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Kinetics of four-wave mixing for a two-dimensional magnetoplasma in strong magnetic fields
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We investigate the femtosecond kinetics of an optically excited two-dimensional magnetoplasma at inter-
mediate and high densities under a strong magnetic field perpendicular to the quanti@WjeWe assume
an additional weak lateral confinement which lifts the degeneracy of the Landau levels partially. We calculate
the femtosecond dephasing and relaxation kinetics of the laser pulse excited magnetoplasma due to bare
Coulomb potential scattering, because screening is of minor importance under these conditions. In particular,
the time-resolved and time-integrated four-wave-mixiRgVM) signals are calculated by taking into account
three Landau subbands in both the valance and the conduction band assuming an electron-hole symmetry. The
FWM signals exhibit quantum beats mainly with twice the cyclotron frequency. Contrary to general expecta-
tions, we find no pronounced slowing down of the dephasing with increasing magnetic field. On the contrary,
one obtains a decreasing dephasing time because of the increase of the Coulomb matrix elements and the
number of states in a given Landau subband. In the situation when the loss of scattering channels exceeds these
increasing effects, one gets a slight increase at the dephasing time. However, details of the strongly modulated
scattering kinetics depend sensitively on the detuning, the plasma density, and the spectral pulse width relative
to the cyclotron frequencyS0163-182808)04143-5

[. INTRODUCTION of more than 10 T, only a few Landau levels both in the
conduction and valence band have to be considered. The
Femtosecond pulse excitation in semiconductors induceBigh degeneracy of these Landau levels is partially lifted by
transient carrier populations, which can be studied througlspatial inhomogeneities and by size effects. The numerical
ultrashort-pulse nonlinear optics to elucidate many-body eftreatment of the broadening due to disorder, e.g., interface
fects, such as time-dependent Coulomb correlations. Numeftuctuations, would require a stochastic averaging over many
ous experimental and theoretical studies have been devot&édVM signal calculations, which is beyond present-day nu-
to this problem in the magnetic-field-free case in the past temerical possibilities for the complex carrier kinetics treated
years'—® Studies of femtosecond laser spectroscopy in théere. Therefore, we lift the degeneracy partially by a weak
presence of a strong magnetic field are relatively rare and angarabolic confinement potential. The Landau levels are
mainly focused on magnetoexcitons at low excitationbroadened by this confinement into Landau subbands with a
densities'™ For a strong resonant laser pulse which exciteshandwidth of about 2 meV. This weak parabolic confinement
an electron-holed-h) system with a density above the Mott allows us to treat the single-particle Sctirmger equation
ionization density, the kinetics is dominated by Coulombstill exactly in the presence of the magnetic fittdThese
scattering in the correlateg-h plasma or in the correlated eigenfunctions of the 2D electron provide a convenient ex-
magnetoplasma if a strong magnetic field is pre$eflie  pansion basis for the nonequilibrium many-body problem. A
femtosecond quantum kinetics and the expected four-wavstrong quantum confinement—here caused by the QW and
mixing (FWM) signal of the nonequilibriume-h plasma the strong magnetic field—is generally believed to slow
have been treated recently by ¥ual® using bare Coulomb down the relaxation kinetics because of the reduction of the
potential for times shorter than the build-up time of screenphase space for scattering procesdefndeed, for low-
ing. While the density dependence of the optical spectra of density magnetoexcitons, an increase in dephasing time has
quasiequilibrium two-dimensiondRD) magnetoplasma has been observeli However, this rule does not apply to Cou-
been calculated the kinetics of a magnetoplasma has beerlomb scattering, as has been shown recently for the example
studied neither experimentally nor theoretically. Moreover,0f exciton-exciton scattering in QW wiréd For decreasing
the existing theory for the kinetics with a magnetic field is wire width, a reduction of the dephasing time has been found
also not yet developed as far as in the field-free case. Howand explained in terms of the increase of the Coulombic
ever, as experimental studies of the relaxation and dephasingteraction matrix elements which overcompensated the re-
kinetics in quantum well§QW'’s) and superlattices are in duction of phase space for the scattering processes. There-
progress? we will provide a first calculation of the femto- fore, it is not obvious how the Coulomb intra- and inter-
second FWM signal of a resonantly excited magnetoplasmbhandau-subband scattering will influence the resulting
in a single quantum well. We concentrate on the study ofiephasing time in a dense magnetoplasma in detail.
carrier-carrier scattering, while phonon and disorder scatter- We present a kinetic study for a femtosecond laser-pulse-
ing is not considered. excited 2D dense nonequilibrium magnetoplasma in a QW in
A strong magnetic field perpendicular to the QW planethe framework of the semiconductor Bloch equations com-
forces the carriers on cyclotron orbits, thus causing an addibined with Coulomb scattering ratéSec. I). We expand the
tional guantum confinement. In a magnetic field of the ordeidensity matrix of a two-band semiconductor in the eigen-
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functions of the 2D electron in the presence of the strongrhis model has been used with a strong additional confine-
magnetic field and the weak parabolic confinement. We forment for the theory of the optical properties of thermal mag-
mulate the scattering terms for the population distributionnetoplasmas in QW wire's. A strong magnetic fieldB
functions of the various Landau subbands and for the opti=10T is applied perpendicular to the well. We assume
cally induced polarization components between the Landaglectron-hole symmetry, i.em.=m,=m with m, (m;) de-
subbands in the conduction and valence band in the form afoting the effective electrothole) mass. Within the Landau
non-Markovian quantum kinetic scattering integtasd in gaugeA=xBe, and effective-mass approximatidrto the

