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Coulomb Memory Signatures in the Excitonic Optical Stark Effect
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Differential absorption spectra of high-quality InGaAs quantum wells are presented for various
pump detunings and polarization configurations. For low intensity pump pulses tuned well below the
exciton a redshift is observed for opposite circularly polarized probe pulses. Microscopic calculations
show that this redshift originates from memory effects in the Coulomb-induced excitonic correlations.
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Since the discovery of the optical Stark effect in semi-quantum wells, was grown by molecular beam epitaxy on
conductors [1-7] the understanding of ultrafast nonlineaa semi-insulating GaAs substrate, providing the unique
optical effects in excitonic systems has been—and stilbpportunity to perform experiments in transmission
is—of fundamental interest. Recently, it has been demongeometry without removal of the substrate, which usually
strated that for a proper understanding of nonlinear experiwould result in degraded sample quality. Both pump and
ments like four-wave mixing and pump probe, even in theprobe pulses were generated by an actively mode-locked
low-density y® limit (third order in the optical field), Ti:sapphire laser. The spectrally broa0 fs short
Coulomb-induced many-body carrier correlations need t@ulses were used for probing the heavy-hole hh-exciton
be considered [8—16]. In the coherept® limit these resonance while pumping simultaneously with a pulse
correlations manifest themselves in the contributions ofpectrally narrowed by an external pulse shaper. The
bound and unbound two-exciton states to the optical respectral width of the pump pulses was reduced to about
sponse [9,10,14]. 2.3 meV resulting in a temporal width of.5 ps. The

For the theoretical analysis of correlation effects differ-spectrally resolved pump-probe experiments were per-
ent schemes have been developed: If plasma excitatidiormed in transmission geometry at helium temperatures.
dominates, bound exciton complexes are of less imporfhe signal was detected with a diode array behind a
tance and the correlation effects can be treated in sespectrograph. The laser pulses were focused down to a
ond Born approximation in the Markov limit [14,16]. For spot diameter o100 xm. The weak probe pulse energy
relatively low, resonant excitation conditions where biex-of 0.1 pJ, with a pulse repetition rate 80 MHz, resulted
citonic effects and memory effects [17—21] need to ben an average intensity of.1 W/cn? while the pump
considered explicitly, it is advantageous to use the dynanpulses had an energy of25 pJ corresponding to an
ics controlled truncation scheme [9], which includes in aaverage intensity of27 W/cn? .
natural way the dynamics of the higher-order Coulomb Our most exciting result, and—as we will show be-
correlations. low—a clear signature of Coulombic memory effects, is

In this Letter, we investigate configurations where wethat for off-resonant excitationt(5 meV below the exci-
expect higher-order Coulomb correlation effects to beon), we clearly see in Fig. 1(d)radshiftif the pump and
significant. For this purpose we measure and computprobe pulses are opposite circularly polarized, whereas a
differential absorption spectra of high-quality InGaAs blueshiftis observed forr " o *, xx, andxy polarized pump
quantum wells with spectrally very narrow exciton and probe pulses. The5 meV detuning is considerably
linewidth. The experiments are performed using varioudarger than the biexciton binding energy, the inhomoge-
detunings and polarizations of the pump and probe pulseseous linewidth, as well as the spectral width of the pump
(cocircularly "o ™", opposite circularlyc* o™, linear  pulse, ensuring that the excitation is off-resonant. Vary-
parallel xx, and linear perpendiculaky). The linear ing the detuning towards smaller and larger values does
absorption spectra are dominated by a heavy-hole excitomot change the qualitative behavior. Also for resonant ex-
resonance with a spectrally very narrow linewidth ofcitation, besides bleaching of the exciton resonance, clear
0.56 meV, energetically separated well below all othersignatures of excited state absorption due to unbound two-
exciton resonances [22]. Hence, we can perform pumpexciton complexes are observed for both co- and opposite
probe experiments that are influenced only by heavy-holeircular polarized pump and probe pulses. Additionally,
exciton states and its higher-order correlations [23]. Thdor oo~ excitation biexciton-induced absorption fea-
structure, consisting of thirtg.5 nm thin InosGayosAS  tures appear energetically below the exciton resonance.
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[ M T T merics for the two-dimensional system is extremely in-
05 (a) 0’0 /\ volved and time consuming the one-dimensional model
allows a more detailed analysis. For example, we iden-

