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Influence of light holes on the heavy-hole excitonic optical Stark effect
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Pump-probe experiments on high-quality@s _,As quantum wells are used to investigate the influence of
light-hole excitons on the optical Stark effect. For anticircular polarization of pump and probe pulses and a
moderate negative detuning of the pump energy, a redshift of the heavy-hole resonance is observed. However,
with increasingly negative detuning a transition from this redshift to a blueshift is found. Microscopic calcu-
lations that include both heavy holes and light holes reproduce the experimental results. The theoretical
analysis shows that the observation of the redshift depends very sensitively on the detuning of the pump pulses
and the heavy-hole to light-hole splitting.
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I. INTRODUCTION II. EXPERIMENTAL RESULTS

. The first observgtions of the excitonic thical Stark gffect Standard pump-probe experiments were performed in
in se_mlcorjductoﬂs reported the blueshift of an exciton transmission geometry at 4 K. An actively mode-locked
transition in GaAs quantum wells and bulk &b when  Ti:sapphire laser provided probe pulses of 100 fs at a repeti-
pumping below those resonances. The direction of the Starfion rate of 80 MHz. Part of the laser beam was split off and
shift was such that the resonance shifted away from th@ropagated through an external pulse shaper resulting in
pump pulse energy. In contrast, a subsequent experiment inspectrally narrow pump pulses of 2.7 ps duration and 1 meV
thin film of CuCl displayed for colinearly polarized pulses width. The pump pulses with a pulse energy of 110 pJ were
also a redshift when the pump laser was tuned to a verthen focused down to a spot of 100m diameter on the
narrow spectral region slightly below the exciton to biexci- sample. In order to avoid averaging over regions of different
ton transitior’® The latter effect was found to be caused byexcitation intensity, only the central part of the pump spot
bound two-exciton statésOnly recently it has been shown was probed. The pump-probe delay was set to zero.

that in InGa, _,As quantum wells a redshift can be observed Measurements were done on a structure containing thirty
even for detunings well below the exciton and exciton-to-8.5 nm thick I ¢/Ga 9gAS quantum wells spaced by GaAs
biexciton transitions when pump and probe pulses are antbarriers. It was grown by molecular beam epitaxy on a semi-
circularly polarized. This effect, very much unlike the Stark insulating GaAs substrate. The excitonic linewidth as re-
shift in atoms, was analyzed by including in the microscopicported in Ref. 7 is 0.56 meV, theL peak height is 5.8, and
calculations not only the Hartree-Fock terms but also higherthe heavy-holéhh) to light-hole(Ih) splitting amounts to 12
order Coulomb correlations. In the case of anticircularly po-meV. In this study, the pump pulse is tuned energetically well
larized pulses where the Hartree-Fock contributions, i.e., thbelow the k-heavy-hole resonance and the exciton to biex-
first-order Coulomb and the Pauli-blocking terms, to the op-citon transition. In particular, also detunings much larger
tical response vanish, the higher-order Coulomb term bethan the ones in Refs. 6 and 8 are used. In the following, the
comes the leading contribution giving rise to a redshift. ThedetuningsA, andA, are defined by the difference between
theoretical analysis revealed that this redshift is partly due tohe central pump energy and the heavy-hole and light-hole
Coulomb memory effects and partly due to the biexcitontransition energies, respectively, minus the central pump
resonance. energy.

In this paper we investigate experimentally and theoreti- Figure 1 shows the experimental differential absorption
cally the influence of the light-hole transitions on the opticalaround the %-heavy-hole exciton for various detunings of
Stark effect of the heavy-hole exciton. In particular, for anti-the pump pulse below the excitonic resonance. For cocircular
circular polarization of the pump and probe pulses, it ispolarization, see Fig. (&), and a detuning\,, of 6.2 meV
shown that the direction of the optical Stark shift and thebelow the exciton, a blueshift of the resonance is observed. A
occurrence of the redshift sensitively depend on the pumjurther increase of the pump detuning leads, as expected, to a
detuning and the heavy-hole to light-hole splitting. In Sec. llreduction of the magnitude of the differential absorption, but
the experimental results are presented. The microscopite signal remains a blueshift. On the other hand, for anticir-
theory that includes Coulomb many-body correlations iscular polarization and the smallest,, of 6.2 meV a redshift
briefly summarized in Sec. Ill, where also the detuning dedis found[Fig. 1(b)], in agreement with Ref. 6. However, for
pendence of the individual contributions to the signal arethis particular polarization geometry an increase of the de-
evaluated. In Sec. IV numerical results are presented angining to 9.7 meV leaves little if any shift. This reduction is
compared to the experimental data. The most important cormuch more pronounced than the reduction of the blueshift
clusions are summarized in Sec. V. for cocircular polarization. For the relatively large detuning
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FIG. 1. Experimental differential absorption spectra of
Ing 04G& g6AS quantum wells at zero time delay for excitation be-
low the 1s heavy-hole(hh)-exciton resonance anil,, detunings of
the pump pulse of 6.2 me¥solid line), 9.7 meV(dashed ling and

