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We present investigations of fs time resolved coherent wave mixing under high magnetic fiel
Our experiments reveal a new regime at high magnetic field and low excitation density dominat
by the Coulomb interaction. This regime is inconsistent with the semiconductor Bloch equations.
model which includes exciton-exciton correlation successfully describes many features of this regim
[S0031-9007(97)02390-9]
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Effects associated with quantum confinement have be
at the center of interest of solid state physics over the l
two decades. In particular, quantum confinement modifi
near band-gap optical processes in semiconductors i
nontrivial manner, which has been investigated with gre
success using time-resolved nonlinear optical spectrosc
[1,2]. Experiments of this type [3,4] have triggered
wealth of theoretical activities [5–8].

In a given semiconductor, almost all the processes
fluencing the near gap nonlinear response, Pauli block
(PB), static Coulomb interaction, and Coulomb correlatio
(CC) (screening, collisional broadening, exciton-excito
interaction) are normally determined by the fixed mater
parameters. Application of a high magnetic field provid
a perfect laboratory for studying the confinement depe
dence of these fundamental processes which govern
nonlinearities of semiconductors.

When a magnetic field,$B, is applied to a semiconductor
the lowest energy excitons remain Lorentzian, where
the resonances at the onset of the high energy Lan
edges exhibit Fano interference [9,10]. The magnetic fie
does not change the nature of Lorentzian excitons (LX
but strongly affects their internal structure, contracting t
relative motion wave functions,fnsrd, by a factor~j $Bj1y2

perpendicular to the field, and by a factor~ln j $Bj parallel
to it [11]. This confinement is expected to affect the
nonlinear optical response. The effect of a magnetic fie
on dephasing has been studied in the inhomogeneou
broadened InxGa12xAs ternary alloy [12].

In this Letter, we present the first experimental an
theoretical investigations of the effect of increasing tw
dimensional confinement on the mechanisms that gov
the nonlinear optical response of LXs. We used femtos
ond (fs) coherent four-wave mixing (FWM) under hig
magnetic field for studying the model material, gallium
arsenide (GaAs). We observed a smooth transition from
regime consistent with the semiconductor Bloch equati
(SBE) formalism [5,6] and the dephasing time approxim
tion (for smallB and moderate excitation) to a new regim
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strongly CC dominated (for largeB and very weak exci-
tation) where interaction effects beyond two-particle co
relation become important [7,8].

We have performed FWM experiments in the standa
self-diffraction configuration with co-circularly polarized
(s2), tlaser  100 fs pulses from a Ti-sapphire laser. The
polarization configuration was chosen to minimize the e
fects of bound biexcitons on the FWM. In this polarization
configuration the heavy hole (hh) or light hole (lh) canno
form bound biexcitons, but still interact via the Coulomb
force in the continuum of scattering states. Two pulse
with wave vectors$k1 and $k2 generate the FWM signal
emitted in the direction$ks  2 $k2 2 $k1. The pulses are
separated by a time delayDt (Dt . 0 when the$k1 pulse
arrives before the$k2 pulse). The intensities of the two
beams were adjusted so thatIk1 ø Ik2 , to keep the exci-
ton density approximately constant asDt is varied. The
samples are optically thins0.25 mmd high quality GaAs
layers grown by molecular beam epitaxy, sandwiched b
tween two AlGaAs layers, antireflection coated on bot
sides, and glued on ac axis sapphire substrate. They were
placed atT  1.6 K in a split-coil magnet with the field,
0 # $B # 12 T, applied perpendicular to the plane of the
sample. We have analyzed the FWM signal in three diffe
ent ways [10]. We measured the temporally and spectra
integrated FWM signal (TI-FWM) as a function ofDt. At
fixed Dt, up-conversion of the FWM signal with a refer-
ence pulse in a 1 mm BBO crystal allowed us to trace i
absolute-time profile, or time-resolved FWM (TR-FWM).
Its spectral content was measured, at fixedDt, with a spec-
trometer and an optical multichannel analyzer, giving th
power spectrum (FWM-PS).

