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We present an investigation of the dynamics of the inter-Landau-(elz¢lexcitations of a two-dimensional
electron gag2DEGQG) in large magnetic fields using coherent time-resolved nonlinear spectroscopy. The results
are compared directly with measurements on undoped quantum wells. We observe time-dependent Coulomb
coupling between the LL's induced by the 2DEG that induces a large transfer of oscillator strength to the
lowest LL. The time dependence of the nonlinear response reveals non-Markovian and memory effects of the
photoexcited system that cannot be understood in terms of the random phase approximation. We introduce a
theoretical approach that treats the interactions of the magnetoexcitons with the 2DEG excitations and quali-
tatively accounts for the most salient experimental results in terms of shake-up of the 2DEG.
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[. INTRODUCTION sion. In this way it is possible to systematically include all
correlations that contribute to a specified order in the applied

Correlation effects in photoexcited undoped semiconducfield.
tors have been extensively investigated over the past Clearly, the almost unexplored dynamics of strongly cor-
decadé* Time-resolved coherent nonlinear spectroscopyrelated systems, whose ground state electrons interact un-
experiments have given direct evidence of high-order Couadiabatically with the photoexcited-h pairs, raises very
lomb correlation processes whose description requires thieindamental issues. This is the case for modulation-doped
revision of well-established theoretical treatments such as thguantum wellstMDQW'’s), where a two-dimensional elec-
random phase approximation (RPA),> Boltzmann tron gas(2DEG) exists in the sample prior to optical excita-
kinetics®!” and the thermal bath pictures of relaxation andtion and can react to photons and photoexcited carriers. In
dephasind:® Even the notion of weakly interacting “quasi- particular, with carriers present in the system before excita-
particles,” a cornerstone of condensed matter physics, musion, the correspondence between photoexaitédpairs and
be revisited when describing the ultrafast nonlinear opticaphoton absorption/emission breaks down and the DCTS
response of semiconductors. fails.

So far, however, correlations in the ground stéditdl va- Previous efforts have developed a formalism able to
lence bands and empty conduction bandse often ne- handle the case where correlation with with a photoexcited
glected, although that state is strongly correlatdddeed electron-hole plasndor an electron Fermi se@&S) domi-
most treatments assume that this ground state is rigid anthtes the coherent optical respoh#.the electron FS can
just provides the band structure and the high frequency direspond to the photoexcitezth pairs in time scales shorter
electric screenind Such a viewpoint is based on the obser-than the pulse duration, it behaves to first approximation as a
vation that the lowest excitations of the ground state electhermal bath, and can be treated within the dephasing and
trons are high energy interband electron-hokehj pair  relaxation time approximatiort$:-° This picture becomes
excitations, which can adjust almost instantaneously to thenore complicated when a magnetic field is applied. The con-
dynamics of the carriers photoexcited near the band®gapduction and valence bands break down into Landau levels
This approximation holds well for undoped semiconductors(LL ), the kinetic energy is quenched, and the Coulomb inter-
where therefore the only Coulomb correlations that need taction effects are enhanc&t?! The 2DEG enters the quan-
be considered are dynamically generated by the opticaum Hall effect(QHE) regim&?23 and supports low energy,
excitation! In that case the most widely used theoreticalintra-LL, and inter-LL excitation®"?® whose times scale are
approach for describing the optical response is the dynamicomparable to or longer than the measurement times. When
cally controlled truncation scheméDCTS).1>"** In this  such slow degrees of freedom are coupled to the photocarri-
theory, the response of the semiconductor is expanded iers the Boltzmann semiclassical picture of collision localized
terms of the number of createsth pairs and consistently in time and space breaks down, and quantum mechanical
truncated. This can be accomplished because of the corr@terference effects dominate the interaction process. This is
spondence between the number of photoexaitédpairs in  the case even for electron-phonon coupling where the non-
the system and the sequence of photon absorption and emisstantaneous phonon response leads to non-Markovian
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(2, -2) most salient experimental results.
‘ 1 (0, Hy) The paper is organized as follows, in Sec. Il we discuss
1 (Hyp, 0) the linear optical response of the MDQW samples, which

characterize the sample and also demonstrate some of the
effects of theX-2DEG interactions we are studying. In Sec.

c* Il we present the nonlinear response of a MDQW sample,
s +/« Character compared directly with an undoped QW sample. This will

(7, Yy Yo, -%2) atB =0 illustrate the strong time-dependent Coulomb coupling

(Hy, H,, H,, H;) m=32 caused by the presence of the 2DEG in the MDQW sample.

0, 0, 0, H) m=-32 In Sec. IV_ we present a model base(_j on a microscopic theory

(0, Hy, H;,Hy) m=-3/2 for describing a general system with ground state correla-

(Hy, Hy, Hy, H;)  m=372 tions, and show that we are capable of simulating our experi-

mental results. We are able to show that the unusual nonlin-

FIG. 1. Selection rules for optical transitions in a magnetic field.€ar optical response of the MDQW sample comes from the
Transitions can only be made to the lowest electron level, withinteraction between photoexcited carriers and inter-LL exci-
harmonic oscillator index 0, from a valence band state with thetation of the 2DEG.
samen=0 character, and must also satisfy the change in angular
momentumAm;=+1. I. LINEAR OPTICS

memory effects readily observed in the ultrafast nonlinear Before discussing the nonlinear optical response of our
o ticalryd namicd:68 Tr):e resence of the 2DEG intra-LL system, it is useful to examine the linear optics. This will

ptical dy T pr - .~ help expose some of the interaction effects caused by the
and inter-LL excitations raises yet another difficulty since

they consist of electrons and thus are indistinguishable frong cooNCe of the 2DEG. The sample studied here was a

the photoexcited carriers. In this case, one needs to accouMDQW’ whose active region consists of 10 periods of a 12
for the coupledtime evolution of photoexcite@-h/2DEG nm GaAs well and a 42 nm §iGa, 7As barrier, the central

system. Recently, what is believed to be the first experimen-
tal studies of the role of collective intra-LL excitations in the
ultrafast nonlinear optical dynamics of the 2DEG were
reported?®28