tify three types of optical nonlinearities: the total differen-

———t— i tial absorption signal is the sum of a Pauli blocking term

031 (b) cross-linear N and Coulomb-induced many-body nonlinearities, which
can further be separated into a first-order term and higher-

order correlations [14,26].
t y y We present numerical results both for the one-
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differential absorption Ao [a. u.]

0.3 (¢) co-linear aN 1 dimensional model and for our two-dimensional quantum-
0.0 —/ well system. First we investigate the situation where
03} ’ the pump pulse is tuned.5 meV below the exciton
— ; y resonance. Figures 2(a)—2(d) display the theoretical
0.1f (d) oo !/\ ’ results forct o™ and o "o~ excitation. In agreement
0.0} with the experiment (see Fig. 1), m™ o™ configuration,
0.1} \/ . see Figs. 2(a) and 2(c) [and also for andxx excitation

(not shown)], the differential absorption corresponds to a
blueshift whereas foo-* o~ [Figs. 2(b) and 2(d)] there is
a redshift.
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FIG. 1. Experimental differential absorption spectra at
7 = 0 ps for off-resonant excitation4(5 meV below thels
hh-exciton resonance). (a) cocircularly, (b) crosslinearly, .+ " "

(c) colinearly, and (d) opposite circularly polarized pump and @ oo K
probe pulses. 0.00

0.05
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To theoretically model these effects we compute the
optical response in the coheregt®? limit without fur-
ther approximations [9,10]. We numerically solve the
equations, both for a fully two-dimensional model of the
quantum-well structure [16] and for a simplified, quasi-

0.01

one-dimensional system [24]. In the one-dimensional () o' __
tight-binding model electron and heavy-hole couplings of 000 =
8 and 0.8 meV, respectively, between neighboring sites

. -0.014 ) 1
are used. The two spin-degenerate electron and heavy- 1 438 0 i i T
holes bands, respectively, are considered and we use the 0.054 AP p—
usual circularly polarized dipole matrix elements describ- €)oo N

0.00

ing the optical transitions between these bands [14]. The
Coulomb HamiltoniarH - has the form

1 ! ! ! ! +
— o+ ¢ _ vt v 0.01 .
HC 7 E/ /(Cli a; a; a; ) (d)M
ijcvc’v 0.00

ct+ ¢ __ v+ v
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where,i and; refer to real-space sites, andqv) label the . .

conduction (valence) bandsa{ " (af) creates (destroys) 1485 1'4;(;1ergy [e\}]495 1.500
an electron at sité () in bandc, anda!* (aj) creates
(destroys) a hole at site (j) in bandv. V;; describes FIG. 2. Calculated differential absorption spectra for exci-
the monopole-monopole Coulomb interactions betweefftion 4.5 meV below the exciton and = 0 ps. (a) One-

. o . . . imensional model, cocircularly polarized pump and probe
particles at sites andj. The Coulomb interactiorv; pulses ¢*o*), the lower panel shows the three contributions

differential absorption Aa [arb. units]

is given by a regularized potential: to the signal (solid line: Pauli blocking; dashed line: first-order
d Coulomb; and dotted line: Coulomb correlation). (b) One-

Vi=Upy——7——> dimensional model, opposite circularly polarized pump and

li — jld + ao probe pulsesd*o~). The dashed line represents the result

; ; ; of a calculation without biexcitons, as discussed in the text.
whered is the distance between the sites diganda ) same as (a) and (d) same as (b). respectively, but for the