For a homogeneously broadened atomiclike Lorentzia
two-level system, whose only nonlinearity is due to PB, th
FWM vanishes forDt , 0. ForDt . 0 both the TI-FWM
and TR-FWM decay with a time constantT2y2, whereT2
is the dephasing time [13]. Likewise, the FWM-PS is
Lorentzian peak with a width2h̄yT2. This contribution is
present for all material systems, including semiconducto
© 1997 The American Physical Society 1319
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in which, however, the Coulomb interaction produc
specific signatures in the exciton’s FWM response. It w
found experimentally that the TI-FWM does not vanis
for Dt , 0, but grows with a time constantT2y4, and that
the TR-FWM is delayed and nonexponential [3]. Th
behavior is well explained by the SBE formalism whic
is based on the Hartree-Fock approximation. It sho
that the static Coulomb interaction induces a coupli
between polarization and population, contributing to FW
for both Dt , 0 and Dt . 0 [5]. In the following, we
show that the FWM response is completely changed
the enhancement of the exciton-exciton correlation (XX
at low density and highB even in the absence of th
bound biexciton contribution. In this regime the very slo
rise time of the TI-FWM signal forDt , 0 is no longer
determined by the dephasing time, but by the time scale
scattering events between coherently driven excitons.
show as well that these interaction processes also mo
drastically the lh and hh contributions to the FWM-PS.

The samples’ low-temperature linear absorption sp
trum (not shown) exhibits two distinct exciton peaks [9
They correspond to the lh and hh bands, whose dege
acy has been lifted due to the mechanical stress indu
by the sapphire substrate. AsB  0 ! 10 T we see only
small variations in the linewidthsø0.8 meV. The hh-lh
splitting shows only minor changes withB.

Figure 1 presents a series of TI-FWM measured
B  0 ! 10 T for a low total density of excitonsNx ø
5 3 1015 cm23. For eachB the laser was tuned to keep th
exciton density constant. It is worth noting that becau
of the different shifts of the excitons and the band ed

FIG. 1. Time integrated FWM at low excitation density,N ø
5 3 1015 cm23, for different magnetic fields. From bottom t
top: B  0, 2, 4, 6, 8, and 10 T.
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when the laser is tuned to maintain a constant overlap w
the exciton resonances, the overlap with the continuu
changes, and so does the number of free carriers genera
When B  0 ! 10 T the signal peak intensity increase
by a factor of ø3. For B  0 T one sees a strong
asymmetric peak with a small but non-negligiblesDt , 0d
tail extending toDt ø 21 ps, i.e.,ø10 3 tlaser . The TI-
FWM profile and strength change almost as soon asB
is applied. The most striking changes affect theDt line
shape. Let us callS1

TI andS2
TI the TI-FWM signal observed

for Dt . 0 and Dt , 0, respectively. AsB increases
S2

TI increases significantly and becomes visible as far
Dt  29 ps forB  10 T. The TI-FWM shows a smooth
transition between two regimes: low fields,B ø 1 2 2 T,
and high fields,B $ 7 T. In the first case, although one
oscillation develops around20.5 ps, the variation ofS2

TI
is essentially exponential. WhereasS1

TI exhibits clear
quantum beats [14,15] superimposed on an exponent
A line-shape analysis shows thatS1

TI is well fitted by a
function of the forme2Dtyt1 s1 1 C sinvDtd. The beat
period extracted from the fit corresponds very well to th
hh-lh splitting seen in the linear absorption. The dec
time constant ofS1

TI is essentially independent ofB for
all values ofB, t1 ø 1.5 ps. Conversely, the rise time
constant ofS2

TI , t2, starts for lowB at aboutt1y2, but
then increases steadily withB. In the high-field regime
S2

TI develops a strongly nonexponential profile. For lon
Dt the envelope ofS1

TI experiences significant changes a
well, most likely reflecting those seen inS2