We present here an investigation of the dynamics of the
2DEG inter-LL excitations, using time resolved nonlinear
spectroscopy. The 2DEG electrons can screen the Coulom
interactions so that the Hartree-Fo@KF) interactions be-
tween excitond (X) become much less important in describ-
ing the response of the system. However, the interactions
between the photoexciteXland the 2DEG have other strong
effects. The presence of low energy excitations of the 2DEG
create the possibility of additional scattering channels
through which the photoexcited electrons can réfaguch
scattering, described below in more detail, has much less
effect on carriers excited to the lowest available level LL
(LLO) while it can significantly affect the carriers excited to
higher LLs. Also, the collective excitations of the electron
gas are long-lived objects themselves. The inter-Landau-
level excitations, i.e., the magnetoplasnﬁ?ﬁ%l(MP) evolve
in time according to their own energy and dephasing and carg
interact with the photoexcited carriers. These interactionsg
lead to memory effects in the time evolution of the photoex—§
cited system, which affect the time-dependence of the non-
linear response. These effects will be explained in detail be-
low, as we interpret our experimental results. We observe
strong, time-dependent Coulomb coupling between the LL's
induced by the 2DEG that enhances the LLO signal. The
latter shows unusual behavior as a function of time delay, | e G
which cannot be understood in terms of the RPA. These re- 1540 1850 1560 1570
sults are compared directly with measurements on undope!
quantum wells(QW'’s). We also introduce a theoretical ap-
proach that treats the interactions of the magnetoexcitons FIG. 2. Absorption spectra of a MDQW sample in a magnetic
with the 2DEG excitations and qualitatively accounts for thefield.

Energy (meV)
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only couple states that have the same harmonic oscillator
charactem. For excitations into the lowest conduction band
Landau levelsn=0, the lowest energy transitions are shown
in Fig. 1. These transitions were calculated to be the lowest
in energy for GaAs QW's in high field As Fig. 1 shows,
there are several transitions to both of the lowest electron
Landau levels excited by~ polarized light, and only one
transition excited byr*. Because of this difference, we have
performed our nonlinear experiments using polarized
light, to simplify the interpretation.

Even without the Coulomb interaction, the presence of the
doped conduction band electrons changes the linear optics of
the QW. The extra electrons in the lower Landau levels pre-

vent the addition of electrons because of the Pauli exclusion
6 10 - o ; i
B(T) principle. The filling factor is defined asy=N./D
=2m2Ngx1/B. At some field, all the electrons can fit into

FIG. 3. LLO absorption peak height and area in a magnetic fieldhe lowest Landau level, with all the others empty=(1). It
for the MDQW sample. Triangles are the peak area; squares thg only once we reach this point that we should be able to see
peak height. Both extrapolate to zero-a#.3 T, giving a measure- absorption into the lowest Landau level. This can be seen in
ment of the density of doped electrons of 2.10" cm™2, Fig. 2, which shows the linear absorption spectra of a

MDQW sample for many different magnetic fields. Looking
12 nm doped with Si, which was antireflection coated andat Fig. 2, we can see the onset of absorption into the lowest
mounted on sapphire windows for transmission measuretandau level, LLO, betweeB=4 T andB=5 T. Figure 3
ments. The carrier density under illumination is&=2.1  gives more details of this effect, by looking at the peak
x 10' cm~2. The sample has a low temperature mobility of height and area of LLO as a function of the field. By extrapo-
u~10° cnm?/V's. The sample was immersed in superfluidlating the LLO peak height or area down to zero, we can
helium in an magneto-optic cryostat, at a temperature of 1.¢onfirm the doped carrier density. For our sample, the peak
K. The linear absorption measurements were taken using lkeeight and area reach zeroBt4.3 T, which confirms our
broad band incoherent light source at low intensity. electron density to ba~2.1x 10" cm™ 2.

The band structure of GaAs is well described by the ef- Let us examine the linewidths of the Landau level peaks.
fective mass approximation. The dipole allowed optical tran+igure 4 shows the peak energy and linewidths of the lowest
sitions from the four heavy and light holbh and Il bands two Landau levels of the MDQW sample. While the line-
to the conduction band in GaAs QW'’s are induced by circu-width of LLO is approximately constant, the linewidth of
larly polarized photons«~). The addition of a magnetic LL1 increases significantly once LLO starts to appear in the
field lifts the degeneracy between the spin-up and spin-dowspectrum. This is an important point to notice: when the LLO
conduction band states, as well as splitting the conductiotransition has finite oscillator strength, the LL1 peak is
band into a series of degenerate Landau levels. The depehbroadened significantly. The hh LLO peak is comparable in
dence of the valence band structure on the magnetic field width to what is seen in undoped QW samples, and is fairly
complex, due to strong band mixifg.3* The eigenvectors well fitted by a single Lorentzian line. However, in an un-
for the valence band states take on the four-componerdoped QW sample, the linewidth of LL1 also remains more
spinor form Eszpn-2,F12n-1.F-12n,F-32n+1), Where or less constant, and does not become significantly larger
the first subscript is the component of the angular momen- than that of LLO.
tum my, and the second is the harmonic oscillator index, The increase in the LL1 linewidth for smaller filling fac-
which describes the nature of the Landau level associatetbrs implies an increase in the dephasing rate of this state due
with thatm; state. The selection rules require the photon cario scattering with the 2DEG, which for these fields is entirely
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FIG. 5. Absorption spectra for the MDQW sample Bt
=10 T, botho* (solid) ando~ (dashed polarized.