the form of semiclassical Boltzmann-type scattering rateslowest QW subband, the stationary 2D Salinger equation
Pronounced quantum kinetic effects are expected for timef a single electron can be solved exactiy<{c=1):

scales shorter than typical inverse frequencies. For the con-
sidered high magnetic fields, the cyclotron frequencies are so 1
large that quantum kinetic effects should be of minor impor—T +|+~——exB
tance. Furthermore, we prefer the use of the simpler semi I dy
classical kinetics, because there still exist some conceptual —q, (1)
difficulties for the quantum kinetic description, connected

with the spectral electron Green functions in a strong maguith the shifted Landau eigenfunction

netic field, as will be discussed below. We calculate the
time-resolved(TR) and time-integratedTl) FWM signals
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for two 50 fs pulses by taking into account up to three Lan- _& — 5 2
dau subbands in both the valance band and the conduction YndxY) \/|__y¢”(X <, @

band. The carrier frequency of the two delayed pulses is

tuned slightly above the unrenormalized energy gap. Wevhere ¢,(x) is the eigenfunction of thath Landau level
simplify the problem by assuming equal effective electron(n=0,1,...) andread$*

and hole masses, as can be approximately realized in strained

QW's. Naturally, unequally effective masses will lead to

more complicated quantum beat structures in the FWM sig- ¢n(X)=( @

nals and modify to some extent also the resulting relaxation Jm2™!

and dephasing rates. Thus our present study should be seen

only as a first idealized model calculation. The detailed nuwith H,(x) standing for thenth-order Hermite polynomial
merical results based on the semiconductor Bloch equatiorend o= \m(, is the inverse of the amplitude of the zero-
with Boltzmann-type scattering kinetics are presented in Segoint fluctuations.), is the effective oscillation frequency
Il for intermediate and high plasma densities. The FWM( = \/QTZ% wherew,=eB/m is the cyclotron frequency
signal is calculated by an adiabatic projection techniquend() is the frequency of the additional confinement poten-
which is appropriate for thin samples where propagation eftjg| The shift ox, = — wck/(MQ?) results from the balance

fects are not important. For many conditions, pronounceg,eqyeen the Lorentz force and the harmonic restoring force
guantum beat structures with two times the cyclotron fre'e(k/m)B:mQZ 5,
2 5%y,

quency are obtained bOth_'n the _TR_and Tl FWM signals. "~ single-particle energy spectrum of a conduction-band

Furthermort_a, often relaxation oscillations are seen betwe?@lectron in thenth Landau level and with momentuk is

the populations of two subbands, before they relax to theﬁiven by Egpi= Eo/2+ &, With

stationary values. The dephasing times obtained from the enk™ g nk

FWM signal are surprisingly short and strongly modulated as 2 12
. At 02 k

a function of the magnetic field. The unexpectedly short re- e

sulting dephasing times between 100 and 200 fs depend not nk Qi 2m

only on the field values, but also on the detuning, the pulse

width, and the excited carrier densities. In spite of the reandE, standing for the energy gap. The dependence of the

maining conceptual difficulties, we present also first quanenergy on the momentum in thedirection results from the

tum kinetic calculations and compare the FWM signals withadditional confinement of the QW, which broadens each

those obtained with Boltzmann-type kinetics in Sec. IV. ALandau level into a small Landau subband. The momenta are

conclusion of our main results is given in Sec. V. In anrestricted to

Appendix we give a list of the analytically calculated Cou-

lomb matrix elements for the first three subbands. K| <LymO2/(2w,) (5)

1/2
) Ho(ax)e” 129 (3)

+0y(n+3) 4

Il. MODEL AND KINETIC EQUATIONS because the center of the cyclotron should lie within the
sample widthL, . * It is interesting to notice that whem,
>(}, the inhomogeneous broadening is the same for all mag-
We start our investigation of a quantum well in they  netic fields as the increase &fspace in Eq(5) is totally
plane that is further restricted by an additional weak lateratompensated by the increase of the effective mass iri4xrq.
confinement in the direction, which lifts the degeneracy of ~ With Coulomb interaction and with the interaction with a
the Landau levels partially and provides a weak inhomogeeoherent classical light field, the many-body Hamiltonian for
neous broadening. The confinement is assumed to be givehe electrons in the conduction and valence bands is in the
by a harmonic-oscillator potential for the lower-lying states.basis of the above given magnetic eigenfunctions,

A. Model and Hamiltonian
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with v=c andv standing for the conduction band and the
valence band, respectivell, .= — E. is the energy spec-
trum of an electron in the valence band.

The Coulomb interaction matrix elements;.jm(q,k,k")
describe the scattering of an electron with momenkuftom
themth Landau subband to threh subband with momentum
k+q and an electron with momentuki from the jth sub-
band to theith with momentunk’ —qg. Due to the assumed
e-h symmetry, these four Landau subbands can be either

t t
X Cyink+qCo,iks —qCrik’ Coymkt His

ments are given in terms of the shifted magnetic eigenfunc-

tions by the following integral:

2me?