13.3 meV(dotted ling. (a) Cocircularly and(b) anticircularly po- . .
larized pump and probe pulses. The origin of the energy scale Co}‘_rom heavy holes and light holes involve the same electron

responds to the position of theshh exciton in the linear absorp- states; Siee Fig.(B). The o -polarized probe pulse monitors
tion.

the m=3 electron spin system, thus experiencing from the
. . . heavy-hole transition only the influence of the higher-order
of 13.3 meV below the exciton, the signal recovers but it ha
now changed into a blueshift.

FIG. 2. Simplified electron, heavy-hole and light-hole level
scheme, transitions induced byaa -pump beam(solid arrows,
and heavy-hole transitions probédashed arrows

Toulomb correlations and from the light-hole resonance also
Hartree-Fock contributions. Within the coherepit®) limit
the higher-order correlations are represented by the contribu-
ll. THEORY tions from bound and unbound two-exciton states to the op-
) o o tical signals. Light holes, heavy holes, and electrons are
The redshift for anticircular polarization observed for coupled by the higher-order Coulomb correlatidhsThe
moderate detunings is well explained by the approach outsyong Coulomb interactions among heavy- and light-hole
lined in Ref. 9, which took only the heavy-hole transition gycitons result in distinct signatures due to the two-exciton
into account. This approximation is justified as long as thenanifold. As shown in Ref. 11, if neither the electrons nor
detuningAp, is much smaller than the heavy-hole to light- he holes of the two interacting excitons share a common
hole splitting. However, if the pump pulse is tuned far belowgiate(which means that the excitons are not coupled directly
both the heavy-hole-exciton and light-hole-exciton reso+y the Jight fielg a bound two-exciton complex is formed,
nances, the influence of light holes has to be included in thgnich may consist of two heavy- or light-hole excitons for
theory. For this purpose, we use our microscopic theory thaynticircular pump-probe polarizations, or it can be formed by
includes all Coulomb many-particle correlations within the 5, heavy-hole and one light-hole exciton for cocircular po-
coherenty® limit, i.e., up to third order in the external |arized excitation.
fields®® The inclusion of light-hole transitions is straightfor- To get an idea about the microscopic origin of the intri-
ward and has been discussed in Refs. 10 and 11; for aghte detuning dependence seen in the experimental results it
extended review of the theory and also the model system sgg syfficient to go through some simplified analytical evalu-
Ref. 12. The complete set of equations of motion is thereforgyions. If only a few-exciton and two-exciton states are rel-
not repeated here. _ evant the full equations can be projected onto these 18vels.
~ To understand the relevance of the respective heavy- anlyr our purposes it is sufficient to consider the simplest case
light-hole contributions, we discuss the pump- and probeypere the system consists of a ground state with zero energy,
polarization-dependent transitions schematically shown ige single-exciton state with polarizatipnand energyw,,,
Fig. 2. For cocircularly polarized pump and probe pulses;ng one two-exciton state with amplituBeand energyus.

3

[Fig. 2(@)] aa*-polarizedlpump couples tha=—3 heav;l/— The reduced equations of motion representing this situation

hole state with then=—3 electron state and then=—3 aré
light-hole state with the m=3% electron state. The

a+-polar_ized probe pulse monitors the= — 3 electron spin —i9p=(—wp+iyp)p+u*E(1—bp*p)—V,p*pp
system, i.e., the heavy-hole resonance, thus experiencing the
regular Stark shiftblueshify dominated by the Hartree-Fock +Vgp*B, (1)
contributions>®

For anticircular pump-probe polarizations, transitions —idB=(—wg+iyg)B+pp, 2
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whereb, V,, and Vg denote the strengths of the optical _F —iwt _E

nonlinearities that are due to phase-space filling, first- and Epund V) =Epum " Eprof)=Eprond(1). - (3)

higher-order Coulomb contributions, respectively.is the

optical dipole matrix element, ang,, yg are constant phe- As shown earliet? cw excitation might result in a more

nomenological dephasing rates. pronounced shift compared to spectrally broad pulsed exci-
In order to solve these equations analytically, the lighttation.

