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Far-infrared-driven electron-hole correlations in a quantum dot with an internal tunneling barrier
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Laser excited and FIR-driven, time-dependent electron-hole correlations in a prototypical GaAs quantum dot
with an internal AIGaAs tunneling barrier are studied by numerical propagation of the time-dependént Schro
dinger equation. The dimensions of the dot arex 28X 25 nnt (denotedx, y, andz directions, respectively
The width of the symmetrically placed barrier in thelirection varies between 1 and 4 nm. The simulations,
including a screened Coulomb interaction, time-propagates the electrorielxaieon wave function within
the effective mass approximation. The Coulomb correlations are treated within the time-dependent
configuration-interaction method. The hole mass is chosen to be heavy along the growth direet@hlight
in the lateral directions. The presence of the barrier allows the energy splittings of the excited states to be tuned
for optimal correlation effects. Three cases illustrate how sequences of NIR and FIR pulses can excite and
probe coherent correlation effects. Case I: A single FIR-coupled dark eigenstate can be used to modulate
correlation induced beatings in a pair of optically excited eigenstates, but the beating is not significantly
transferred into the dark state. Case II: With appropriate FIR pulse widths and center frequencies, a coherent
optical excitation in a pair of correlation split states can be transferred unchanged into and out of a pair of
optically dark states split by similar correlations. Case lll: Correlations open new optical pathways that, for
example, allow FIR pulses polarized in thelirection to transfer an excitonic excitationrto an excitation
in the perpendiculay andz directions.
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[. INTRODUCTION their interaction with NIR and FIR laser pulses.
In this paper, we introduce an AlGaAs tunneling barrier in

A nanoscale semiconductor quantum dot of typical di-the dot and show how the barrier width can be used to tune
mensiond of the order of an excitorielectron-hole pajr  the correlation effects and how FIR laser pulses can be used
diameter(20 nm in GaA$ has unigque optical properties due to probe the coherent time-dependent correlations in states
to the interplay between confinement and correlatidithe  that are not accessible by direct optical excitation. For ex-
Coulomb interaction between the electron and the hole formample, using sequences of NIR and FIR pulses we show that
the exciton—a hydrogenlike system with radiaig, scaled coherent optical excitations can be transferred between radia-
by the dielectric constant of the semiconductor and the eftive and dark pairs of excited states, and that new FIR path-
fective masse§The interplay between confinement and cor-ways are created by the Coulomb correlations. Although we
relation is less important for both larged¥$a.,) and throughout use the term “internal barrier,” our model is also
smaller dots <a.,). For large dots, confinement effects are representative of two coupled quantum dots. However, our
negligible, whereas for small dots confinement effects domichoice of materials is based on the notion of an epitaxially
nate and the correlations are weak. The typical energy scalgrown internal barrier, with the prototypical materials being
for Coulomb interactions and kinetic excitations in a dot withan AlGaAs barrier and GaAs wells between AlGaAs outer
d~aey is 1-100 meV. walls. For coupled quantum dots, the prototypical case

If an internal tunneling barrier is introduced in the quan-would be stacked self-assembled InAs pyramids embedded
tum dot, the typical energy splitting caused by the barrier isn GaAs. In addition, since the simulations use a simplified
of the order of tens of meV. The tunneling dynamics is thereimodel, the particular dot dimensions or pulse parameters are
fore strongly coupled to the kinetic and correlation dynam-not essential. Our goal is to describe different correlation-
ics. The resulting strong coupling between kinetic, correlainduced effects that can be optically excited and probed and
tion, and tunneling effects can be probed by short neathat we judge to be qualitatively similar to those expected of
infrared(NIR) pulses, with spectratidthsof the order of the more realistic dots.
characteristic excitation energi€s—100 meV, and by far Other theoretical work on nanoscale semiconductor struc-
infrared (FIR) pulses with frequencies that can resonantlytures has focused primarily on the stationary properties. Bry-
couple the excited states. That is, NIR pulses can be used tnt applied configuration-interaction methods to obtain the
set up coherent beatings given by the energy splittings, whileorrelated bound states of excitons in quantum dots, includ-
the FIR pulses can be used to make population transfers. ing the tunneling between coupled ddts® This has been
previous work, we have shown how NIR pulses can be usetbllowed by several other calculations of exchange and cor-
to excite and probe time-dependent correlations for amelation in quantum dot¥! Optical excitations, including
excitor? and for a biexcitofiin a single GaAs model quan- both interband and intersublevel transitions, have also been
tum dot. These results were obtained by numerical timestudied extensively. For examplie; p theory, pseudopoten-
propagation of the many-electron ScHimger equation in- tial methods, and tight-binding models have been used to
cluding both the Coulomb interaction between particles andalculate the optical absorption spectfz?® A study of the
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25 nm along the shortex dimension, the convenient choice of the
5&\9\ g 7 quantization axis is along. The heavy hole along has
// g angular momentund,=*=3/2 and the light hole hag,=
X = — 5 +1/2. We choose the hole that is heavy along the growth
E :‘:3 — 1-4nm _ — Py direction and hence light in the lateral directions. That choice
Y B >~ // gives the lowest energies, and the electron and hole have
- “C AIGaAs approximately equal masses in the lateral directions, which
GaAs gives an optimal interplay between kinetic and correlation