Vni;jm(q,k,k')=2 W
X

de dx e~ iax(x=x")
dx €p
X gy (X—= X+ OXq) pff (X' — Xy — OXq)

X (X" = OX1) pm(X— 6Xy), (7)

wheree, is the background dielectric constant. After substi-
tuting x—x+ 8x, andx’ —x’+ &xy: in Eq. (7), one gets

dx dx
Va?+ag f

X exp{—ig, x—x"+N(k—k")]}

2’7782/60
vm;;m<q,k,k'>=q2

X (X+ 0Xg) " (X = 8%q) j(X") (),
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Hi=—d2 EO)(CinConict HC). 9)

In this equationd denotes the optical-dipole matrix element.
The light field is further split intdE(t) =Eq(t)e'“!, with o
being the central frequency of the coherent pulsgt) de-
scribes a Gaussian puISTEbe*‘Z"Stz with 6t denoting the
pulse width.

B. Kinetic equations

Following the same scheme as for the magnetic-field-free
case in Ref. 3, appropriately modified, one may build the

isemiconductor Bloch equations for the QW in a strong per-

the conduction band or in the valence band. The matrix ele:

Bendicular magnetic fieldd on the basis of the magnetic
eigenfunctions as follows:

(10

pv,n,v’,n’,kzpv,n,v’,n’,k|coh+ pv,n,v’,n’,k|scatt-

Herep, , . o k represents the single-particle density matrix.
The diagonal elements describe the carrier distribution func-
tions p, n ,.nk="Tf.nk Of the nth Landau subband and the
wave vectork as diagonal elements, and the off-diagonal
elements describe the interband polarization components,
€.9. Penonk=Pn€ . For the assumed-h symmetry,
feni=fhn=Tfnk @nd the polarization only has components
between subbands of the same quantum nunmbér the
conduction and valence band, which simplifies the problem
considerably.

The coherent part of the equation of motion for the distri-
bution function is in the rotating wave approximation given

by

fnk|coh: -2 Im[ [dEO(t)/2+ qu Vnm;nm(Qak-k)

X P () [PR() 1 - (11

with A= —mw./a?. After an approximation concerning the The first term describes the generation rate by the laser pulse.

momentum dependence, the integrals of @y.may be car-

d is the optical dipole matrix element. For the assurael

ried out analytically. In the Appendix, the corresponding ap-symmetry, transitions between different subband quantum

proximation and the final expressions f;.jm(q,k, k") in

numbers are not allowed. The second term describes the ex-

terms of zeroth- and first-order modified Bessel functions arehange interaction correction of the exciting laser byehe

given.

attraction, thus it can be seen as a local field correction of the

H, in Eqg. (6) denotes the dipole coupling with the light time-dependent bare Rabi frequengdiy(t). The retarded

field E(t). In the assumee-h symmetry it contains only
transitions between Landau subbands of the same order:

. t
fodsca= =8 2 [Vaiyn(a kK +0)1? [ at’ Retel”
gk’ mij -

guantum kinetic scattering rates for the considered bare Cou-
lomb potential scattering are giveny

Hemk-q=enict ejk +qeik ) TIIA=tLE (4 )F (1)

X[1=fieq(t) L= Fier s q(t) 1= Frq(t) Fjir s+ q(t L= Fri(t) L= Firer (1) ] = PRt ) Prie—q(t")

X[ (1) = e sq(t) 1= P q(1) Pl (1)L F

nk(t,)_fmk—q(t,)]})- (12)
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In the derivation of this formula, vertex corrections havee-self-energy leads to some unphysical features in the quan-
been neglected. The scattering self-energy is evaluated bum kinetics of the considered magnetoplasma. For further
time-dependent RPA. Successively, the Coulomb potential iprogress in the quantum kinetics of a magnetoplasma, the
taken as a bare instantaneous potential and the two timealculations of the spectral functions have to be made more
dependent particle propagators have been expressed in ter@if-consistent in order to include the retarded onset and the
of single-time density-matrix elements and retarded ad- magnetic-field dependence of damping and the band mixing
vanced Green functions using the generalized Kadanoff-py the coherent light pulses and the mean-field Coulomb
Baym ansatz. For simplicity the retardédnd advanced interactions. These refinements have been developed already
Green functions have been approximated by a diagonal fregyy the simpler case of scattering with optical phonons with-
particle Wigner-Weisskopf form, i.eGy(t,t')=Gp(t',t)  out magnetic field>® However, for the time being, the
=—i0(t—t")el"1(Eg2+end=N(t-t') The effective damping complexity of the Coulomb quantum kinetics in a magneto-
I' in Eq. (12) is the sum of the four imaginary parts of the plasma prevents us from including these improvements in
retarded electron self-energy which is assumed to be simplthe present numerical evaluation.

the damping constany, so thatl'=4+~. We will discuss later The coherent time evolution of the interband polarization
that this approximation for the imaginary part of the retardedcomponents is

Pridcon=—18n(K) Ppi(t) +i OlEo(t)IZvL;4 Viomnm(d K K) P (8 [[1=2 fri(t) ]. (13
The first term gives the free evolution of the polarization components with the detuning
80(K)=224(K) = 80~ 22, Vom (8K K) (1) (14)

with Ap=w—E4. A is the detuning of the center frequency of the light pulses with respect to the unrenormalized band gap.
The second term in Eq13) describes again the excitonic correlations in the magnetoplasma, while the final factor describes
the Pauli blocking.