TI .
The SBE in theT2 approximation give a consistent in-

terpretation of the low field regimeB ø 1 2 2 T. For a
given B, there is an overlap between the laser spectru
and the absorption continuum. Carriers generated in
continuum screen the CC to some extent and induce a c
lisional dephasing of the excitons that can be characteriz
by aT2 [16]. The overall line shape ofS1

TI andS2
TI remains

qualitatively the same. AsB increases the magnetic con
finement affects the exciton internal structure, changing t
relative contribution of CC and PB. CC is further enhance
indirectly by the reduction in screening because (i) th
carrier motion is more restricted and the exciton “cro
section” is reduced and (ii) the laser-continuum overlap d
creases so that fewer free carriers are generated. The n
exponential line shape ofS2

TI is seen in conditions where
PB is completely inoperative,Dt ø 2tlaser , and CC is en-
hanced,B . 7 T. As numerical calculations demonstrate
the high-field regime does not lend itself to an interpret
tion within the SBE formalism, and the TI-FWM decay
can no longer be interpreted in terms of a dephasing tim

The extreme sensitivity of the CC-mediated nonlineari
to screening is further demonstrated in Fig. 2. There w
present TI-FWM traces obtained atB  10 T for densities
Nx ø 5 3 1014 ! 1017 cm23. At high and intermediate
densities,S2

TI and the decay of theS1
TI are well-behaved

exponentials, as expected in the relaxation time appro
mation. The corresponding time constants,t2 ø t1y2,
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FIG. 2. Time integrated FWM atB  10 T for different
excitation densities: (a)N ø 1017 cm23, (b) Ny2, (c) Ny3,
(d) Ny6, (e) Ny20, (f) Ny63, and (g)Ny200. Inset: Time-
resolved FWM atDt  2500 and 1533 fs, and FWM power
spectra atDt  2203, 0, and1201 fs; for this dataB  10 T,
Ik2 ø 4Ik1 , andN ø 1016 cm23.

decrease monotonically as the excitation density increas
This behavior is consistent with the SBE regime wi
collision-induced dephasing [16]. We have verified that
much higher densities,Nx ø 1018 cm23, where the photo-
carrier screening dominates,S2

TI disappears altogether. On
the contrary, at low densityS2

TI is again greater thanS1
TI

and clearly nonexponential. The evolution of the curv
from high density to low density in Fig. 2 parallels that o
the curves from low field to high field in Fig. 1. This simi
larity confirms our previous conclusions: increasing th
magnetic field reduces screening and enhances the CC
sulting in a smooth transition from a regime of screen
CC and collision-induced dephasing, consistent with t
SBE, to a high-field CC-dominated regime not explaine
by the SBE theory.

It is surprising to find in the TI-FWM that the quantum
beats are very pronounced inS1

TI , whereasS2
TI is pretty

much featureless. However, as shown in the inset
Fig. 2, we find that quantum beats are clearly visib
in the TR-FWM both for Dt . 0 and Dt , 0 as far
as 22.3 # Dt # 12.7 ps. Correspondingly, two clear
peaks are seen in the FWM-PS at the energies of the
and lh excitons. The separation between these two pe
agrees very well with the beat period of the TR-FWM. W
find that asDt is varied the hh FWM-PS linewidth,G, is on
es.
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average in reasonable agreement witht1, 1yG ø 1.5 ps.
We observe, however, significant variations ofG around
that average and more importantly (see inset of Fig. 2
sensitive dependence of the lh and hh oscillator strength
Dt. It should be emphasized that in the present (s2ys2)
polarization geometry no variation in oscillator streng
as a function ofDt occurs in the SBE formalism. The
changes in linewidth are also inconsistent with the SBE

To elucidate the high-field and low density regime w
have developed a model that includes XXC. Within th
x s3d truncation scheme [8,17,18], we express the gene
kinetic equations [8,17] in the mixed basis of Landau fun
tions and plane waves with$k k $B, and expand the polar-
ization on the magnetoexciton eigenfunctions. Consist
with the experimental conditions we only consider excito
exciton scattering states and not bound biexcitons. Al
we include only the contributions of the lowest twofol
degenerate lh and hh magnetoexcitons. Furthermore
focus on the coherent limit [17]. With these assumptio
the transition amplitudes,Peh, are determined byµ