FWM (arp, units)

in LLO. The increased dephasing rate is a result of additional
scattering mechanisms available for LL1 excitations due to
the presence of the 2DEG. For instance, a le-hh pair can
scatter with the 2DEG and relax to a lower energy while
exciting the electron gas. In fact, since the inter-LL excita-
tions of the 2DEG, MPs, have an energy close to the inter-LL
energy spacing, the scattering between a le-i pair and FIG. 6. Spectrally resolved FWM signal B=8 T for excita-
the 2DEG is nearly resonant, greatly enhancing this procession of an equal number of electron-hole pairs into both LLO and
These scattering processes are described in more detail i1, for (a) the MDQW sample andb) the undoped sample. The
Sec. IV. back screens show the laser and sample absorption spectra.

We can also see here that the absorption spectra is differ-
ent for o~ polarized light. Figure 5 shows the absorption frequency calculations of the polarizatja be proportional
spectra aB=10 T for both theo" and o~ polarizations. to the square of the absorption coefficiept®~ (x)?
Theo~ spectrum is more complicated, with a double-peaked= Im[ xV]1?~ a?(w).?® The effects reported here were ob-
lowest energy transition, and an additional light hole peak @€rved for comparisons using both criteria. We performed
bit higher in energy. These additional peaks make analysis dfpectrally resolved four-wave mixingSR-FWM) experi-
the four-wave mixingFWM) signal more complicated, since ments, with a laser pulse duration of ¥0<200 fs. The
the lowest peak actually represents several transitions to difaser was tuned to excite varying proportions of the lowest
ferent spin states of the conduction basde Fig. L LL (LLO) and the next highest LILL1), and the beams were

o circularly polarized.
1. EOUR-WAVE MIXING RESULTS Typical SR-FWM signaIsSSR(At,w_), fo_r both the doped
and undoped samples are shown in Fig. 6, with the laser

In this section, we present an investigation of the nonlintuned to excite both LLO and LL1 equalijaser and sample
ear dynamics of the 2DEG inter-LL excitations. The nonlin-absorption spectra are projected on the back pargéveral
ear measurements were performed on the same MDQWnusual features are immediately apparent in the signal from
sample discussed above in the linear absorption measurghe doped sampl&iP*{At, ), Fig. a). The most striking
ments. For most of the measurements in this study, the totad that despite an equal excitation of both LL's, the MDQW
number of carriers excited by the laser was kept below Zhows a LLO signal that is 35 times larger than the LL1
x 10 cm~2, or n/10. We will discuss the dependence of signal. Measurement of the undoped Q%’&doPe%At,w),
our results on the excitation power later in the paper. Comgig. 6b), shows almost equal emission from both LL’s, in
parison measurements were made on an undoped QWfoportion to the excitation. We see that the spectral distri-
Sample with similar well and barrier sizes. We used two Cri-bution of the signa| from the undoped Samp|e approximate|y
teria for these comparisons, by adjusting the ld8eto ex-  follows the mean-field HF theoR/, but the signal from the
cite the same number of electron-hole pairs into each LLMDQW sample is drastically different.
with a given laser pulse, dii) to produce the same FWM  Also, although we see emission almost entirely from LLO,
signal in the nonlinear susceptibility approximatio8,  the signal has very pronounced beats as a functioA tof
x| PG)2=[x®)21}, whereP® is the third-order polariza- with a period given by the inverse of the energy difference
tion andlf the laser intensity. In our resonance conditionsbetween LLO and LL1. Such strong beatingAmn from only
the third-order susceptibility is assuméblased on single- a single emission energy is a clear signal of non-Markovian
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FIG. 8. SR-FWM signal aB=8 T,At=0 ps from both the
MDQW sample(solid) and undoped samplélashed The inset
shows the excitation density spectrum, giving a ratio of 60:1 exci-
tation of LL1 over LLO. The energy scales are different for the two
samples, with the lower energy scale for the MDQW sample.

where S--(1D s the maximum signal emitted from LLO
(LL1), andNy o111y is the number of photoexcited pairs in
LLO (LL1). If the emission is in direct proportion to the
excitation, as we expect from the HF theory, then we should
find R=1. R>1 means that the LLO signal is larger than
expected from the excitation, whilR<1 means the LLO

The solid curves are the signals from LLO, and the dashed curvesjgnal is smaller than expected. For the signals shown in Fig.

are from LL1. The laser is tuned to excite both levél$0 and
LL1) equally.

dynamics. Comparing this to the signal from the undope
QW, we see thaBi™°Pe{At,») also shows beats, but from
both emission peaks, as expected from the HF theory. This
made clearer in Fig. 7, which shows the dependencgspf
on At for two values ofw, corresponding to the maximum
signal from LLO and LL1, for both samples.