fields are modeled as follows: For the pump field, we assume The differential absorptiod« is approximately given by

cw excitation with a frequencw, , and the probe field is the imaginary part of the third-order polarizatio¥p in

taken as & pulse, i.e., pump-probe geometfywhich is calculated as

1 1 1 1

- +b -
wp— ) +iyy [(w—wp)+Fiyel?  (wp— o)+ 'yg (w—wp)+iy,

1 ~ ~ ~
op(w)= E(M* Epump)(luE;ump)(M* Eprob)| — b(

1 1 oy 1 1 1
. B . :
P (wp—w )2+ e [(0—wp) +iyyl? (wp— )2+ %] [(0—wp) +iyy)? (W= wp= @) =i(ve=7p)

-V

1 1 1

(wp— )+ 75 (0= @) Fi1%p [(wg— wp— o) =i (vs— 7p)]?

+Vp

1 1 1

(wp_wL)2+ 7,2; [o—(wg=w)]+iyp [(wg—wp—w)—i(yg— Vp)]z '

—Vp (4)

In Eq. (4), the first two terms are due to Pauli blocking, andduction of the blueshift with increasing detuning; see Fig.
the third one is the first-order Coulomb contribution. The 3(a). The results for anticircular polarization are displayed in
sum of these three terms defines the Hartree-Fock approxFig. 4(a). The redshift, that is found fok,,=6.2 meV, de-
mation. The remaining three terms are introduced by transicreases drastically for larger detunings. &,=13.3 meV
tions to two excitons and are thus caused by Coulomb corne finds a blueshift, in good agreement with the experiment.
relations. In terms of the detuning=w,—w_, which is  Deviations of the measured differential absorption from the
taken to be much larger than the decay constantie lead-  symmetric shape are due to disorder present in the sample.
ing contributions to each of these nonlinearities are given byrhe absorption spectrum of the heavy-hole exciton reso-
the first, third, and fourth terms, which show a detuning denance is weakly inhomogeneously broadened and displays an
pendence oA !, A% andA~3 (sincewg~2w,), respec- asymmetric line shapk.
tively. The imaginary part of the dominant contributions  To analyze these results we now make use of the detuning
yields the shift of the exciton line dependence of the various nonlinearities discussed in the
previous section. For cocircular polarization geometry, the
Am=1 heavy-hole transition is pumped, and the same
523" (5) heavy-hole transition is probddFig. 2(a)], and affected by
[(0—wp)™+ 7p] three nonlinearities: Pauli blocking and first-order Coulomb
terms produce a blueshift, whereas the higher-order Coulomb
contributions induce a small redshift that is, however, over-
compensated by the blueshift contributiénghe influence
of the light-hole transition arises only due to the Coulomb
In this section we present numerical evaluations of thdnteraction among the heavy holes, light holes, and electrons.
full third-order equations as discussed in Refs. 10-12. W& his influence is negligibly small compared to the changes
take the splitting between the heavy- and light-hole excitonsnduced by pumping the heavy-hole transition, as can be
as 12 meV and assume that the pump pulse has a Gaussiseen by comparing Figs(&@ and 3b) where the light-hole
envelope with a duration that corresponds to the spectraiontribution has been omitted. Furthermore, looking at Fig.
width used in the experiments. For the oscillator strength o8(c) where the higher-order Coulomb correlations have been
the heavy- and light-hole transitions a ratio of 4:1 is used. ignored, we see that also these contributions affect the dif-
Figures 3 and 4 show the calculated differential absorpferential absorption for cocircular polarization only to a
tion for the parameters of the InGaAs quantum well. Forsmall extent. This conclusion is also supported by the nor-
cocircular polarization of pump and probe pulses, the calcumalized spectra shown in the lower panel of Figg)3Here
lations reproduce the experimental observations, i.e., a rehe differential spectra have been multiplied by the detuning

2yp(0—wp)

Sa(w)x

IV. NUMERICAL RESULTS AND COMPARISON
WITH EXPERIMENT
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FIG. 3. Calculated differential absorption spectra at zero time 0.00
delay for excitation below the sLhh-exciton resonance, a heavy-
hole to light-hole splitting of 12 meV, and,,, detunings of the
pump pulse of 6.2 me¥solid ling), 9.7 meV(dashed ling and 13.3 a3 '2 : '1 : ('J : 1' : 2' 3

meV (dotted ling for cocircularly polarized pump and probe pulses.
(a) Full calculation(upper pangland multiplied withA, (lower

pane), (b) without the light-hole contribution(c) without the FIG. 4. Calculated differential absorption spectra at zero time

higher-order Coulomb correlations. The origin of the energy scalge|ay for excitation below the sthh-exciton resonance, a heavy-
corresponds to the position of thes hh exciton in the linear ab- 51" to light-hole splitting of 12 meV, and,,, detunings of the

sorption. pump pulse of 6.2 meVsolid ling), 9.7 meV(dashed ling and 13.3
) ) ) ) meV (dotted ling for anticircularly polarized pump and probe

