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Rabi oscillations of two-dimensional electrons under ultrafast intersubband excitation
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We investigate coherent nonlinear dynamics of two-dimensional electrons under ultrafast intersubband ex-
citation by mid-IR pulses. We include the effects of relaxation and dephasing, both homogeneous and inho-
mogeneous, as well as detuning within a non-Markovian equation to obtain temporal population redistribu-
tions. We show how, using a cross-correlation method, the effects of Rabi oscillations may be detected in this
system, and briefly discuss detection based on terahertz emission of radiation from nonsymmetric quantum
wells.
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The coherent dynamics and manipulation of two-leveltion dynamics under the influence of an ultrafast pulse. By
systems under ultrafast excitation dates back over three deonsidering the ideal limit, where dephasing and relaxation
cades, where the majority of focus has been on atomiare neglected, we show that our model reduces to analytic
ensembles. During recent years, much attention has beerexpressions which essentially recover the area thedfem.
given to interband coherent effects in low-dimensionalThe effects of the various damping mechanisms are reintro-
heterostructure%. In particular, investigations of single- duced in line with recent experimental measurements to in-
quantum dots under interband ultrafast excitafionhere  vestigate the degree of coherent behavior which can realisti-
dephasing times can be hundreds of picoseconds, have seedlly be observed. We extend our calculations to analyze a
the experimental observation of Rabi oscillations, providingdetection scheme based on cross-correlation absorption un-
the basis for possible readout devices for excitonic quanturier two-pulse excitation, and briefly discuss a scheme based
gates® Previously, interband Rabi oscillations under near-IRon terahertz emission from nonsymmetric QW’s. Such meth-
excitation had been observed in quantum wWéW) struc-  0ds have previously been implemented for the near-IR inter-
tures, albeit more highly suppressed by shorter dephasingand pump case:* We conclude with a brief discussion on
times>® Following these interband investigations, we inves-the approximations we have made.
tigate the possibility of Rabi oscillations betwees-1 and We describe the coherent dynamics of the system using a
n=2 conduction subbands in a QW under ultrafast mid-IRdensity matrix approach, evaluating the balance equation for
excitation. Advances in mid-IR femtosecond spectroscopi@n interlevel redistribution of population under a resonant
technique$ have culminated with recent experimental intersubband pump. We consider the response of the system
resulté suggesting that “partial Rabi flops” may be possible due to the interaction with an electric fieldg;
under relatively low pulse energies. Theoretical investiga=[E exp(—iwt)+c.c.Jw; perpendicular to the QW plane. The
tions of intersubband systems are therefore timely. dipole perturbation operator is’athexp(—iwt)+H,c_, with

The occurrence of subband Rabi oscillations undersh, — (jeE/w)o, w,, whereo, is the intersubband velocity
relatively low pump energies in low-doped QW's is made gperator andw, is the form factor of the pulse. We write

possible due both to the reduction of the LO-phonon emisihe  high-frequency component of the density matrix,
sion rate(assuming that interlevel energy is much greater—

than the optical phonon enernggnd also the reduced effi- Speexp(-iwt) +H.c., in the fornt
cien((:)g/ ogloelectzron-electron scattering at low densities
(~10°-10" cm ©). The inclusion of the role played by __ 1 (o P - e,
dephasing mechanisms is crucial for any description of co-0pt= @f dt’e"/27 1t MU shy ) pyyqr]e” (7N,
herent intersubband optics. Although a complete treatment - 1)
requires the full rigor of many-body calculations, we show in
this paper that treating the different damping terms phenom- ] ] ] ]
enologically within a non-Markovian quantum kinetic Where the dephasing time, describes the decay of the in-
scheme gives clear indications of the interplay between thduced coherence, arfdis the period-averaged Hamiltonian
various time scales involved, and provides insight into theof the QW. The density matrix averaged over the period
possibility of coherent manipulation. Experimental 27/, ;)t, obeys the quantum kinetic equation
observations show that carrier-carrier dephasing rates are
effectively independent of carrier density at low concentra- R
tion (~10° cm 2). We therefore restrict our study to the ipy 0 am A
low-density regime where the assumption of constant o T 7ed=Git s, 2
dephasing is approximately valid.