The picture is just as unusual when we tune the Iaseéd

frequency to excite almost entirely into LL1, exciting 60
times the carriers into LL1 than into LLO. Figure 8 shows
Ssr(At=0,0), the FWM spectra forAt=0, for both

samples under these excitation conditions. It is clear that th

signal from LLO is greatly enhanced relative to LL1 in the

MDQW. In the undoped sample, there is almost no signa

from LLO, as expected from the excitatigghown in the

insed, while in the doped sample the LLO signal is compa-

rable to the LL1 signal. We can get an estimate for how larg

this enhanced LLO signal is by comparing the relative emis

sion of the two LL's with the excited carriers in each level.
We define the relative emission raffbas

SNy

SLlel N LL1

oY)

8, we find that for the undoped samt&"@°P*%1 3, close to
the expectedR=1, while for the MDQW samplerd°Ped

d=17.5, a huge enhancement compared to the undoped sig-

nal. Since the calculated excitation densities are estimates,
ithe value ofR is more of a guideline than a precise measure
5f the enhancement. However, a difference of more than an
order of magnitude is an unambiguous demonstration of the
effects of the 2DEG on the FWM signal.

In addition to the transfer of oscillator strength to LLO,
SR ‘(At,w) also shows a very unique dependenceidn
when we preferentially excite LL1. According to the HF
theory for FWM in semiconductors, the rise time of thé
go signal should be 1/2 the decay time fdot>0, and this
IS the measured result for the undoped QW sample. This is
ﬁllso the measured result for the signal from LL1 in the

DQW, but surprisingly the signal from LLO is almost sym-
metric as a function ofAt, with comparable signals fakt
<0 andAt>0. Figure 9 shows the dependenceSgf on At

%t the emission maxima of LLO and LL1 for the MDQW

sample. Such a large signal fat<<0 can only be a result of
correlation effects beyond the HF thedrilowever, the ef-
fect is only seen in the signal from LLO, and only in the
doped sample, which implies that in this case the correlations
are induced by the presence of the 2DEG in the doped

sample.
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FIG. 9. FWM vs time delayAt for the MDQW's, the MDQW o5 o 055/\ ¥ B=6T

sample, aB=8 T. The solid curve is the signal from LLO and the

dotted curve is from LL1. The laser is tuned to excite L(6D:1

over LLO), and the signals have been normalized for clarity. The F|G. 10. FWM emission from LLO vs time delay for the

decay time for both curves i50.25 ps. The rise time for the LL1  MDQW sample as a function of magnetic field, when the laser is

signal is 0.13 ps, as expected from mean-field theory, while for LLOtuned to excite both leveléLLO and LL1) equally. The FWM

it is 0.27 ps. curves are offset for clarity. The inset shows the comparison be-
tween the LL spacing measured in the absorption spectiirmi-

Since we are exciting several LLs in these experimentsangles and the inverse of the beat peridd., seen in the LLO
we expect that the inter-LL excitations of the 2DEG, MP’s, FWM signal vsAt (in squares
are important for understanding these results. The MP energy
is close to the inter-LL magnetoexciton energy, so we musgXxcite only into LL1, we see that the enhanced LLO signal is
account for the almost resonant creation and destruction ¢ily present for magnetic fields large enough that LLO is
the MP excitations nonperturbatively. In particular, it is pos-partly empty(filling factor »<2 in the quantum Hall nota-
sible for a photoexcited LL1 electron to scatter into LLO tion). Figure 11 showsSg&®!vs At at the LLO energy for
while exciting the 2DEG. The scattering to this new stateB=4, 6, 8, and 10 T when we excite directly to LL1 only.
provides additional dephasing for the LL1 photoexcited carFor B>4 T, we see similar curve§ncluding the large sig-
riers, which will affect the FWM signal. Since this scattering nal for At<<0), but forB=4 T (v>2) there is only a much
process is nearly resonant, it is also possible that during the
time evolution of the excited system, some of the excitation
energy is temporarily stored in the MP excitation, leading to 1 —B=10T
memory effects in the FWM signal. This process, which is T ---B=8T
analogous to coherent anti-Stokes Raman scattering exce| g | B=6T
with MP’s instead of phonon,is examined in more detail ] —=-B=47
in the next section. There we will show that we must include §
these nearly resonant exciton-2DEG interactions in order tcg
understand the unusual effects in the optical response of thé“’
MDQW that we are describing here.

For the remainder of this section, we will examine the
dependence of the FWM signal from the MDQW sample on
the magnetic field, the pulse duration, and the excitation
power. These experiments will help us to understand the na
ture of the correlation effects we have described above for
the MDQW sample in a large magnetic field. 1E-8

By changing the magnetic field, we confirmed that the
beat frequency seen in the signal from LLO when we excite
both levels changes ,With th? C,yCIOtron e,”ergy and is \,/ery FIG. 11. FWM emission from LLO vs time delay for the
close tod the LL spacing. This is shown in Fig. 10, which MDQW sample as a function of magnetic field, when the laser is
showsSEP*{At) at the LLO energy foB=6, 8, and 10 T tyned to excite only LL1 directly. FoB=4 T (v=2.18), there is
when we excite both LLO and LL1 equally. The inset showsng off-resonant signal from LLO, but for higher fieltnce there is
good agreement between the inverse beat peiindneV)  available space in LL) we see the strong off-resonant signal with
and the LL spacing at several magnetic fields. the nearly symmetric time delay dependence. Note that a logarith-

Looking at the behavior of the signal from LLO when we mic scale is used.

