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Raman Quantum Beats of Interacting Excitons
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Quantum beats involving the light holéh] and heavy holehh) excitons in GaAs are observed
using homodyne detection of the transient four-wave mixing response. Unlike the beats of earlier
studies, these beats are detected in a geometry for which the effect would be forbidden in the
absence of exciton interactions and arise from coherence induced betwed#n @hd hh excitons.
The beats demonstrate the existence of the Raman coherence due to interaction, and the decay of the
coherence shows the correlation of exciton dephasing rates to be relatively unaffected by the interaction.
[S0031-9007(97)05064-3]

PACS numbers: 42.50.Md, 71.35.-y, 78.47.+p

Coherent nonradiative superpositions of electronigact of these interactions on the coherent nonlinear opti-
states produce novel and important nonlinear opticatal response and heavy-hole—light-hole beating was first
effects in atomic systems, such as dark states [1,2]dentified. The model shows the ground state of the
population trapping [3,4], lasing without inversion [5—8], system, two single-exciton states corresponding to the
electromagnetically induced transparency [9,10], andh exciton and thehh exciton, and a two-exciton state,
quantum beats in absorption [11,12] and luminescencéor which both alh and hh exciton are created. In the
[13]. In the latter case, quantum beats have been aabsence of Coulomb interactions between excitons, the
important spectroscopic tool, for example, in the determi€nergy of the noninteracting two-exciton statey;) is
nation of hyperfine and Zeeman splittings [14]. But, until EN., = %(w;, + wn,) and the decay of this state are
recently, nonradiative coherences in semiconductors hawgetermined by the decays of the individual exciton states.
remained comparatively unexplored, in part because rapibh the presence of ¢éh-hh exciton interaction, the two-
scattering severely limits coherence lifetimes. Usingexciton state becomeg ) and is characterized by energy
nonlinear coherent transient techniques, several groupEi_ex = fh(wy + wpy) + Er, where the interaction en-
have found important signatures of nonradiative semiconergy could, in principle, be positive for scattering states,
ductor coherences in four-wave mixing (FWM) [15,16], or negative for a bound state, as in Fig. 1(a).
the direct observation of the biexcitonic two-photon The nonradiative Raman coherence, described by the
coherence in GaAs quantum wells [17], and in the recenpure-state density matrix element.., = (Ih|V){(V|hh),
report of quantum beats in the continuum [18].

In this work, we use homodyne-detected transient FWM

to observe quantum beats arising from the Raman-like co- @ v:)
herence between thieh andlh excitons. Unlike previously [war)
observed dipole quantum beats in self-diffracted FWM ex- AN |v:)
periments, quantum beats in the homodyne geometry arise /

from the nonradiative coherence induced betweenlithe ) =

andhh excitons and are forbidden in the absencéhefih hQ, ~3 meV

exciton interaction. Detection of the Raman coherence be-
tweenlh and hh exciton states provides essential insight
into the complex dynamics of excited direct-gap semicon- (b)
ductors, and measurements of the decay of this coherence
provide new understanding of correlations betwielerand
lh-exciton dephasing. Furthermore, the existence of this
coherence is essential to the eventual observation of the
recently predicted dark states of excitons in GaAs [19].

To facilitate understanding of the experimental results,
we consider a simple physical model based on the exciton Delay /T,
energy level diagram at zone center shown in Fig. 1(a).
This two-electron picture follows a generalization of theFIG. 1. Thelh-hh interaction produces bound or scattering
four-level model first considered for this kind of problem States [¢1) (a) and produces Raman quantum beats [(b):

solid], which would be absent for noninteracting excitons [(b):
[20,21] and later extended to more complex plrOblem%ashed]. Energy differences have been greatly exaggerated

[22,23_]- A more rigorous approach could be develo_pedor clarity. The Raman period and frequency are related by
following the approach taken in Ref. [24], where the im-T;Qy = 2.

lg)
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is induced by dipole coupling of the ground state to theporal evolution of this coherence can be observed only
Ih and hh excitons and gives rise to a polarization after their simultaneous excitation. Two different ex-
(at third order in the applied optical field) determined perimental methods are readily identified for this measure-
by (h|W)Y{(V|hh){(hhlplg) + (glix|lh) (In|¥){¥|hh).  ment: homodyne-detected FWM, which detects Raman
However, in the absence 8f-hh exciton interaction, this beats through sensitivity to optical phase; and three-pulse
term is canceled completely by destructive interferencealirect-detected FWM, which employs spectrally narrow
with a corresponding term coupled to the two-exciton stateoptical pulses to avoid dipole quantum beats and mea-
(| WY (V| hh) (Wbl plgng) + (il @l Ih) (LR | )Y (V| hh). sures the Raman coherence without producing beats.
This interference survives in the reduced density matrix, Measurements were performed at 5 K on several 2000-
which includes decay. A samples of MBE-grown high-quality bulk GaAs to probe