The dephasing of the polarization components is determined by the following quantum kinetic scattering integral:

. t . ,
Prilsca= — 4 > |Vni;jm(q,k,k’~l—q)|2j_ dt’ ({el 71 Emk-qT enict ejk +q ik =40~ T

gk’,mij
' ' ' ’ ' ' i ., Lt ’ Pnk(t)
X[Pri(t )Nmji(k—d,K",0,t") = Py (1" )Npji(k K, q,t") [} = [ne=m;i e j ke k—gik' <k +Q])—T—2,
(15
with the population factor
NpjiCk, k"0, ) =[1 = frt )L — Fjie 4 q(t) i + it [L = Fiaer (1)1 i (") = Pjicr 1 g(1 ) PR (L), (16)

and the energy difference §,(k)=2¢,k)—A, Gaussian damping, which does not lead to such severe vio-
=230 gVmnm(A.K.K) frg(t). Ag=w—E, is the detuning lations of the energy conservation as the Lorentzian reso-
with respect to the unrenormalized band gap. HEseis  nhances do.

introduced phenomenologically to describe additional slower It is noted that besides treeh symmetry, we have further
scattering processes. Equatidi§)—(12), (13), and(15) are  assumed that Coulomb Auger scattering across the gap can
the quantum kinetic Bloch equations for a magnetoplasma.be neglected.

In the long-time limit the quantum kinetic scattering
integrals are transformed into Markovian Boltzmann-type
scattering rates by pulling the slowly varying distribu-
tions and polarization components outside the scattering
integrals at the upper limit and by replacing the memory  We perform a numerical study of the Bloch equations in
kernels [ dt’expl[ —i(emk_q—&nk+ ek +q—eik) ~L1(t=t")}  the Boltzmann limit to study TR and TI FWM signals for
in Eq. (120 by 27&(emk-—q—enktTejk +q—€ik’) and  high magnetic fieldsg§>10 T) for two degenerate Gaussian
ft,oodt’exp{[—i(smk_q+snk+sjk/+q—sik,—Ao)—I‘](t—t’)} in pulses of a width of 50 fs and a variable delay timeThe
Eq. (15 by 27m8(emk—qt enkt €jkr+q— €ik’ —Ap) In the  pulses travel in the directiok; andk,. We use an adiabatic
limit of vanishing damping. In our calculations, for numeri- projection technique in order to calculate the polarization in
cal convenience we use energy resonances with a smdhe FWM direction with wave vectork—k, described in

Ill. NUMERICAL RESULTS BASED ON BOLTZMANN
KINETICS
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Py P, important to include higher Landau subbands for the kinetics

Py
1y ; \l \” 10! after the excitation. In principle, it is true even in situations
§t=50fs f|

08 |
06 |

04 [

|Ew)]? (arb. units)
|E()|? (arb. units)

02 |

3 10° the lowest Landawm=0 subbands: A certain number efs
” \ ” 1402 excited from then=1 to then=2 subband if only three
electron from the second Landau subband to the fifth sub-
small number of Landau subbands may change the Coulomb
10 andh’s are excited mainly in the lowest=0 Landau sub-
ings. However, the expansion of the number of matrix
ized energy bands for the optical transitions between Landau sub-

where the pulses mainly exciges andh’s only in the pair of
| ” excited in then=1 Landau subband can only relax to the
4 10" n=0 subband, if simultaneously the same numbee’sfis
subbands are included. On the other hand, if one includes up
to 5 Landau subbands, then it is possible to only scatter one
- 10-3
” ” band and in the mean time to release three electrons from the
” ” 1 10* second subband to the lowest subband. Therefore, a too
4 10° kinetics. For this reason, we restrict ourselves to the high-
I “ | magnetic-field regime in which for the chosen detunéig
0 1 1 1 1 1
40 200 20 40 60 80 100 120 bands. More Landau subbands are necessary in order to ex-
w-Eg (meV) tend the kinetics to lower magnetic fields or for larger detun-
. . ) .
e o oSS/, Nreases 2, i N being the ol
g pulse, "0g ber of Landau subbands considered. WKh+=3 in our
bandsn (=0,1,2) plotted as solid lines f@=12 T and as dashed model, thg number of form factors is already 81, while it will
lines forB=18 T. be 256 withN=4.