After introducing the framework of the two subband .
model, we consider the balance of population redistributiongvherel s is the collision integral. The time-dependent gen-
to derive an integrodifferential equation governing popula-eration rateG; is given by
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with non-Markovian dependence q}g In the resonant ap-
proximation, we consider two statg), j=1,2, which we
take to have parabolic dispersion laves;+ p?/2m. In this
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case one can neglect the off-diagonal terms in the density g, 1. Temporal population redistributiosin, for the ideal

matrix under the condition’i/3217<1, wheree,, is the in-
terlevel energy and- is the characteristic relaxation time.
According to particle conservation, we ha@ = — Gy
=Gy, and the generation rate can be written in the form

ev,E\> o
o | Wt 7ocdt Wit by (Foptetr = Frpreer)-
4

Here fjpt=<j;3J[)t|jp> is the population of thejth state,
(2], ]1)=(1]v |2)*=iv, is the interband velocityAw
=w—egy/h is the detuning frequency, and the kernel is
given by ¢,=cosAwt)exp(/r,). Taking into account the in-
homogeneous broadening of intersubband transitions

Gpt=2

£21(X) =&,11 dg, in the x-dependent generation ra@,,; .
By averaging over the two-dimension@D) plane, the de-
tuning term in the generation rate beconfessAw,t). We
therefore replace the kernet); in Eq. (4) with &,
= ¢exf —(W\2%)?], where y=\(6e,0¢,) is the energy

broadening due to nonuniformity.

Within this framework, we can now define the concentra-

tion in thejth level asn;;=(2/L?) = f;,; L? is the normal-

ization area and the factor 2 is due to spin. The balance

equations have the form

d|Nyt Gy (ng/dt)gc
—| = + , (5
dt|ny| |—Gy |(dn,/dt)e.

where  G=(2LA)=jplGlip) and  @n;/at)

=(2/L2)Ep(jp|fsc|j p) describes interlevel relaxation. Due to
particle conservatiom,;+ny;=n,p, Wheren,p is the total
2D concentration, so thatdf,/dt)s.+ (dn,/dt).=0. De-
fining the population redistributiod n;=n4;—n,;, and de-
scribing the interlevel relaxation by the relaxation timg
we transform Eq(5) into

dAn,

dt

Ang—nyp
2G+ —,
71

(6)

where the generation ratg, is expressed throughn, ac-
cording to Eq.(4). We solve EQq.(6) subject to the initial
conditionAn,_, _..=n,5. Upon substitution of Eq(4) into
Eqg. (6) we obtain the non-Markovian integrodifferential
equation

dAn,
dt

t

+ ertf

dt, Ant_nZD
_Wtrq)t_trAntr +—:0, (7)
Tp T1

case f;—x,d,—1) due to secantthick solid curve pulses of
duration 7, (FWHM). The pulse profiles are shown as the dotted
curves. Panelgi) and (i) correspond to pulse areds,== and
2.5, respectively.

where we have introduced the phototransition frequency
=(2ev, E/hw)zrp with 7, the pulse duration. Factors which
suppress the coherent response are described by the param-
eters (7-1,2)*1 and /%, as well as detuning of the pulse from
resonance\ w.

Before we resort to numerical solution of E), we
consider analytic solutions in the limiting casg,—%, v
—0, andAw—0, (i.e., ®;,—1). Equation(7) can then be
transformed into the second-order differential equation

we
considet® an in-plane nonuniform intersubband energy

d?An,
dt?