At (ps)

ts)

E 1E-7-:

205314-6



COULOMB CORRELATIONS IN A TWO-DIMENSIONA. . .. PHYSICAL REVIEW B 66, 205314 (2002

weaker signal from LLO, and it does not have the symmetridthe beats can also be seen more clearly in the solid curve in
time delay profile we see for the higher fields. We can inferFig. 15b)]. Notice that there is no real decrease in the signal
that the enhancement of the LLO signal only exists at magfor negative time delay.
netic fields for which there is available space in LLO before When we tune the laser to excite both LLO and LL1, the
the excitation. LLO signal exhibits pronounced beatsAr at low power. As

By leaving the laser tuned directly to LL1, but varying the the power is increased, a large minimumZt=0 that is
width of the exciting laser pulse in energy, we determinec@dsent at low power begins to emerge. Figure 14 shows a
that the “off-resonant” signal from LLO for that excitation Ccomparison of the LLO FWM emission at low powexci-
requires a small direct excitation of the level. When the pulsd@tion density=n/10) and at high power<n) for this laser

was slightly narrowed so that only 1/100 of the carriers ard®©Sition. _
excited into LLO rather than the 1/60 in the data discussed " @ddition to these beats, the unusual transfer of oscilla-

above, the LLO signal dropped by nearly a factor of 30. This strength from LL1 to LLO seen in the MDQW sample is

is shown in Eia. 12. which shows the relative emissrsaPed affected by the increase in power. To see this we calculate
9. 22 : ) the relative emission ratid?, introduced above, for both
for the MDQW sample for several different pulsewidths, cor-

. . o amples as a function of the exciting laser power. We find
responding to a relative excitation of LLO between 1/100 an hat ?ncreasing the overall excitation %ower cguﬁé%oedto

1/40. As the figure makes clear, the strength of the offy)oyin 1o gecrease towards unity, for either laser excitation.
resonant signal dr.opped off suddenly as we made the pulse,, exampleR¥Pee= 17 5 in Fig. 8 at low power, and for the
narrower and excited I_ess and less of the lowest level. Wﬂigh excitation power it has decreased REP4=12. We
can conclude that V\_/hlle the ZDEG strongly enhances th¢sye also measured the power dependend“efePedfrom
signal from LLO relative to LL1, this en_hancement can only ipe undoped sample, and found, surprisingly, the opposite
be observed when there is a small excitation of LLO as welleffect, that high excitation densitgcreaseshe relative size
Finall, we have also measure@iX*{At,) and of the LLO signal (from RU"¥Pe=1 3 at low power to
sindopef At ) as a function of the incident power, varying RU"®Pek 4 5 at high power While the difference between
the photocarrier density in the rang&l0—n, wherenis the  theR%P®dandRU"Pedig still large (approximately a factor of
number of doped carriers in the MDQWn=2.1 3) atour highest measured powexcitation density-n), it
x 10" carriers/cr, both when the laser preferentially ex- has decreased from the order of magnitude enhancement
cites LL1 (60:1 excitation ratio, as aboyeand when we seen at low power.
excite both levels together. These changes as a function of increasing excitation den-
When we excite only LL1 with the laser at low excitation sity are such that the doped and undoped samples begin to
power, we see the large “off-resonant” signal from LLO, look more similar in their overall nonlinear optical response.
which has a large negative time delay sigraarly symmet-  This is illustrated in Fig. 15, which shows the signal from
ric as a function ofAt; see Fig. 9. The evolution of this both samples C and D at both the low and high excitation
signal as the excitation power is increased is shown in Figpowers. While the two samples look quite different at low
13. The LLO emission begins to develop weak beats as density, the curves start to appear more similar at the higher
function of At, with a very pronounced minimum at=0  density. This can be understood qualitatively, since as the
density of photoexcited carriers approaches that of the elec-
tron gas, the mean-field exciton-exciton interactions of the
HF theory begin to dominate over the signal due to exciton-
304 2DEG correlations. However, th&t=0 dip in LLO for the
doped case is always larger than any beat seen in undoped
sample, and at least for the excitation densities we have mea-
sured, the negative time delay signal for the undoped QW
204 sample is always less than the positive delay signal, while
the negative time delay signal in the doped sample seems to
remain as large as the positive time delay signal.

101 / IV. INTERPRETATION
/ To help understand the differences between the MDQW

Relative FWM Emission R

system and an undoped semiconductor, we will begin with a
' . _ discussion of the qualitative structure of the Hilbert space of
0.00 0.01 o_bg 0.03 the system. From now on we will denote a general excited
- . configuration of the electron gas by 2DEG*. The photoexci-
Excitation Ratio (LLO/LL1) tations of the undoped system, or of the MDQW with the
FIG. 12. Relative FWM emissioR as a function of the relative 2DEG at rest, consist ofeth, 2e-h, ... |e-h pair states cre-
excitation of LLO. For an excitation of 100:1 into LL1, there is no ated in the different LL's. Similarly, the Hilbert space of the
signal from LLO, but for excitation of 40:1, we see a very strong2DEG  (with  no  photoexcited carrieys contains
LLO signal. 1-MP,2-MP,. .. ,n-MP, ... states. For the magnetic fields
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~2.5x10" carriers/cm’

FIG. 13. FWM emission from LLO vs time
delay for the MDQW sample as a function of
excitation density, aB=10 T, with only LL1 di-
rectly excited by the laser. The FWM curves are
offset for clarity. As the excitation density is in-
creased fronr=n/10—n, wheren is the number
of doped carriers in the MDQW, we see the de-
velopment of beats in the signal, with a pro-
nounced minimum aAt=0.

p

FWM from LLO

~3x10" carriers/cm’

0.5 010 015
At (ps)

of interest in our experiments, the ground st@ehas all the semiconductors?” We will consider only the two LL’s ex-
e-LLn andh-LLn empty, except the-LLO, which contains cited in the experiments, LLO and LL1, which will leave
the 2DEG at rest. However, the total Hilbert spagg,, only a small set of coupled equations, depending on only a
contains many other B-states that can be photoexcited via few parameters and simple enough to be integrated numeri-
nonlinear optical processes assisted by inelastic Coulombally on a PC. This will allow us to describe the dynamics
scattering. Also, QW states that cannot be optically excitedlue to the main physical processes in a straightforward way.
in the absence ok-2DEG interactiongdue to optical selec- We note that the qualitative features of the dynamics are
tion ruleg do contribute tdH,,, €.g., States with a MP arel  robust and do not depend sensitively on our assumptions
andh not in LL's with the same indices. An example is the about the different interaction parameters.

four-particle excitation{1-MP+ 1-LLO-e+1-LL1-h}. Such The coupled first order polarization equations are

a state can result from the scattering of a Lésh-pair with

the 2DEG and plays an important role in the optical proper-; , pL +\_ i Loty Lisy W PL +)

ties of the MDQW. For simplicity, we will call these states, ' %Po(1)=(Qo~1T0)Po(t) = VorP3(t) ~WPH() ,uE(t%,z)

into which a photoexciteX can scattery states.