In the presence of Coulomb coupling, optical couplingthe Raman coherence. The thin-film samples were bonded
of the |hh) or |lh) states to thdiy;) state differs consid- to a sapphire plate-axis normal), and the substrates were
erably from the coupling to th@/n;) state: The energy removed. Strain arising from the thermal mismatch of the
shift leads to a decrease in effective excitation strengtiGaAs to the sapphire was discussed in detail in [31] and
since the optical frequency is no longer exactly resonantinduced a smalh-hh splitting (=3 meV), as shown in the
the change in the wave function leads to a change imset of Fig. 2. Independent measurements demonstrated
the oscillator strength, and the dephasing rates and déhat the narrow lines seen in absorption are homogeneously
cay rates may also be different. Hence, cancellation obroadened at 5 K and that there is no detectable Stokes
the ((n| V) (V|hh) (hh| ) + (il pllh) (LR1W) (P |hA)  shiftin the luminescence. The excitation levels considered
term in the polarization is incomplete, and a net contribuwere sufficient(10'3-10'® cm~3) to eliminate polariton
tion of the Raman coherence persists in the polarization. effects [32].

Figure 1(b) illustrates the prediction of a third-order The geometry for homodyne-detected FWM is identi-
perturbation theory for both interacting and noninteractingcal to a simple pump-and-probe experiment for DT and so
excitons in homodyne-detected FWM in the differentialalso includes contributions due to changes in absorption,
transmission experiment described below for collinearlywhich have been shown to be dominated by excitation-
polarized fields. In the presencelbfhh exciton interac- induced dephasing (EID) at these excitation levels [33].
tion, beats are observed (solid curve). The envelope of thEhe second, probing pulse induces a third-order polar-
beats decays with the Raman correlation time, and is suzation after the excitation of the first, pumping pulse.
perimposed on a slowly varying saturation response whickor collinearly polarized pulses, the induced polarization
decays with the recombination time. In the absence ohas the same field polarization. The induced polarization
Ih-hh interaction, quantum beats are absent (dashed
curve). In the limit that optical coupling to the two-
exciton state (eithery;) or |¢n1)) is neglected, the

|hh)

analysis developed by Schmitt-Rinét al.[25] is re- -0 |th)
covered, if the simple model of Fig. 1 is augmented g
with the appropriate selection rules. The polarization £
dependence is not paramount to our consideration of ol
the Raman coherence; for simplicity, we consider only ug;)

the case of collinear field polarizations. Reference [25]
has already addressed the polarization dependence of T R S T ST S
quantum beats in self-diffracted FWM experiments, and (b)

the theoretical distinction between dipole quantum beats
in self-diffracted FWM and Raman quantum beats in the
differential transmission (DT) geometry is also evident
in their theory. But it is also clear that self-diffracted
FWM experiments are sensitive to the temporal evolution
of only the dipole coherence [26—29] and not the Raman L
coherence [30]. Like dipole quantum beats, Raman 0 e
guantum beats evolve with the characteristic period 6 4 -2 0 2 4 6 8 10

Tr = 2 /Qg, Where#iQy is the Ih-hh splitting. How- Delay (ps)

ever, the decay of the Raman coherence reveals dynamiEtG. 2. (a) Raman coherence oscillations appear in
different from dipole quantum beats. In particular, homodyne-detected FWM for the tuning shown in the

Raman coherence is sensitive to correlations between ﬂﬁ?_.set.. The p“|3?5ba”9;"’idth is 2 meV, and the total excitation
Ih andhh exciton debhasina processes ensity is9 X 10~ cm™. (b) For a slightly different tuning,

. P gp ; o . the beats are suppressed. [The overall sign of the DT response
Since the Raman coherence is established followinghanges from (a) to (b), reflecting the sign change in EID as

excitation of both thdh and thehh excitons, the tem- the laser is tuned closer to titie exciton resonance.]