detail in Ref. 15. This technique is suitable for optically thin A. Intermediate-density case
crystals, where the spatial dependence can be treated We first discuss the Boltzmann kinetics for an intermedi-
adiabatically'® To do so, we replace the single-pulse enve-ate excitation density. To do so, we choose a pulse with
lope function in Eq.(11) by two delayed pulsesq(t) =0.1. We first show the distribution functiorig,(t) for n
=Eqo(t) +Eo(t—17)e'? with the relative phase¢=(k, =0, 1, and 2 versusandk for a one-pulse excitation in Fig.
—k4)-x resulting from the different propagation directions. 2 for B=12 T. Here and hereafter, the additional transverse
The projection technique is used with respect to this phaseelaxation timeT,, is taken as 300 fs. The energy-conserving
We further assume a resonant excitation with a fixed excess functions in the collision terms are replaced by Gaussian
energy ofAy=26.4 meV. The intensity of each pulse will be functions with a widtho=0.66 meV, which is much smaller
given by [Z  dEy(t)dt= xm, where y denotes the fraction than bothw. and the inhomogeneous broadening. Note again
of a 7 pulse defined without local field corrections. Other thatk is limited by Eq.(5). One sees how the carriers relax at
than m,, which is assumed to be equal ma,, all the other later times in the lowek states of the Landau subbands. We
material parameters are taken for bulk GaAs with an excitorplot the various carrier densitied;(t)=X,f;(t) against
Rydberg of 4.2 meV and a Bohr radius of 14 nm. For thetime t for the magnetic field8=12 T [Fig. 3@] and 18 T
sake of weak confinement, the harmonic-oscillator frequencyFig. 3(b)]. For B=12 T, one sees pronounced relaxation
Q) is assumed to be Qu, for B=7 T, corresponding td) oscillations of the populations of the lowest subbahNgét)
=1.2 meV. By fitting the energy) with the energy splitting andN,(t) in the first 400 fs. The period of these relaxation
to the two lowest subbands of a rectangular square welbscillations 60 fs) with successive overshoots in the
372/(2m Lf), we get the width in the additional confinement population of the Landau subbamd=0 andn=1 is given
direction to bel,=118 nm!! by the characteristic interband Coulomb scattering rate be-
In Fig. 1 we plot the pulse spectrum together with thetween these two lowest subbands. The total carrier density
three transitions bands for two magnetic fieldsBo£12 T N;=ZX;N; shows a slight Rabi flopping overshoot. The inco-
(solid lineg and 18 T(dashed lines The first transition band herently summed polarization(t) =X ;.| P;| for the two
corresponding td®, is due to transitions between the lowest fields are also plotted in the same figures. Strong quantum
Landau subband=0 in the valance band to the lowest sub- beats with frequency @, are revealed in the polarization for
bandn=0 in the conduction band. This transition band startdower magnetic fields up to 16 T. This effect may be mea-
an effective frequency), above the band gap at least in the sured by FWM. FoB>16 T, both the population oscillation
low-density limit. Similarly, the second transition band for and the beating of the polarization amplitude die faege
the n=1 Landau subbands in both valence and conductiorfrig. 3(b)]. Moreover, one sees that in the latter case the
bands requires the excess energ®,3 The Hartree-Fock carriers are excited practically only in the lowest Landau
terms in Eq(14) may redshift the energy of transition for the subband.
initial stage of excitation. From Fig. 1 we see that for high In Fig. 4 we plot typical TR FWM signals versus tinie
magnetic fields, the pulse mainly populates in the lowesfor B=12 T [Fig. 4a] and 18 T[Fig. 4b)] for two pulses
Landau subband. with the delay timesr=120 fs (solid curvg and 240 fs
As mentioned before, we include in our calculations thregldashed curve respectively. We find strong beating for
Landau subbands in the valence and conduction band. It iswer magnetic fields, whereas for higher fields the beating
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0

=T a0 6% 200 1000
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FIG. 2. The distribution functions of three Landau subbahgsf,, andf, are plotted as functions ¢fandk for a one-pulse excitation
with B=12 T. The units ok in the figures are one-tenth of the maximum allowed valuk défined in Eq.(5).

-200

becomes weaker. Only very small beats are foundBor beating structure disappears in the incoherently summed po-
=18 T in Fig. 4b). The beating totally disappears f@& larization. The beating frequency for the lower field is also
=20 T. The beating frequency for the TR FWM signal is 20.. Note again the different scales used foand 7. The
exactly 2w, for all magnetic fields where beating exists. dotted lines in both figures are the exponential fits to the TI
From the TI FWM signal as a function of the delay time FWM signal. From the fit one gets the effective dephasing
one can obtain the effective dephasing time. Therefore, wéme which is plotted as a function of the magnetic fiBldh

plot the TI FWM signals in the same figures, however pro-Fig. 5. Interestingly, we find for large magnetic fields that the
jected on the right and top scales. Again one observes quadephasing time decreases with increasing field for 4@BT

tum beats in the TI FWM signals for lower fields. A similar <16 T. However, there is a transition at 16 T. FBr
beating effect has been obtained based on a three-levei16 T, the dephasing time increases with increasing field,
model in explaining heavy-hole-light-hole beats by Leoalthough much slower than it decreased before.

et all’ Moreover, the beats become weaker when the mag- For a fixed pulse, several effects compete with each other
netic field increases because then the second subband lvehen the magnetic field increases. On one hand, the number
comes less important. F&=16 T the beating has already of Landau subbands which contribute to the Coulomb scat-
disappeared in TI FWM, which means that the polarizationtering kinetics decreases. In particular, the contributions to
component$,, are negligible in comparison 8, . Thisis the dephasing from the intrasubband and intersubband scat-
consistent with Fig. @), where the electrofthole) popula-  tering of the higher Landau subbands as well as the intersub-
tion in the second Landau subband is extremely low and thband scattering between the higher and lower subbands de-
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FIG. 3. Electron densities of three Landau subbaddand the 0 200 400 600 800 1000 1200 1400

total densityN, and the incoherently summed polarization plotted "
against timet for B=12 T (a) and 18 T(b). t(fs)

FIG. 4. TR and Tl FWM signals versus tinteand delay,

crease. For large populations in one subband the Paulgspectively, foB=12 T (a) and 18 T(b). For TR FWM, the solid
blocking may further reduce also the intraband scatteringurve is forr=120 fs and the dashed curve is for 240 fs. The dotted
rates. All these effects increase the dephasing time. On t jge is the exponential fit to the TI FWM signal. Note that the scale
other hand, with increasing field the degeneracy of Landau of the delay timer for TI FWM signals(top frame is different from

. . i le of the TR FWM si f ,
subbands increases and the matrix elements of the Coulon%?)e time scale of the signalbottom frame

scattering of Eq(8) become larger. How an increasing de- o ction of intersubband scattering so that the dephasing
generacy increases the scattering rates can be seen from Egs,o jecreases with increasigfield.