1 dw; dAn,

w; dt dt

Vr
+ J—
Tp

w?An;=0, (8)

to which we apply an additional boundary condition
[wt‘ldAnt/dt]H_wzo. The population dynamics in this
regime can be described by the expression

t/T,
Antzcos( \/Vrrpj pdzwz> ,

which we illustrate in Fig. 1 for a secant pulse with duration
7, full width at half maximum(FWHM). As expected, popu-
lation redistributions are solely determined by the area of the
incident pulseA,= \v, 7./~ .dzw,. As illustrated in panels

(i) and (i), which correspond to secant pulses wikh= 7w

and 2.7, respectively, population can be distributed among
the two levels according to the area theorem.

The condition for population inversiod,= 7 can be ob-
tained by a secant pulse, with duratiep= 100 fs, having a
free space intensity per unit area of 5.22 MW#crin order
to achieve efficient coupling of the transverse field to the
intersubband dipole, we consider a sample polished into a
45° prism geometry. With this geometry, approximately 33%
of the incident power can be coupled to the transition. We
assume parameters for a typical GaAs QW, of width 85 A,
corresponding to an interlevel energy Hiw=100 meV.
Both sets of parameters are typical of recent experinfents.

To study the effects of the various damping processes, we
solve Eq.(7) numerically using a form of Picard iteration.
We take as example a secant #.fulse, and consider the
effects of the parameters,, 7,, Aw %, and\/2%/y, setting
each in turn tor, with the other three set to the limiting
values as outlined above. The results are shown in Fig. 2.
LO-phonon emissiorr, causes slow relaxation of the popu-
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FIG. 2. The suppression of the ideal Rabi flggolid curve FIG. 4. Differential cross correlations, shifted vertically for clar-

under 1.6r pulse excitatioidurationr, (FWHM)] due to: detuning ity, for different pulse areagnumbers to the left of peaksas a
(dot-dashed curyeinhomogeneous broadenifdashed curye ho-  function of reference time delay,;. Inset. Temporal absorption
mogeneous broadeninglotted curve, and LO-phonon emission (dotted curvé and density variatiofisolid curve for the pulse with
(dot-double-dashed curueEach parameter is varied in turn with areaA,=1.25r.
the rest set to ideal values.
population redistributions due to these parameters. Although

lation back to the ground state after the pulse has passed. f@mplete inversions are suppressed, we estimate that up to
contrast, the effect of a large detuning as well as broadenf0—80 % of the initial distribution can be coherently excited
ings, both inhomogeneous and homogenea®i( y,,), is  to the upper level with a resonant pulse, Fig. 8a) (i).
to cause suppression of the Rabi flop during the pulseEffects of pulse area can still be seen in the population 1 ps
Clearly the potential for coherent manipulation depends orafter the maximum of the pulse intensity. However the ques-
the interplay between these processes. tion remains as to whether these density flops can be de-

To include realistic estimates of these parameters, we tak@cted experimentally. We now consider two possible sce-
experimentally determined values of coherence times for &arios.
typical samplé® Four-wave-mixing measurements provide Following the interband exampfewe calculate cross-
a value for the homogeneous broadening corresponding to @®rrelation functions comparing changes in pulse modifica-
electron-electron scattering time of the order 320 fs. LO-tion due to transmission through unexcited and weakly ex-
phonon emission times are estimated to be between 1 andcted samples. With the induced current density written in the
ps. As a conservative estimate we take=1 ps and calcu- standard form:Jt:(Ze/LZ)Ejj,pv“,<j ’p|’6})t|jp), we can
late the system response to a 10@F8VHM) pulse tuned to  use Eq.(1) to express the induced current througgh,. The
the 12 transition atE=100 meV, and allow for a detun- absorbed poweP,=JE,, where the overline means the av-
ing of up to 12 meV. In Figs. @) and 3b) we show the erage over the period, is written in the form

(zeVL E)Z 0 t//
=W, dt’'w;,.e' '"2cosAwt’ Ang ¢ .
hw —o
a t (10
= I
= % — . o The transmitted intensity of a single pulse is thus given by,
< — N ] I¢=1,—P;, wherel,<|E{2. 4, the transmitted intensity of

an identical pulse after weak excitation of the sample by a
. prepulse, is similarly extracted from EqS) and(10) using

