
centered at= — 7 andt=0, with each having an envelope of
the form sech(1.767,). (Heret is thereal time, 7, is the
pulse duration, and is the delay between the two pulses.
The FWM spatial component was extracted from the total
calculated polarization by projectién.

The effects of exciton-carrier scattering, which are ne-
glected at the Hartree-Fock mean-field level, are treated phe-
nomenologically through the inclusion of a dephasing rate
that depends linearly on the total optically excited carrier
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FIG. 2. (a) SR-FWM signal versus pulse delay following exci- _ i
tation with 1.515 eV, 35 fs optical pulses. These data were taken Yo(Nex) T +T, ; o - @

with parallel pulse polarizations with a total carrier density of 1.4 _ _ .
X 10" cm™3. (b) Calculated SR-FWM with the same excitation Heref, is the conduction band occupation at wave vektor

conditions Ney; 7y ; Eo; incident light intensitiesas in(a) andv refers to the valence band involved in the interband
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transition. This model of exciton-carrier scattering is com-
monly referred to as EIB?® The rates 75 take into account
dephasing processes associated with phonons and crystal de-
fects, and the EID parametér, describes the strength of
Coulomb-induced exciton-carrier scattering. EID leads to an
additional contribution to the FWM polarization at an exci-
ton resonance when a large bandwidth of continuum states
is simultaneously excitet® Such a continuum contri-
butior™® to an exciton FWM polarization exhibits the char-
acteristic feature of a rapid decay of the signal amplitude
versus delay despite the narrow linewidth of the exciton
signal®® In the simulations, the EID coefficienis, and the
non-carrier-related dephasing rate3slivere varied to pro-

vide the best agreement with the experimental data; however,
the qualitative features of the numerical results were found to
be insensitive to the specific values used. Calculated SR-
FWM results are shown in Fig.(8). In the calculation, the
excitation conditions Ne,; 7, ;Eg, incident light intensities
were set to the experimental values. Our calculated spectra
give excellent agreement with the qualitative features in the FIG. 4. (a) Calculated FWM spectrum at zero pulse delay for
gxpen_mental data, as seen fr_om a comparison with Re, 2 different strengths of the EID coupling. The total dephasing rate of
including the pulse-width limit of the SO exciton peak, the the SO exciton was held constant B, was varied in order to
spectral dip, and the peak position of the continuum photofisolate the effects of dephasing from exciton-carrier scattering. Dot-
echo with respect to delay. The results in Figb)2were ted line, I's;=0; thick solid line, I's;=6.4x10"2° cm?/fs; thin
obtained with dephasing parameter values for the SO teurves show results for intermedidfg, values, with equally spaced
conduction-band transition off3°=260 fs, attributed to increments.(b) Calculated FWM polarizations versus real tintg,

dephasing by phonons and defects, ardd,=5.2 corresponding to the conditions (a), showing the SO excitofthin
X 10~20 cmd/fs. in line with the corresponding value at the solid curve and the continuuntdotted curve polarizations sepa-

fundamental exciton of 6:810 2° cm®/fs, found by Banyai ratle Iy’htogethfr with tfhitotal ﬁ;gnahmklso."d Curve. Forhclantyi .
et al_ll i on yt € envelopes o0 the osci atory po arizations are shown. Inset:

. LS ) ; FwMm spectra corresponding to the time-dependent polarization sig-
found with negligible EID effects in the continuum, suggest- 45 in (b).

ing that dephasing processes for continuum transitions 100
meV above the band gap at K40 c¢cm 2 are dominated
by non-carrier-related processes, such as optical phon
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dip seen in Fig. 2. At higher photon energies, the effects of

an L ;
. . .7 Tnterference are weaker, resulting in a large SO exciton peak.
scattering? The decay rate of the continuum contribution The distinct frequency dependence of the interference