(12) and(15) in the extreme limit where the confinement is
lifted. Then there is ni& andk’ dependence in either distri-
bution functions or polarization functions. Therefoks, is
replaced bySmw./(27) (S standing for the 2D arg¥ In order to obtain a dense magnetoplasma with strong
which increases aB increases. Such an effect is also keptcarrier interaction, we chooge=0.3 corresponding roughly
after the weak broadening kspace is included. Thus both to a#/3 pulse, which provides a very high excitation density.
the increased degeneracy and the increased Coulomb matihe detuning is kept to b&,=26.4 meV. Note that the
elements reduce the dephasing time. Particularly, Bor local field renormalization will actually turn the optical
=16 T the above discussed increase in the scattering ratesBoch vector through an angle considerably larger théB.
overcompensated by the loss of the contributions of the inWe show the distribution functiofy,(t) with n=0, 1, and 2
tersubband scattering processes and the reduction of the imersust and k for one-pulse excitation in Fig. 6 foB
trasubband scattering due to Pauli blocking, so that a net12 T.

slow increase of the dephasing time with increasing B field is From the figure one can see that the carrier distribution
obtained. For 10 ¥B<16 T the increasing degeneracy and function for the lowest Landau subband is close to 0.5. This
the increasing Coulomb matrix elements dominate over theumber approaches 1 whéhis around 18 T. One sees a

B. High-density case
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FIG. 5. Dephasing time as a function Bf

pronounced Rabi flopping in the two lowest Landau sub-
bands. We further plot the carrier density against tinfer

two different magnetic field8=12 T [Fig. 7(@] and 18 T
[Fig. 7(b)]. The incoherently summed polarizations for the
two fields are also plotted in the same figures. Differing from
the intermediate-density case, strong quantum beats are re-
vealed for both field strengths, while the population relax-
ation oscillations with a period of about 100 fs are again only
well resolved for the low-magnetic-field cas8€12 T).
Again, the lowest Landau subband is always excited most
strongly.

In Fig. 8 we plot again typical TR FWM signals against
time t for B=12 T [Fig. 8@)] and 18 T[Fig. 8b)] for two
pulses with the delay times=120 fs(solid curve and 240
fs (dashed curve respectively. Similar to the intermediate-
density case, we find quantum beating for fields as high as 20
T with a frequency of exactly @., although for large fields
the beating become weaker. The TI FWM signals are plotted
in the same figures as functions of delay tim@pper time
scalg. Again one observes quantum beats in the TI FWM

025

0.2

2!

FIG. 6. Distribution functions of three Landau subbariglsf,, andf, versust andk for one-pulse excitation foB=12 T. The units
of k in these figures are one-tenth of the maximum allowed value dgfined in Eq.(5).
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FIG. 7. Electron density and incoherently summed polarization 0 200 400 600 800 1000 1200 1400
are plotted against timefor B=12 T (a) and 18 T(b). N,, (n=0, 1, t (fs)
and 2 is the carrier density in theth Landau subband\N;=N; ) ]
+N,+ N is the total density. FIG. 8. TR and Tl FWM signals versus tinteand delayr,

respectively, foB=12 T (a) and 18 T(b). For TR FWM, the solid

signals. Interestingly, the beating frequency is close to that i§urve is forr=120 fs and the dashed curve for 240 fs. The dotted
the incoherently summed polarization and is a little bitline along the TI FWM signal is the exponential fit to the TI FWM
smaller than 2, for higher fields. For example, whel  Signal:
=18 T, w/w.=66.5fs, whereas from the beating in
Tl FWM one finds a period around 76 fs. This difference smaller than 15 T, the second pulse further pumps electrons
may be understood in terms of many-body effects, such aBom valence band to conduction band. Due to the density-
band-gap renormalization, Pauli blocking, and excitonic endependent redshift of the subbands and the Pauli blocking for
hancement. We conclude that the quantum beats in the higlthe optical transition in the lowest subband, the second pulse
density case are also caused by interferences between thnereases the population of the second subband relative to
optically induced polarizationB,_q , andP,_ of the two  that of the first one. The ratio of the densities in the lowest
lowest subbands. two subbandsNg/N; falls from around 5.7 after the first

The effective dephasing is plotted as a function of thepulse to 4 after the second pulse whBrs14 T, and that
magnetic fieldB in Fig. 9. Once more we find a gradual number goes from 8 to 3.9 f@&=15 T. This means the role
overall decrease of the dephasing time with increasing fiel@f second subband becomes more important to the dephas-
in the regime from 10 to 20 T. This is in agreement with ouring. This gives rise to the sharp decrease of the dephasing
earlier results in the intermediate-density case for ¥@BT time. However, forB>15 T, the lowest Landau subband is
<16 T. The dephasing is mainly controlled in the whole already highly populated and due to the high-magnetic-field
range by the kinetics in the lowest two Landau subbandsvalue, the second Landau subband is already relatively far
Compared to the intermediate-density regime, one observesaavay from the center of the pulse, so that the second pulse
sharp dip around 15 T in the dephasing time. By investigatdepopulates the electrons from the first conduction subband.
ing the distribution function, we find the dip around 15 T is Although this causes again the density of the lowest subband
mainly due to the function of the second pulse. Wigeis  to be closer to the second one, the railg/N; after the
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FIG. 9. Dephasing time as a function Bf FIG. 10. TR FWM for pulses withy=0.3 and delay~