effects. The masses used ang,=0.5m,, m;,=0.08n,, and
FIG. 1. Our model: a GaAs dot with an internal AlGaAs tunnel- me=0.07m,, wheremy is the free-electron mass.

ing barrier placed symmetrically in the dot. The tunneling barrier The exciton Hamiltonian has the forin atomic unit3
has a finite potential for the electron and the hdlg<£0.3 eV and

=0.1 eV). The potential of the outer walls is infinite. The hole 1 g2 1 g2 d2
mass is heavy along the growth directiof and light in the lateral H=— —— — — _( _)
directions. 2Mpn dx2 2Min\ dy2  dZ
; o i } 1 [ d? d2 d?
intersublevel absorption in coupled dots verified that the ab _ - L HFVp(Xp) + Ve(Xe)
sorption is strongly affected by the distance between the 2mg dxﬁ dye dzﬁ i ere
dots?* The effect of the electron number on the FIR absorp-
tion spectrum has also been investigatetf. 1 A A
Experimental work on nanoscale semiconductor struc- elro—r4| + Dinter Enir(t) + Dintersus Err(t), (1)

tures usually involves excitation by NIR and FIR pulses. The
exciton recombination process occurs on a time scale of
few hundred picoseconds to nanoseconds, which is easi
accessible to time-resolved photoluminescence. Photolumf
nescence experiments have been used to show the presei€ barrierVi(xy) is given by
of excitons in a variety of dots via their sharp spectralv (X1)

features’’~3 For example, individual InAs quantum dots h
embedded in GaAs have been investigated using optical ‘0_0 eV for—L,/2<x,<—al2 anda/2<x,<L,/2
spectroscopy at different temperatures and excitation

intensities> The effect of changing the intersublevel spacing

in self-assembled InAs/GaAs dots has also been investigated (2)
by photoluminescence studies. The level spacing was modi- :

fied by adjusting the growth temperatiife or the layering &ind the electron barriere(xe) by
thickness?® Far infrared absorption in self-assembled quan-, o(Xe)
tum dots has shown that the electronic coupling between the®

dot states leads to intersublevel absorption at THz 0.0 eV for—L,/2<x.<—al2 anda/2<x.<L,/2
frequencies®“® Third harmonic generation associated with :[0 3 eV for—a/2<x.<a/?

intersublevel transitions, and in-plane polarized intersublevel ' € ’

absorption have also been observed in self-assembled InAs/ ()]
GaAs dotg!! 42

here the first two terms represent the kinetic energies of the
le in the growth and the lateral directions, respectively,
nd the third term is the kinetic energy of the electron. The

“lo1 ev for—a/2<x,<al2

wherea is the barrier width, and., is the length inx. The
sixth term in Eq.(1) is the screened Coulomb interaction. In

Il. THEORY the last two termsDInter and D,mersub are the interband and
intersublevel dipole operators, respectively, d@ggg and
Err are the NIR and FIR laser fields, respectively. We take
Our model, shown in Fig. 1, is a prototypical GaAs quan-the direction of incidence of the NIR pulses and the polar-
tum dot with an internal AlGaAs tunneling barrier of finite ization for the FIR pulses along the axis. Therefore the
height and adjustable width. For simplicity, the potential ofintersublevel transitions occur only in that direction.
the outer walls is infinite. The dimensions of the model are The barrier heights above were chosen by the following
13x25x 25 nn? (denotedx, y, and z directions, respec- considerations. In a realistic system, the barrier height de-
tively). GaAs has a direct band gap of 1.5 eV fromp-type  pends on the aluminum concentratinrof the AlL,Ga, _,As
valence band to astype conduction band, and a dielectric barrier material which has a direct band gap at room
constante=13. Within the effective-mass approximation, we temperaturd®4’ The GaAs direct band gap 1.5 eV that we
treat a single exciton confined in the dot. The hole states arese in our model is for 0 K. The temperature-dependent
fourfold degenerate at thié point with different masses for GaAs band gap changes by about 10% between 0 and 300 K
the hole along the growth directionx (axis) and lateral (1.4 eV at 300 K.*"*8For Aly sGa, ;As at room temperature
directions’ According to the Luttinger model, the hole massthe gap was determined experimentally to be 1.8%Ns-
depends on the choice of the quantization &%ié° Since  suming approximately the same temperature dependence as
our dot has equal lateral dimensions and a tunneling barrigor GaAs and taking into account t65—-35% rulg,**>>