- . c
are parameters characterizing the strength of the 'nteraéﬂll two-dimensional quantum-well model. The dashed line in

tion and the spatial variation. In our numerical study we(c) displays the result of a Hartree-Fock calculation neglecting
uselUy = 8 meV anday/d = 0.5 [25]. Whereas the nu- Coulomb correlations.
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Note that foro* o~ excitation both the Pauli blocking ‘5 —T - .
and the first-order Coulomb-induced nonlinearity, i.e., < 10p(@@ oo P
the Hartree-Fock contribution, vanish identically, because 00 ]
neither one of these terms leads to a coupling among the < -Lop \/ ]
subspaces of different spin states witlyfi) [8,14]. Thus g 200, — | : .
in this case the total signal is purely induced by Coulomb 2 os5f() oo 1
correlations. 2 00 —

The physical origin of the redshift can be further ; 0.5} U 1
analyzed by looking at the individual contributions to = 290 192 Tao1 196

the signal. We find that forc* o™ polarization for
strong detuning below the exciton the Pauli blocking and
the first-order Coulomb term always induce a blueshiftFIG. 3. Experimental differential absorption spectrarat
whereas the Coulomb correlations always correspond to @ps for resonant excitation. (a) Cocircularly, and (b) opposite
redshift. The fact that also far*o* excitation, where Circularly polarized pump and probe pulses.

no bound biexcitons are excited, the correlation term alone

still corresponds to a redshift demonstrates that this shift iThe first-order and correlation Coulomb-induced nonline-
not directly related to the existence of a bound biexciton. grities are mainly dispersive in shape corresponding to a

To support this conclusion we performed additional cal-blue- and redshift, respectively. The total signal is given
culations of the differential absorption spectradfi o~ by the sum of all three terms. By adding up the two
configuration. To eliminate the bound biexciton contribu-Coulomb-induced nonlinearities their dispersive character
tion also foro™ o~ excitation we atrtificially dropped the
six terms containing the attractive and repulsive Coulomb
terms for two electrons and two holes from the homoge-
neous part of the equation of motion for the two-exciton
amplitude B [see Eq. (2.7) of Ref. [14]]. In this case,
also foro "o~ excitation no bound biexcitons exist, but
the result displayed in Fig. 2(b) shows that signal ampli-
tude is somewhat reduced, the redshift, however, clearly
persists. The same artificial calculations performed for
oo™ excitation (not shown in figure) where no biexci-
ton is excited yield a similar result. The signal amplitude
of the correlation term is reduced, but its redshift per-
sists. This means that for the occurrence of the redshift
the exact structure of the two-exciton states seems to be
unimportant. However, calculations where the Coulomb
correlations are treated in second Born and Markov ap-
proximation did not yield a redshift. Hence, the redshift
is inherently a non-Markovian signature and thus a conse-
quence of Coulomb-memory effects.

To verify the validity of the theoretical analysis also
the case of resonant excitation has been investigated. M
The measured differential absorption spectra for resonant 00 @ oo
excitation and zero time delay between pump and probe
pulses, Fig. 3, show pronounced bleaching of the exciton
resonance. Increased absorption appears energetically 02,2 450 o 200
above the exciton for cocircular and also below for energy [eV]
opposite circular pump-probe polarization configurations.

Numerical results for the resonant excitation considerF!C: 4. Calculated differential absorption spectra for resonant
excitation at the exciton and = 0 ps. (a) One-dimensional

. Hg o o o
ing oo™ ando "o~ excitation are presented in Fig. 4 1546, cocircularly polarized pump and probe pulses$ ¢ ),

showing very good qualitative agreement with the experithe lower panel shows the three contributions to the signal
mental data in Fig. 3. For " o™ excitation besides the (solid: Pauli-blocking, dashed: first-order Coulomb, and dotted:
total differential absorption also the three individual con-Coulomb correlation). (b) One-dimensional model, opposite

- ; . ; ; ircularly polarized pump and probe pulses(~). (c) same
tributions are displayed; see Fig. 4(a). Itis shown that '[héS (@) and (d) same as (b), respectively, but for the full

Pauli-blocking induces bleaching of the exciton and that,,, qimensional quantum-well model. The dashed line in (c)

it is very small compared to the Coulomb-induced non-gisplays the result of a Hartree-Fock calculation neglecting
linearities, as is expected for resonant excitation [14,26]Coulomb correlations.

energy [eV]
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