TheY states describe nefile-h+ 1MP} four-particle ex-
citations. Let us illustrate their meaning and origin by an
example that is important for our experiments, starting with a
LL1 exciton. The LL1 electron can scatter down to LLO by
emitting a MP. Since the MP energy is close to #eL0
—e-LL1 energy spacing, the above interaction process is®
nearly resonant. It therefore provides an efficient decay chan_ﬁa
nel of the LL1 exciton to af1-MP+1-LLO-e+1-LL1-h} g
four-particleY excitation. Such a scattering process can oc-= 0.5
cur for a LLO X as well, but this process would be nonreso- i
nant, and therefore the decay of the LK(s suppressed as
compared to that of the LLX. The scattering described
above is a new interaction process between the photoexcite
X states and the 2DEG, which provides additional dephasinc
of our systent® This dephasing is also non-Markovian, i.e., 0.0
the processes are not instantaneous, producing a memol 05
kernel in the time domain.

In Ref. 36, a detailed theory for describing a general sys-
tem with strong ground state correlations is described. To g, 14. FWM emission from LLO vs time delay for the
connect with the experiments, we can derive a model basegipQw sample as a function of excitation density, B8 T,
on this microscopic theory, but simplified to clarify the main when both LLO and LL1 are directly excited by the laser. The FWM
physical ideas involved. Such “average polarization models’curves are normalized for comparison. As the excitation density is
have greatly aided in understanding the many-body proincreased from~n/10—n, we see the development of a pro-
cesses responsible for the FWM signal in undopechounced minimum aAt=0.

At (ps)
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0oLy . Ligy L Bl It is important to note that the dephasing of the optical
19P1(1)=(Qa =T P = VaoPg(t) + WPH(L) 'ug(tzé) polarization obtained within this model is non-Markovian.
This can be clearly seen at the linear polarization level. We
i9,PL(t)=(Q—iy)PL(t) +[PL(t)— P5(t)]. (4 can solve Eqs(2)—(4) analytically by Fourier transform:
These equations describe the first-order response of the [a)—Qn(a))]Ph(a))-i—Vnn,(a))Pt,(w):—,LLE(a))Nllz,
sample to theLeIectric field pulse of the lag¥t). The linear (5)
polarizationP;(t) oscillates in time like a harmonic oscilla- , , .
tor, with frequencyQ,, damped by a phonon-induced Wheren.n’=0,1 andn#n’. The exciton energfl,(w) and
dephasing ratd’,, and driven by the electric field of the the LL coupllngVnn_/(w) now include frequency-_dependent
exciting laser. These are the first and last terms, respectivel?,elf'energy corrections due to the2DEG scattering,
in Egs.(2) and(3). The parametey,,= V7, describes the LL
coupling of Ref. 27. We expect that the screening caused by
the doped electrons in the 2DEG should lower the value of
this coupling parameter for the MDQW case. The functionand

Qp(0)=Qp+t ——=——il, (6)
w—Q+iy

FL(t) describes the dephasing of the linear polarization
PL(t) through theX«— Y scattering process described above.

It evolves in time according to its own energﬁ~90
+Qu~Q4, and has a dephasing rajethat accounts ap-
proximately for all of the states into whichYaexcitation can

Vnnr(w)=Vnn,+

w—ﬁ-ﬁ-iy.

)

The frequency dependence of the above magnetoexciton en-
ergies and coupling constants is a manifestation of the non-
Markovian behavior of the system. This arises because part

scatter. The coupling parametéf gives the probability am-

plitude of theX« Y scattering process which drivé_sL(t). of the optical excitation is temporarily stored in the shake-up

2.0x10°® -

(b)

3.00x10™ -\

—LLO Signal
----LL1 Signal

(@)

FWM Intensity

3.0x10™
(c) (d)
] \ 1.50x10”
]
Q l". "
[2] 1
C 2.0x10* R ik
[4}] ' \ AR
‘E ] v " ‘l
— : - \\ . I‘
1 \
= . ' 7.50x10° h N
= 1.0x10* 4 ! S ' '\
- ,' \ [ S~y
1 \ ! v
/! APV ’/ . \
’ ‘s I’\‘ ‘ -\
1 M- ' .’ \,‘_\Q_‘ ,
‘M’\’\W__ L >
0.0 AT , . , . 0.00 e . - i
0.5 0.0 05 1.0 -0.5 0.0 0.5 1.0
At (ps) At (ps)

FIG. 15. FWM vs time delay for #88=8 T, from the LLO and LL1 maxima. The solid curves are the signals from LLO, and the dashed
curves are from LL1. The laser is tuned to excite LL1 preferenti@;1). The panels show the signdl® from the MDQW sample at low
density (=n/10), (b) from the MDQW sample at high density~(n), (c) from the undoped sample at low density, ddgfrom the undoped
sample at high density. There is a qualitative similarity betwdgrand (d) at high density, despite the large differenceganand(c).
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A A A
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A A FIG. 16. Magnetoplasmon cor-
relation(MPC) contribution to the

\
| | FWM signal. The first three pan-
7

: els describe the Stokes Raman
H scattering process for the creation
m 7 ’////%I of a MP excitation. The reverse,
anti-Stokes Raman process, which
7 7 returns the system to the ground
state, is shown in the final three
VB panels. Note the similarity of this

| | process and coherent anti-Stokes

Raman scattering with phonons.