A. Our model
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we find the potential barrier height¢,=0.26 eV andVj, Dark,odd Coul |Park,odd

=0.14 eV for 0 K. Based on these estimates we chdgse 1212;112)+ 1221;121) 1211;311»

=0.3 eV andv,=0.1 eV in our model system. R FIR
The symmetrically placed barrier along thexis leads to Radiative,even Darkevenl

orbitals of well-defined parity, and the infinite potentials in |211;211>Q>1|112;112>+ 1121:121) Coul 1111:311)

the lateral directions ensure sinusoidal orbitals. We restrict TFIR T

our attention to the electron and hole energies below the Dark,odd NIR pulse

barrier because we are interested in the tunneling states. Us- 1111;21D i Empty dot

ing Egs.(2) and (3) as well as the values fan,;, and m,

mentioned previously, the heavy hole and electron energy FIG. 2. lllustration of the coupling scheme in our model dot. We

levels are found by the standard procedure of matching thése the notationnnyn,(elec);n,nyn,(hole)) for the determi-

wave function and its derivative just inside and outside thehants, wheren,, ny, andn, are positive quantum numbers. The

barrier. The resulting energy-dependent matching equatiof?d'at'_ve determinants of even overall parlty satisfy the interband

for each parity is solved by a bisection seaieh. select_lon rule_, and can be optically excited from an empt_y dot. As
We want to simulate the interaction of an exciton with S€€n in the figure, the presence of the Coulomb interaction causes

. ifferent types of coupling. ThE112;112 and|121;123 radiative
both NIR and FIR pulses. There are two possible types ijeterminants couple to thg211;213 radiative determinant. The

excitations: interband and intersublevel, which are induce(goulomb interaction also couples the nonradiafivel: 314 deter-
by NIR and FIR pulses, respectively. Both kinds of pulses P :

. L ) minant to the radiative ones, and the odd-parity nonradiative
are able to excite and probe correlation induced optical efr212_113 and |221:12) determinants to the nonradiative

fects. NIR pulses Cr_eate an _eXC|ton in an '”'“a'_'Y empty dOt#211;311> determinant. An FIR induces a transfer between determi-
and FIR pulses drive the intersublevel transitions. In OUl,ants of different parity in, by changingn, between 1 and 2
9 X .

model, the FIR pulses couple to the intersublevel dipole ma-

triX e|ementS in the( direction. Furthel’, the NIR pulseS are The exciton basis states are products of Single_partic|e
incident in thex direction, and we choose their polarization grpjtals. Although we only have single-exciton states, and
to be right circular. We could equally well have chosen thetherefore have only products and no proper Slater determi-
opposite circular polarization or linearly polarized NIR pants, we call the exciton basis states “determinants”
pulses with no qualitative differences in the results. This isthroughout this paper. The determinants that satisfy the inter-
true because we are dealing with only one exciton. In conpand selection rule have an even overall parity and are opti-
trast, for biexcitons, for example, circular and linear polar—ca”y active (radiative. Determinants which do not satisfy
ization can give qualitatively different effects. that selection rule are optically datkonradiative. The in-
tersublevel transitions occur between levels of the same par-
ticle and follow the normal dipole selection rules for the

) ) envelope functions. That igven parity—odd parityin thex
The selection rules follow from the functional form of the gjrection.

B. Selection rules and Coulomb coupling

single-particle orbitals. These orbitals are given by In the growth direction, the orbitals have different func-
tional forms inside and outside the barrier. Within the barrier,
Iny.ny N,y g, sin(nymry/Ly)sin(n,mz/L,), (4)  the orbitals have a hyperbolic sine and a hyperbolic cosine

dependence for the odd and even parity cases, respectively.