was found to be msensﬂl\:(EHto changes in the dephasw_lg t'mﬁrocess between the EID-induced SO exciton and continuum
for values lower tharl;™""=45 fs, due to convolution polarizations is a consequence of iheeraction retardation
with the pulse profile. property of EID-induced signafs® This property is common
Both the strong SO exciton peak and the sharp dip in theg all many-body-induced contributions to FWM, reflecting
spectra of Fig. 2 are generated by an EID-induced contributheir origin as polarization scattering emission sources.
tion to FWM emission at the SO exciton. This is seen clearlyFWM sources from noninteracting transitions result from
in Fig. 4@, which shows the calculated FWM spectrum for diffraction of the electric field of the second optical pulse
different strengths of the EID coupling parameteg,. The from the light-induced carrier population grating, whereas
spectra with no EID effects contains the FPD emission of the&Coulomb-related sources result from diffraction of gudar-
SO exciton, which is small due to fast dephasing. The SQzation induced by the second puls&he interaction retar-
exciton signal is only present for temporally overlappeddation property leads to a slow rise of the SO exciton polar-
pulses, as apparent in both the experimental and theoreticeation with time, as seen in Fig(l), where the envelopes
results of Fig. 2, consistent with an EID-related sodt@de  of the SO exciton and continuum polarizations are shown
reduction in the SO exciton signal relative to the continuumtogether with the envelope of the total polarization. The cor-
emission observed in the experimental results for increasingesponding spectra appear in the inset. Because of the char-
N, is also expected for an EID-induced contribution sinceacteristic slow rise of the EID exciton signal, the impact of
such a signal is proportional tB,, which decreases with interference between the exciton and continuum polariza-
carrier density through screenifigdlhe EID-induced SO ex- tions on the total signal is time dependent, vanishingtfor
citon FWM polarization interferes with the continuum polar- <0 and increasing in importance a#creases. This time-
ization, leading to a reduction in the amplitude of the FWM dependent interference efficiency translates in the frequency
spectrum at low photon energies, an effect which is strongestomain into an asymmetric profilesee Fig. 4b), inset,
just below the exciton resonance where it produces the shasphere the stronger interference at later times produces the
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largest effect at lower frequencies in the spectrum. This intion of contributions from transitions involving electron
terference process is less effective for positive time delagtates with opposite spif&!* Because our treatment in-
because the pulselike envelope of the continuum polarizaeluded only a single electron spin for each band, EID effects
tion, which has the behavior of a photon echo, moves forwere removed from the simulations to reflect the cancel-
ward in time with increasing delay, As a result, forr>0 a  |ation of EID sources. This is a good approximation to the
smaller portion of the continuum envelope overlaps thefy|| eight-band calculation because the only residual effect of
slow-rise portion of the EID exciton signal, which turns on atthe carrier density dependent dephasing rate is to modify the
t=0 (the time of arrival of the second pulstor all pulse |ine shape of the non-EID related contributions to the exciton
delay values, and the frequency-dependent interference ef\y\ response, and such contributions are small at the SO
fects are reduced. This accounts for the decrease in the depthciton. The calculated four-wave mixing spectra at zero de-
of the dip in the spectra of Fig. 2 with increasing pulse delay1ay in the|| and L geometries are shown in Fig(i8. The

The dramatic spectral features observed when an eXCitOﬁoIarization dependence of SR-FWM emission at the SO
is excited together with an energetically degenerate compang edge are well accounted for by our theoretical model,
tinuum allow many-body-induced contributions in SR-FWM 55 seen from comparison with the measured spectra in Fig.
to be clearly separated from the noninteracting electric fielcg(a)_ We note that the calculated spectra for orthogonal po-
scattering contribution, or FPD response. Since theyyizations in Fig. 3 are quite similar to the numerical results
frequency-depengjent fegtures we o_bserve at the SO excitgg the|| geometry in the absence of EID effeftee Fig. 4a),
are caused by thimteraction retardationproperty of many-  gotted curvé This result is anticipated since it is known that
body related signals, they are not induced by the nonintefeoherent exchange effects alone do not lead to significant
acting electric field diffraction source terms. An excitonic polarization dependence in FWM experimehts.

FPD emission adds symmetrically to an energetically degen- \ve wish to emphasize that, although the FWM spectrum
erate continuum response in the FWM spectrum. This can bgt the SO exciton reported here resembles a Fano
found from a close examination of the numerical resultsesonanc&®?! Fano effects do not occur. Fano effects arise
without EID effects[see Fig. 42)], and was verified by the from quantum interference of coupled discrete and con-
authors using a simple two level atom analysis similar to thainyum state€22® while in our system the Coulomb cou-

9 i . ’ : -
used by El Sayeet al” We have therefore established that jjing of such states is negligible because of the large wave-

many-body effects such as exciton-carrier scattering may bgector separation of the associated interband transitions
trivially identified at the SO exciton by examining the line (~ 5go umhy.

shape of the SR-FWM signal, where these effects lead to |, summary, we have observed the SO exciton in a IlI-V

prominent spectral signatures. Coulomb-mediated effect§emjiconductor and measured its coherent response using SR-
may therefore be studied at the SO exciton without the neeghy\ experiments. Our experimental results demonstrate

for a series of complex optical experiments, in contrast (Gt the energy degeneracy of the SO exciton and heavy-hole
coherent experiments at the fundamental exciton where x4 |ight-hole to conduction band continuum transitions pro-
traction of useful information often necessitates the use ofjjes a sensitive probe of Coulomb-mediated effects through

polarization-dependent prepulse FWM and spectrally réjnterference of the FWM emission sources on the separate
solved differential transmissiéh'“ or partially nondegener- exciton and continuum transitions. Simulations employing
ate FWM° Our finding leads to a dramatic simplification of the multiband Boltzmann-Bloch equations including EID
the interpretation of Coulomb-mediated effects in COhere”brovide good agreement with the FWM results.
optical experiments.
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