=240 fs. B=18 T. Solid curve, quantum kinetic result; dashed
second pulse goes from 3.9 at 15 T to 6 at 16 T. This clearlyurve, Boltzmann kinetics result.

indicates the loss of the second subband to the dephasing

processes and explains the fast increase of the dephasiggalitatively similar TR FWM signals, although the coher-
time from 15 to 16 T. After 16 T, although the first pulse ence of the polarization components is clearly larger accord-
populates more carriers to the lowest subband with increasng to quantum kinetics in the first few hundred femtosec-
ing magnetic field due to the density-dependent band-gapnds because of the retarded onset of the dephasing
shift, the rate of change becomes smaller as the lowest subrocesses in this theory.

band is nearly filled. However, the depopulation due to the However, we point out that the Consistency in F|g 10
second pulse becomes stronger with increasing magnetigepends on the choice &f and we failed to get consistent
fields. This can be seen from the fact tig/N; after the  results for all the fields and delays witme constant damp-

second pulse goes down from 6 15 T to finally 5 for  jng I'. A more detailed treatment of the damping of the
B=20 T. Our results show that the decrease of Pauli b|0Ckmemory kernel is needed for a consistent quantum kinetic

ing together with the increasing of the intrasubband scattertheory.
ing matrix element in the lowest subband dominate the
dephasing in the high-magnetic-field range and explain the

resulting decrease of dephasing time. V. CONCLUSION

In conclusion, we have performed theoretical studies of
IV. COMPARISON WITH QUANTUM KINETIC femtosecond kinetics of optically excited 2D magnetoplas-
CALCULATION mas for intermediate- and high-density excitations. Based on
a three-subband model in both the conduction and the va-
Because the assumed pulse duration of 50 fs is alreadgnce band, our study is restricted to high magnetic fields.
shorter than the period of our quantum beals  We calculated the intra- and inter-Landau-subband kinetics
=27/(2w:)=119.7 fs atBB=10 T, one may expect that the by bare Coulomb potential scattering and found pronounced
memory effects of the quantum kinetic scattering integralgelaxation oscillations to occur in the population of the two
already may play a role. Therefore, we performed also quarfowest Landau subbands for lower magnetic fields. We cal-
tum kinetic calculation based on Eq4.2) and (15). In this  culated both TR and TI FWM signals. Both signals exhibit
case, there is an undetermined damplhgn the memory quantum beats with frequencies around.2 Surprisingly,
kernel. In principle, this term should be a functionlafy,  the resulting dephasing times are rather short and are modu-
the magnetic field, and the electron distributions, and shoulthated in the strong magnetic field by about 30%. Depending
be determined self-consistenffyyHowever, the inclusion of on the detuning of the laser pulses, the pulse width, the ex-
such effects will complicate the quantum kinetics consider<ited densities, and the number of excited Landau subbands,
ably. Therefore, we took' as an adjustable constant. Such aone gets a decrease of the dephasing time with incre&sing
simple approximation causes the violation of energy conserfield because of the increase of the Coulomb matrix elements
vation in the long-time limit and we find that the results, and the degeneracy of the Landau subbands. In regions
particularly for the TI FWM signals and therefore the where the loss of scattering channels exceeds these increas-
dephasing, are highly sensitive to the actual value of théng effects, one can also obtain a slight increase of the
damping constant. dephasing time with the magnetic field. It is shown that the
In Fig. 10 we plot the TR FWM signal for pulses with retarded onset of the dephasing and relaxation processes in
x=0.3 andr=240 fs forB=18 T. The solid curve is based quantum kinetics results in a FWM signal which is more
on quantum kinetics with'=1.32 meV. The dashed curve is coherent in the first few hundred femtoseconds. However, a
the prediction based on Boltzmann kinetics as shown in Figconsistent theory of the decay of the memory kernel in a
8(b). From Fig. 10 one can see that the two theories givenagnetoplasma is still missing. Finally, we point out that
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more Landau subbands are needed to account for the kinetics
in Iowe_r magnetic f!elds. _A c_orrespondlng extension of thevm;jm(q,k,k’):E \/ﬁ
theory is still under investigation and the results will be pub- & VO© 0y
lished elsewhere.
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Defining two dimensionless variables=q?/4mQ, andy
=2xw?2/QZ as in Ref. 11, one can express the matrix ele-
ments in terms of zerothK(,) and first-order K;) modified
APPENDIX Be_ssel functions. As there exist the following symmetry re-
lations for the matrix elements,
We give the analytic expressions for all the Coulomb in-

_ (4 Nt mEit]
teraction matrix elements E¢B) up to the third Landau sub- Vaisim= Vimni= (= 1" Vi )

bands. We first show the approximation we take in our cal- =(— Nty (A3)
culation throughVgg.qo. After integrating outx and x’, mn .
Voo:00 Of EQ. (8) can be written into one only needs to calculate 27 terms. The remaining terms

may be obtained from the symmetry relations. In the follow-

2 ing we give these required 27 terms:

_e_e—(l/zmzaxj— a?\2(k—k')?