) ) o Outside the barrier, they have sinusoidal behavior. The par-
where ¢, are the even and odd orbitals in thedirection,  ticle masses and barrier heights chosen yield an upper orbital
Ny, Ny, andn, are positive quantum numbers, abg, L,  limit for n, which is two for the electron and four for the
are the lateral lengthd (=L ,=25 nm. The single-particle heavy hole. In the lateral directions, we typically choose the
wave functions consist of a fast-varying Bloch function andupper limit to be two fom, andn,. For all the results pre-
these slowly varying envelope functioffs.*®>*The inter-  sented in this paper, we have verified that the inclusion of
band transitions either create or recombine an electron-holeigher-lying orbitals does not introduce any qualitative dif-
pair in ans-like conduction band and plike valence band. ferences.
The dipole selection rule is fulfilled by thgto s transition in The coupling scheme in our system is demonstrated in
the Bloch part of the wave function. The envelope part con+ig. 2. The figure shows all the possible types of coupling
tributes a factor equal to the overlap between the electrosaused by the Coulomb interaction and FIR lasers. We use
and hole orbitals. This factor due to the overlap of the electhe notation|n,nyn,(elec);n,nyn,(hole)) for the determi-
tron and hole orbitals yields the interband selection rulenants. The Coulomb selection rule is that the total parity is
(Nx,Ny N etec= (Nx Ny N ) hote- **7**>*This rule is valid for ~ conserved. Only radiative determinants with even overall
ny<2 and alln,,n,. However, due to the different potentials parity can be excited by an optical interband transition from
and masses for the electron and hole, there is, for examplen initially empty dot. For example, the radiative, even parity
some overlap between thg=1 electron andh,=3 hole  determinant211;212 couples to the other radiative, even
orbital. For example, for a barrier width of 2.8 nm the over-parity determinant§112;112 and |121;1223. Further, the
lap is 18%. In this paper, we will, for simplicity, use the term Coulomb interaction scatters the electron and hole into non-
“dark” for all the transitions that do not fulfill the above radiative, even parity determinants, e.fl11;313. More-
selection rule(forbidden transitions over, the Coulomb interaction couples nonradiative determi-
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nants to each other, e.g.212;112 and |221;123 with  tion of the Slater determinan{): |V (t))==;c;(t)]i). In
|211;313. Hence the eigenstates of our Hamiltonian yieldour model, eachi) is derived from Eq(4) and is a product
coupling between purely radiative determinants, betweemwf electron and hole orbitals, but we still refer fig as a
purely nonradiative determinants, or between any combinadeterminant. We numerically propagate the time-dependent
tion of these that conserves overall parity. These couplingSchralinger equation with the Hamiltonian in E€L) using
lead to qualitatively different optical properties for a corre-the Taylor expansion method proposed by Mercoetial >’
lated and an uncorrelated electron-hole pair. Since the wordiith convergence being obtained with four to six terms in the
‘correlation’ can have many meanings, we should make cleafaylor expansion with respect to the time step. The time-
that in this paper correlation refers to the coupling betweermpropagation including the screened Coulomb interaction and
determinants caused by the Coulomb interaction. a sequence of laser pulses simulates the dynamics of the
An FIR laser induces transfers between even parity radiasingle exciton. We begin with an empty dot and use an NIR
tive and odd parity nonradiative determinants. These oddpulse to create the exciton. This is followed by sequences of
parity nonradiative determinants cannot be accessed optiIR pulses to produce different population transfers. The op-
cally, even with Coulomb correlations, but an FIR pulse cartical properties are analyzed in terms of the time-dependent
be used to populate them. In our model, these intersublevgrobabilities of the dominant determinants. Previous work
transitions occur only in the direction (Sec. 11 A), so the used this method to study exciton and biexciton correlation
FIR changes,. This coupling is shown in Fig. 2 where an effects in a single GaAs quantum ddt.The current work
FIR pulse induces, for example, the transitid@41;213 extends those studies to a dot with an internal tunneling bar-
—]111;21% and|112;112—|212;113. A transfer between rier.
nonradiative determinants of different parity is also possible,
for example|111;31%—|211;313. Hence an optically cre- o . o . »
ated exciton can populate nonradiative determinants in two D- Variation of determinantal coefficients with splitting
ways: either(i) by Coulomb scattering from radiative into  The Coulomb coupling between the determinantal compo-
nonradiative determinants with conservation of parity(ior  nents of an eigenstate can be tuned by changing the dot di-
by a transfer from radiative into nonradiative componentsmensions. This is because the components have different

with odd parity using an FIR pulse. geometrical properties besides having different optical prop-
erties. For examplé211;2123 is most sensitive to the barrier
C. Numerical methods width, [112;112 (or |121;123) is most sensitive to the

We calculate the intersublevel dipole matrix elements ana]l—ength inz (ory), and|111;31) is most sensitive to the

lytically whereas the Coulomb matrix elements are calcu—ength im_(. Sensitivity he“? refers to how much the energy of
lated numerically. At the price of an overallintegration, the a determmgnt Cha”_ges with respept to the energy of the low-
Coulomb matrix elements can be factorized intgy, andz est determinanf111;113 as the different dimensions vary.