01 0.0 01 0.2 the two-pulse form factor,w,—wP'®+ Bw;, where g
=E/E,¢ is the ratio of the maximum of the electric field of
the pulse and prepulse. The cross correlation is thus

i N ‘ el Trar) f A lo(O— 1O (= 7re), (1D

6~ 05t 1.0m L5t 20n 251 30m
P wherel,(t— 7,¢) is the intensity of a reference pulfee

_ 2 i
FIG. 3. (a) Temporal population redistributions between sub- take I (t—7re)*[E]. The interval between pulse and

bands levels 1 and 2 due to excitation by a 100A&/HM) secant prepulsg is kept fixed at 600 fs allowing for no .Coherent
pulse of aredi) m, (i) 3. Decay parameters are taken to he interaction between pulses. The prepulse area is fixed at

=320 fs, 7;=1 ps, corresponding to a two-level system homoge-Aépre):0-257T- The intensity(area of the pulse and hence
neously broadened by 4 meV. The effect of detunings of 6 mewvreference pulse is varied and the cross-correlation,(Ef,
(dot-dashed curvésand 12 meV(dashed curvésare also shown. calculated. The results are shown in Fig. 4. The appearance
The fraction of population excited at 1 ps after the maximum pulseof zero crossings in the cross correlation, which move to
intensity is shown as a function &f; in (b). shorter time delays with increasing pulse intensity, is exactly
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the behavior expected due to Rabi flops. These crossingBmit. We expect that microscopic considerations based on
which occur due to the dependence of the cross-correlatiomany-body calculations of the various damping processes,
signal on the temporal derivative of the excitation densitytaking into account in-plane inhomogeneities, may slightly
during the pulse, show that the system has been drivemodify the nonlinear response. However, we do not expect
through a density maximum—a partial Rabi flop. large departures from this simple model for the low-density
In addition to this cross-correlation scheme, we envisageegime we have considered. Due to the prism geometry we
detection based on the charge oscillations of a Rabi floppingayve assumed the finite length of the pulsmust be taken
population in a nonsymmetric QW with dipole moments  jnto account. For typical experimental parameters we esti-
andd,. The temporal dependence of the induced dipole momate that.~ 15 um, thus setting a limit on the sample area,
ment ny,d; + Ny dp(1—-dp/dy)Ang connects the temporal and hence amplitude of response we can describe. However,
population dynamica n, with the induced oscillations of the e note that the temporal dynamics we have described are

electric field. The response can be measured by the methqght changed ak typically exceeds the characteristic kinetic
employed in Ref. 8, as well as by the emission of terahert -

fengths and v/v,, wherev is the characteristic in-
radiation. We note that the experimental methagsed for Iage v,elfgcl:iiy Oi%e v
the detection of terahertz radiation under interband excitatiorﬁ) In conclusién we have developed a simple description of
was carried out with carrier densities comparable to those Wg, i oscillations between subband levels in low-doped
have conadergd. . . QW's. We have considered the population dynamics of a
Our calculations are based on a few assumptions. Sin

S . . two-level system under ultrafast mid-IR radiation in a non-
the Coloumb renormalization of the intersubband absorpt'o'ﬂ/larkovian quantum kinetic model. Our calculations, based
((jdue (tjo d\iﬁo(lgrliatlgrl;nd eﬁchangg: ef;fk(cjﬂs;ve_aklm lOV‘t’.' | on realistic pulse and material parameters, show that coher-

oped QW's(Refs. 9,13, we have a opted a singie-particie o, manipulation of the order of $@lectronsdepending on
approach. All homogeneous relaxation and dephasin

. . . . 8rea of excitationshould be possible under relatively low-
mechanisms including electron-electron scattering and L n P y

o . _— - power excitations.
phonon emission have been considered phenomenologically

with inhomogeneous broadening included in the long-scale This work was funded by Science Foundation Ireland.
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