Signal (arb. units)
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radiates a field copropagating with the probe pulse, and Direct observation of the temporal evolution of the
these two fields are detected by homodyne mixing in thd&Raman coherence affords an opportunity to examine corre-
square-law detector, which for this experiment is a pholated dynamical processes affecting the nonradiative coher-
todiode. Hence, this experiment is sensitive to phase difence. A comprehensive microscopic model of dephasing
ferences between the signal and pump fields and reveails not available for semiconductors, but qualitative physi-
the coherent evolution of the Raman coherence as a funcal insight can be gained from a simple model admitting a
tion of the delay between the pump and probe pulseszariable degree of correlation between the scattering pro-
Phase-sensitive measurements have been made in the paastses responsible for dephasing ftihe@nd hh excitons.
in various geometries to extract important informationAn illustrative model might assume that excitons are sub-
about dynamics [17,18,34,35]. The calculation leading tgect to normal distributions of weak (i.e., strictly elastic)
the behavior in Fig. 1(b) shows the homodyne approaciarkovian scattering events, responsible for dephasing the
to be inherentlyimmune to dipole quantum beats and, macroscopic dipole coherences. The Raman dephasing
hence, particularly advantageous for isolating the Ramarate under this simplifying approximation becomes
coherence. T

Figure 2 shows data obtained using 1.5-ps pulses Yingh = Ying + Ying = 2RV Ying Vg
(bandwidth ~2 meV) collinearly polarized. The inset where the correlatiorR between the dipole dephasings
shows the laser tuning, relative to the spectral positionsepends on the underlying dynamics and represents the
of the Ih and hh exciton features. We note that the “similarity” of collisions affecting the dipole coherences,
overall signal goes negative, indicating an increase irand y;; represents the dephasing rate between distinct
absorption, consistent with effects of EID in the wings ofstates|i) and| j). Recombination is comparatively slow
the line and showing, as expected, that EID dominates the~1 ns) and adds only a small correction of order 1%.
saturation at these excitation levels [33,36,37]. This effectf the scattering processes are uncorreldied= 0), the
decays slowly with the excitation relaxation tirte1 ng.  Raman coherence is rather short lived. Anticorrelation
More important, however, is the well defined oscillation (0 > R = —1) would produce even faster decays. But if
superimposed on this signal in the photocurrent as ¢he dipole coherence times are comparable, as for GaAs,
function of delay between the excitation and probe pulsesa long-lived Raman coherence is possible for positive
The observed beats clearly agree qualitatively with thecorrelations [39]. The observed Raman coherence time
prediction in Fig. 1 and reveal the temporal evolution ofof approximately 2 ps is consistent within experimental
the Raman coherence. The oscillation period correspondsicertainty with uncorrelated dipole coherence scatter-
to the Ih-hh energy splitting of the sample. The decaying processes and independent measurements of the ex-
of the oscillation represents the scattering of the Ramaniton dephasing rates. But at exciton densities exceeding
coherence, distinct from the overall signal decay whichl0'> cm™3, for which the mean separation is comparable to
corresponds to the recombination time. A non-pulsethe Bohr radius of théah exciton, exciton-exciton scatter-
width-limited Raman coherence time of approximatelying contributes significantly to the total dephasing rate. In
2 ps is deconvolved from the data. Tuning the lasethis limit, correlations between collisions might be antici-
slightly, relative to the exciton resonances, provides agated, as the binary collision approximation becomes less
means to modulate the strength of the two interferingaccurate with increasing density. Indeed, under these con-
terms in the polarization. With the appropriate tuning,ditions, evidence suggesting failure of the binary collision
it is possible to suppress the beats completely, as seapproximation has been reported by Wang and co-workers
in Fig. 2(b). We note, for completeness, that the simplen bulk GaAs [33] and in quantum wells [33,40], which
model does not include effects of EID and local fields.would suggest a nonzero correlatih Beyond this, a
These details determine the overall sign of the DTmore detailed analysis must consider the effectistoéx-
response and the origin of the negative delay signalsiton coupling to théh exciton continuum, which leads to
and are not essential to the physics of this discussiorcomplex Fano-like line shapes analogous to those observed
Similarly, the strong feature near zero delay in Figs. 2(a)n quantum wells [41,42].
and 2(b) is the coherent transient well known in DT We have made the critical distinction between Raman
studies [38]. quantum beats and dipole quantum beats and have pre-

We note that a spectrally nondegenerate three-beasented experimental results specifically probing Raman
direct-detected FWM experiment was also performedgdynamics. The clear observation of Raman quantum beats
but this approach requires the use of longer pulses Fig. 2 establishes the existence dhehh exciton inter-
to suppress ordinary dipole quantum beats. For 4-paction and provides a vital conceptual link between non-
pulses, the observed decays were pulse width limited, amdiative coherences in GaAs and similar coherences long
expected from the data in Fig. 2. In general, howeverknown to be important in atomic nonlinear optics. These
this approach is a more powerful spectroscopic approac$tudies support the possibility of observing semiconduc-
because there are no background terms in the nonline&sr analogs of the atomic optical phenomena summarized
response. above. In addition, the dipole dephasing processes which
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