Van on=
00;00 €0 e2
" » e*ZZdZ AL VOO;Ooze_OeX7y7:KO(X)
—= [z—ian(k—K)]Z+ g% (27 with 2= a®\?3(k—k')?,
Due to the factoe™ @’ (—k)? Voo.00 decays quickly with

e? -
increasinglk—k’|. Therefore, the main contribution to the Vio00= — Vye Y EKg(x).
matrix element comes from small values |&f—k’|. We 0
therefore neglect the terimed (k—k') inside the integrand Here and hereafter the tergy strictly should beJy sgng),
of Eq. (A1). The remaining integral can be carried out ana-With sgn standing for the sign function. However, due to the
lytically. Similar approximation may be applied to other ma- fact the all the terms with the factafy do not appear in the
trix elements and, therefore, E(@) may be written as Hartree-Fock terms, we therefore just simplify it &g,

2
e —
V10;10:6_09X7y7:[(y_X)K0(X) +xKy(¥)],

2
e —
V11;ooze_oexiyiz[ — (X+Y)Ko(X) +xK4(x)],

e? .
V10;01=E—Oex_y_:[(1+X—y)Ko(X) —xKi(x)],

e? _
vn;ofE—OeX‘y‘:(y[<1+x+y>Ko<x)—xK1<x>].

2

e g
V11;11=6—Oe><*y*={[1+ 2x+ 2x2+y(y—2x—2) JKo(X) +X(2y — 1—2x)K 1 (X)},

e? g
V20;00=EeX*V*:[(ery)Ko(x) —xKy(x)],
0

e? _
V1.0~ — e—oeX‘y“Jy_/2[<3x+y)Ko<x)—3xKl<x)],
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e’ -
V02;01:E_Oex_y_“\/Y_/Z[(y—X)Ko(X)+XK1(X)],

2

\/260

Vip.0= —— € Y E[(x+y+2x2— y?)Ko(X) — 2x2K 1 (X) ],

2

Y =e—ex’y’5[(l 2—xy+x?)Ko(X) + (Xy+ 3x—x%)K1(X)]

02:02= ¢ 2Y XY 0 Yyt3 1(X) ]
2

\Y; =e—eX—y—E[(l 24 3xy+ X2 K(X) + (3 x—x2—3xy)K4(X)
00,22~ ¢ 3y y 0 3 YIK1(X)],

2
e .
V20;21:€_Oe‘x7y7:\/y[(%y2+X2+X_y_XY)Ko(X)+(Xy_ IX—=xHK1(x)],

e’ -
Vio;2= — E—Oex_y_” WL(3y? = 3x—y+xy—3x?)Ko(x) + (3= xy+ $)K (X)],

2
e -
TV TEL(GY* - ixy? = 2Py 33—y P DX 50Ko(X) + (3xyP+ 3x%y —xP— ixy— $xH)Ky(0)],

V . —
22,20 €

e =y
Vzo;o1=e—oex_y_” \/; [(y—x—=2)Kp(x) +xKy(X)],

2

&Y E[(y?— 2y~ 2x— 2x°)Ko(X) + (x+ 2Ky (X)),
\/260

V12;1o:

2
e 8
Voz.11= — e Y TE[(y2—2xy+2x%+ 2x—2y)Ko(X) + (2xy—2x2— X)K 1(X)],
0

e? .
V11;21:E—09X*y7: \[% [(3y—3x—2—y?+2xy—2x%)Kq(X) — (2xy— 2x*—=2X)K1(X)],

2
€ =
Vigo=— E—Oexfy“{[%(y— 2)(y? =2y = 2x—xy—2x%)+ 3x2+ 2x°Ko(X) + (3Xy?+ X%y — 3xy—x—2x° = 3x*)K1(X)},

2
e =
v21;2f6—0ex—y-~@[<%y3—%y2+3xy+%x2y—%xy2+%y—%x—1—§x2—2x3>Ko<x>

+(+ 3y?x— 3xBy— gxy+ 3x+ xH) K1 (3],

e? -
Voz;zo=e—oex_y_”[(1+ 2x =2y =xy+x*+ 3y?)Ko(X) + (xy—x*= 3x)Ky(x)],

2
€ =
Vi9.06= — E_Oexfyi“\/()’)[(l"‘ 2x— 2y —xy+x2+ 3y Ko(X) + (Xy—x2— 3x)K1(x)],

2
e -
1=E—Oex‘y‘:[(1+ 3x—3y—5xy+ 3y?+ Ix%— 33+ 2x3— 3x?y + 2xy?)Ko(X)

(= e bxy— x2- 23— x4 XKy ()],

Vi

2
e _
V21;21=E—Oex’y’:[(%y3— 2y2+ 2y — 3xy?+ Axy—2x+ 3x2y — 1x2— 2x3)K o(X)

+(3xy?— 3xy—3x%y + x+ 23+ $x%) K (x)],
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e? .
V22;22=€—0e"_y‘:[( 1y — 4x3y 4 3x%y%+ 2x4 — xy3— 2y3+ 6xy? — 11x%y + 7x3+ 5y? — 10xy+ £x% — 4y + 4x+ 1)K o(X)

+ (xy3—3x%y?+ 4x3y — 2x*— 2xy?+ 9x?y — 6x3+ 6xy— 6x°— 3X)K 1 (X)].
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