LLO

N

A\,
A
A))

X

A\,

excitations described bP(t). At resonancew=Q, this  Of Ref. 27. The term of the second line is the familiar Pauli
energy dependence manifests itself as a large increase in tR€cking nonlinearity(PB), which exists even in atomic sys-
imaginary part of the magetoexciton energy, or a |arge in_temS, and comes from the fact that the excitations Obey the

crease in the dephasing. Sinfe-();, this leads to the in- Pauli exclusion principle. It is proportional to the coherent
. ) . L 2 .
crease in linewidth for LL1 observed in the linear absorptiondeNSity| Pr(t)|*, and can be thought of as the scattering of a

measurements. This effect is exacerbated when we considé@Ser photon with the coherent density of photoexcited carri-
higher orders in the applied field. ers. The third line is the nonlinearity due to the BX-X

At second order in the electric field, we must consider thentéractions. Similar to the Pauli blocking term above, we
interactions between two photoexcited pairs, and also influc@n describe this term as the scattering of the photoexcited
ence of the excited electron gas configurations. We approxiolarization with the coherent density of photoexcited carri-
mate theX-X interactions at the mean-field HF level. There €'S- We refer to this nonlinearity as the bare Coulomb inter-

is therefore only one second-order equation necessary for o@ction (BCI). While these effects are found in the HF model
model, the equation for the magnetoplasmon correlatim?f FWM in undoped semiconductors, the additional dephas-

function M(t), ing and screening from the 2DEG will lead to a qualitative
difference in the FWM spectrum.
i M(1)=(Qp—iym) M() The fourth line of Eq.(9) describes effects that are en-

Ly Ly . L tirely absent in the undoped case and come from the 2DEG
+[PIT () =P (OI[P1(t)—Pg(t)]. (8  excitations. The paramet®,, gives the strength of the MP
This correlation function describes the intermediate MpCorrelation contribution to the FWM signal. This source
state. The driving term of Eq(8) is similar to a coherent (€M, which describes the MP correlatioflPC), comes
density, | PL|2, and describes the creation of a MP excita-from photoexcitation and time evolution of the MP state,

tion from the photoexciteX states. The time dependence of described byM(t). It describes processes such as the fol-
M(t), which is found from the integration of this equation, 1OWing, shown schematically in Fig. 16. A photoexcit¥d

will lead to additional non-Markovian effects in the dynam- decays into &, or {X-MP} excitation. Thee-h pair in this
ics of the nonlinear polarization. state recombines, leading to coherent emission, which leaves

Finally we can write the equations of motion for the third- the 2DEG in an excited state. This MP propagates in time
order nonlinear polarization, which gives the FWM signal; @nd then interacts with the second photoexcKedto a new
X state, which is subsequently annihilated by the optical

i — i _ _ WP field. It is interesting to note the similarity of this process and
' %Po(1) =(Ro=1T0)Po(t) = VorPy (1) =WPLL) the familiar one of coherent anti-Stokes Raman scatt&ting
2pEt) | L, that, however, involves phonons. This process will contribute
+ Tpo(t)Po (t) the FWM signal with a new time dependence, which comes
0 from the equation of motion foM(t).
+2Vo [ P5* (1) — P5* (1) IPL (1) P5(1) The equation of motion foP,(t) contains similar source
terms,
=Wy M* (D[ P1(t) —PG(1)], 9 _
describes the LLO nonlinear polarizatidty(t). Let us dis- 19¢P1(1) = (Q1=11')P(t) = VaoPo(t) + WR(1)
cuss the meaning of the source terms in this equation before 2uE(t)
presenting the other third-order equations. P'i(t)Pli*(t)—ZVm[ P'i*(t)
The first line of Eq.(9) contains, as in the linear case of \/_1

Eqg. (2), the energy and damping for the oscillation of the ol L L . L
LLO polarization, as well as the coupling between the LL’s, Pg™ (1) ]P1(t) Pg(t) + WM™ (D[ P(1)
Vo1P4(t), and theP(t) term, which describes the additional - P(IS(t)]- (10)
dephasing from th&X«—Y scattering. . .

The second and third lines of E¢9) give the driving and is of course coupled ®(t) by the LL couplingVy;.
terms forPy(t), which are similar to the undoped HF theory Both Py(t) andP,(t) are coupled tdP(t), which describes
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the dephasing of the nonlinear polarization due toXkeY 1.0 4
scattering, as discussed above for the linear polarization
This serves to reinforce the dephasing induced by this scat
tering, as well as introduce time-dependent corrections to the
coupling. The full equation of motion foP(t) contains
many driving terms that come from the interactions among 5
the 2DEG* excited states. However, all of these terms, pro-g
portional toP(t), are damped by an additional dephasing §
width y, and thus lead to a broad incoherent contribution to g
the FWM spectrum. We will neglect all of these terms, and
keep only the source terms that describe the coupling to the

X states. The equation of motion f§(t) is then

—— MDQW Sample
- = = Simulation

0.5 1

} )