2ih̄
≠

≠t
2 igx 2 eeh

0

∂
Peh

0

 SHF 1
X

qije0h0

sPe0h0

0 dpBeh0e0h
qij ,

whereSHF describes the usual Hartree-Fock source term
Except for the last term, this equation represents
multiband nonlinear Schrödinger equation which yiel
results nearly identical to those of the SBE theory. T
term containing the exciton-exciton correlation functio
Behe0h0

qij , is beyond Hartree-Fock theory [8]. The equatio
of motion of Behe0h0

qij is driven by products of polarization
amplitudes,µ

2ih̄
≠

≠t
2 igB 2 eeh

0i sqd 2 ee0h0

0j sqd
∂

Behe0h0

qij

 aijsqdPeh
0 Pe0h0

0 2 bijsqdPeh0

0 Pe0h
0 ,

whereaijsqd is the second order exciton-exciton intera
tion matrix element involving the ground state and t
i and j exciton states, andbijsqd is the corresponding
exchange contribution. Within the coherent limit the
equations are exact and describe rigorously all interact
processes that occur up to the third order in the field,
cluding excitation induced dephasing [19]. An examp
of the TI-FWM and of several FWM-PS obtained by nu
merical integration is presented in Fig. 3 which show
that the FWM signal is governed by the XXC. In qual
tative agreement with the experiments, the theoreticalS2

TI
exhibits an extremely slow rise time which is determine
by the memory kernel of the correlation function as lon
as gB is not too large. The lowest curve corresponds
the TI-FWM signal calculated without XXC. As com
pared to the case where XXC is included, the signal
1321
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FIG. 3. Theoretical time integrated FWM forB  10 T and
low density and FWM power spectra atDt  21, 20.5, 0,
10.5, and11 ps. The FWM-PS are not to scale.

about 1 order of magnitude smaller for0 # Dt and 3 or-
ders of magnitude smaller for largeDt , 0. This demon-
strates the spectacular effects of XXC on theS2

TI rise time.
If we take screening of the Coulomb interaction within
a one-dimensional plasmon-pole approximation into a
count, the effect of XXC vanishes smoothly with increas
ing density, as seen experimentally in Fig. 2. Anothe
immediate consequence of XXC is a considerable e
hancement of the FWM-PS lh peak due to the differe
masses occurring in the correlation functions appeari
in the

P
qije0h0 in the equation of motion ofPeh, in con-

trast to the SBE formalism in which the lh contribution is
nearly an order of magnitude smaller than that of the h
This results in a correlational enhancement of the osc
lator strength of the lh and hh which depends sensitive
on Dt as observed experimentally. ForDt . 0 the model
shows that the static Coulomb interaction (within the SB
formalism) is responsible for the beats seen inS1

TI with lit-
tle contribution from PB. Beats are also seen in the the
retical S2

TI . It is most likely that the attenuation of the
beat visibility in the experimentalS2

TI as well as the non-
exponential behavior of the TI-FWM at longDt have their
origin in exciton density correlations which contribute be
yond the coherent limit [8,17] and are not included in th
model. The model also predicts a strong effect of XX
on the FWM-PS linewidth in agreement with experiment

In conclusion, we have found that magnetic confine
ment enhances the effects of Coulomb correlation in c
herent wave mixing. We have also found that applicatio
of a magnetic field strongly reduces photocarrier screeni
by restricting their motion and increasing the gap betwe
the excitons and the two-particle continuum. More impo
tantly, we discovered that at very low excitation and hig
field the nonlinearity is dominated by processes beyo
1322
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two-particle correlation, and we have presented a theor
cal model that explains most of the observed features
terms of exciton-exciton correlation in the scattering sta
continuum.
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