Apn. As shown earliéf and derived analytically in the pre- pulses.(a) Full calculation,(b) without the light-hole contribution
vious section, the Pauli-blocking contributions to the Starkypper pangland multiplied withA3, (lower panel, (c) without the
shift scale with 1Ay, and the first-order Coulomb correla- higher-order Coulomb correlation@ipper panel and multiplied
tions vanish like Mﬁh. The higher-order Coulomb correla- with Ay, (lower panel. The origin of the energy scale corresponds
tions exhibit the strongest detuning-dependent decay propote the position of the 4 hh exciton in the linear absorption.
tional to 1A3,. As a consequence, if the normalized spectra
are almost invariant with respect th,,, the differential included the pump couples time= — 3 light-hole states with
spectra display a M,, dependence that is characteristic for them= 3 electron states shifting the latter to higher energies
the Pauli-blocking contribution. and thus contributing a blueshift of them= —1 transition

If one neglects the light holes for the case of anticircularprobed by thes™ pulse. Neglecting the higher-order Cou-
pump-probe polarizations, thAm=—1 transition that is lomb correlations, i.e., the influence of the heavy-hole tran-
probed would involve only states different from those thatsition, we obtain a blueshift that falls off like A¢,; see Fig.
are pumped. Thus the Hartree-Fock contributions, the first4(c). For these large detunings,, studied here, both the
order Coulomb and Pauli-blocking terms, do not affect thefirst- and higher-order Coulomb correlations involving the
transition that is probed. The only remaining contribution inlight hole no longer contribute significantly.
this case is the higher-order Coulomb term that results in a This blueshift due to the light-hole coupling competes
redshift of that transition energy for all detunings; see Fig.with the redshift due to the Coulomb correlations induced by
4(b). As discussed above, this Coulomb correlation contribupumping theAm=1 heavy-hole transition. For small detun-
tion decays with ]Aﬁh [see Fig. 4b) lower pane] in excel- ings and a large heavy-hole to light-hole splitting the blue-
lent agreement with the analytical result. shift is weaker than the redshift. However, for larger detun-

On the other hand, if the light-hole states are properlyings both heavy-hole and light-hole transitions are pumped

energy (meV)
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well off-resonance, and consequently the influence of the V. CONCLUSIONS
light-hole resonance increases relative to that of the heavy- In conclusion. we have shown exoerimentally and theo-
hole resonance. The light-hole induced blueshift then over- ' P y

compensates the Coulomb correlation induced redshift. rit:ﬁallz‘/néhaﬁogée L?Sd;h';te fce)rn dasngﬁ![irggllﬁroﬁiﬁélzd?tlagind of
Because of the competition of the heavy-hole-induce P b P P y 9

redshift and the light-hole-induced blueshift, not only the € PUmp pulse and the heavy-hole to light-hole splitting. It

detuning from the heavy-hole exciton resonance is crucial i only observable in samples with a large heavy-hole to

determining direction and amplitude of the shift, but also the“ght'hOIe splitting and only within a certain range of mod-

detuning with respect to the light-hole exciton resonanceerme detunings of the pump pulse. The most important fea-

and therefore the splitting between these two resonance%{reS of the polarization-dependent absorption changes can

Since it is experimentally not possible to easily vary the. e well described by micr_oscopic numericgl calcula_ltions that
heavy-hole to light-hole splitting in a continuous way, we mclllJ_de_Colqumdb corre:;itloni. Tt?e l_JndferIylr}g _ph;l/sms (I:anhbe
additionally investigated a sample containing fifty 18 nmq;Ia |tatr|]ve yhun d.(:;ertoo ont .E asis o arr]]a ytica rle(j_u (st r?t
wide GaAs quantum wells with an excitonic linewidth of 1.4 S .t?]WdFﬁat ¢ te ' ere?t contri futm?_s to ; t?]s%n? _|m|nt|)s
meV, where the splitting is just 6.5 meV. In contrast to the™”! |heren powe(rj %WS as function of the detuning be-
observation in IgGa _,As quantum wells but in support of tween the pump and the excitons,
Refs. 2, 3, and 15, we found that for cocircular as well as for
antmrpular polarization a blueshift is induced for moderate ACKNOWLEDGMENTS
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