N
T = 1 T T v 1
1540 1550 1560 1570
Energy (meV)

iP()=(Q—iy)P()+[Py() —Po(t)]. (11 00
This equation is very similar to the equation of motion for

the linear correlation functioﬁ(t), except it is driven by
the nonlinear polarizationB; (t) —Po(t). It is interesting to FIG. 17. Simulation of the linear absorption spectrum. We fit the
note that the driving terms for many of these model equainear polarization calculated from the modehshed curveto the
tions [SeeL EqS-(42 and (8)—(11)] are proportional to the  MDQW sample absorption spectrusolid curvg. This fit is for
quantity P1(t) —Pg(t) or Py(t) — Po(t). This shows clearly v,,=0.5 meV, W=3.4 meV?, and y=2.7 meV. The fit is quite
that the correlations considered here are driven by the differgood in terms of the ratio of oscillator strength and peak width.
ence between the excitation of LL1 and LLO. The energy of
th's. m_duced polarization IS the difference in LL ENErYIeS, simulations are able to recreate both the transfer of signal
which s nearly resonant with the MP energy,_leadmg to OUlstrength to LLO and the pronounced beats coming from only
thanced correlation effects and non-Markovian time depen[he single level. The beat period in the simulation is given by
ence. . the inverse of the LL energy difference, as in the experiment.
We can solve these model equations and compare the re- When we move the laser to excite only into LL1, we can
SU|tS_ to the experlme_nta! data shown above. W@ start by a3so recreate the transfer of signal strength, as shown in Fig.
suming a laser excitation of the forrﬁ(t)=e'k2"€p(t)
+ekTg (t+ At), where&y(t) is the Gaussian envelope of
the pulses emitted by the laser. We then solve the equations
above as a function of time and time delayAt, keeping

only the terms leading to a nonlinear signal in the, 2 k;
direction, and perform a Fourier transform of the nonlinear
polarization to gefP(At,w). The FWM signal measured in
our experiments iSgg(At,w)x|P(At,w)|?.

By fitting the calculated linear polarization spectrum to
the linear absorption measurements taken to characterize our
sample, we can fix the parametevg; and W, and the
dephasing parameteis, and vy, to within =50%. This is
shown in Fig. 17, which compares the calculated absorption
a(w)=Im{xV(w)}=Im{P"(w)/&(w)} with our measured
absorption spectra for the MDQW sampleBat 8 T. The fit
is quite good overall, giving the correct ratio of peak heights
and widths. Recall that the valence band structure of the
sample leads to additional peaks in the spectrum, which we
do not include in our model. This gives the small peak just
above the LLO energy. Varying the parameters within the
fitting range ¢50%) yields is no significant change to the
calculated FWM signal. Essentially, this leaves us with two
free parameters in the calculation of the nonlinear polariza-
tion, the strength of the MPC terridyy, and the MP energy FIG. 18. Simulation of the FWM signal for excitation of both
Oy - . ) . . ) LLs equally. (a) The signal from the MDQW sample f@=8 T,

The S'mUIatéad FWM signal with the optimal choice of \;hen e excite an equal number efh pairs into both LLO and
parametersSiR**(At, w) is presented in Fig. 18, along with | (1 [same as Fig. @]. (b) The simulated signaZe®(At,w) for
the experimental resul8i2*{At,w), for the case where we the same conditions as). The laser pulse and absorption spectra
excite the two LL's equally. As the figure clearly shows, theare projected on the back screen.

H

N
o FWM (arb. units)

H

N
o FWM (arb. units)

1<}
o
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FIG. 19. Simulation of the FWM signal at=0 for the pref- £
erential excitation of LL1. The black line shows the signal from the *E'
MDQW sample forB=8 T, atAt=0, when we excite LL1 pref- g 0.1
erentially (60:1 excitation of LL1:LLO, same as Fig.),8and the s
simulation for the same excitation is shown in the dashed line. The E
enhancement of the LLO signal in the simulations is given by
RMedel= 19 8, within 15% of the experimental value.
19. Again the signal from LLO is greatly enhanced relative to At (ps)

LL1, just as in the experlment: Recal_l that for the EXPerl- g6, 20. Simulation of the FWM signal as a function &f for
ments we calculated the relative emission raBowhich o preferential excitation of LL1. The experimental results are
gives an estimate for the amount of LLO enhancement relagnown in(a), for the MDQW sample foB=8 T, when we excite
tive to the excitation densitjsee Eq.(1)]. For the MDQW || 1 preferentially(60:1 excitation of LL1:LLO, same as Fig),%t
sample and this excitation condition, we fourRf**®  he || 0 emission energgsolid curve and the LL1 emission energy
=17.5, whereR=1 corresponds to a “normal” response. (dashed curye The simulated data is shown i) for the same
For the simulations we fincR™%=19.8, which is within  conditions. The signals have been normalized for clarity. Notice the
15% of the experimental value. large negative delay signal from the LLO signal.

The model is able to describe the time dependence of this
signal as well. Recall that for excitation of LL1, the LLO correlations in undoped semiconductors. We have shown that
signal had a very largat<0 signal, so that the signal was the increased scattering of higher LL carriers with the 2DEG
almost symmetric as a function of time delay. In Fig. 20 weleads to an increase in dephasing and non-Markovian effects
show SIS%{At) at the LLO and LL1 emission energies, that can be seen even in the linear optical response. The
compared to the experimental results. The<0 signal is FWM results show a strong inter-LL coupling with an un-
much larger from LLO than from LL1, as in the experiment. usual time dependence due to the propagation in time of
This behavior can be traced to the non-Markovian dephasintpng-lived MP excitations and their interactions with the
of the polarization and the enhanced LL1 dephasing due tphotoexcited carriers.
the X—Y scattering.
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