. 122 The geometrical properties of higher excitations are more
components using the formulart 2/\z[ge™ " d\. Each complicated. Components lik€12;213, for example, are

component is a function of the relevant coordmgte and thggnsitive to both the barrier width and the lengthzirBy
variable\. For example, the component has an integrand changing the dot dimensions, we can control the coupling
of the form strength between the different determinants of an eigenstate.
Since molecular beam epitaxy can be used to grow dots by
2 foL 5 (v b (yi) monolayers it is feasible to control the barrier width on a
mJoJo Un Ve ¥y (Y subnanometer level.
As the barrier width increases from 1.4 to 4 nm, the elec-
xe‘(ye‘yh)zxzz/xn (Ye) z/;nh(yh)dyedyh, (5)  tron splitting decreases from 52 to 22 meV. Since the split-
¢ ting of the hole levels is smaller due to its larger mass, the
where ¢,(y) ~ sin(nmy/L), and L is the lateral length. The exciton splitting is dominated by that of the electron levels.
orbitals can be expressed in complex exponential form, antthe change in splitting leads to a variation in the correlation
Eq. (5) can be integrated with respectygandyy,, reducing  coupling between the determinants, which in turn changes
it to error functions with\ dependence only. There are 16 the magnitudes of the determinantal coefficients in the eigen-
terms in Eq.(5) that are added numerically for each possiblestates. The relative signs of the components are also impor-
set of quantum numbers{,n;,,ne,N;). The same applies to tant. When we coherently superpose two radiative eigen-
the z component. In thex direction the situation is more states with an NIR pulse to produce a beating, which is a
complicated. The orbitals have sinusoidal behavior in theneasurable signature of the correlations as explained in Sec.
wells, but a hyperbolic sine or a hyperbolic cosine behaviolll, the signs of the different components determine whether
in the barrier. Therefore we found it easiest to integratexthe constructive or destructive interference is obtained.
component numerically rather than follow the steps for the Figure 3 shows an example of the variation of the deter-
lateral components. Finally, the three components are multiminantal coefficients for an eigenstate with relative signs
plied and integrated numerically with respect\to |112;112+|111;313—|211;213. We have simplified the
The correlations are treated within the framework of thedescription by not showing thg«z symmetry explicitly.
time-dependent configuration interaction metfidef The to-  Whenever a determinant likd12;112 is mentioned, it is
tal wave functionW(t)) is expressed as a linear combina- implicitly understood that the state contains an equal ampli-

€
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Barrier width (nm)
25 20

46.2 meV vl

ing between two determinants in two radiative eigenstates
into a single dark eigenstate with an FIR pulse the beating
becomes modulated. However, the coherent optical excita-
tion is not transferred into the dark eigenstate. In case I, a
pair of radiative and gpair of nonradiative eigenstates are
coupled by FIR pulses. Using two FIR pulses with appropri-
ate frequencies and bandwidths, we show that a beating can
be transferred unchanged back and forth between the pairs of
] eigenstates. This case is an unusual optical effect which
shows that optical coherence created by a short NIR pulse
can be transferred into a pair of dark states by an FIR pulse.
11811/ As exp]ained be_loyv, the correlations in the system ensure
S that pairs of radiative and dark states naturally occur. This
kind of transfer opens up the possibility of optically probing
coherence properties of dark eigenstates. Case lll is an ex-
ample of how correlation provides new optical pathways for
the FIRs to perform population transfers that are not allowed
FIG. 3. Variation of determinantal coefficients with barrier without correlations. In the example we choose to discuss,
width and electron splitting for an eigenstate with relative signsFIR lasers polarized ix are used to transfer an excitonic
1112;113+(111;313—(211;21}. The [112;112 probability is  excitation between the direction and the latera},z direc-
doubled to incorporate th¢l21;123 probability, which is not tions. Such a directional change cannot be affected by an
shown. At 30.4 meVbarrier width 2.8 nmand at 38.7 meMbar-  y.polarized FIR alone without help of the correlations. Fi-

rier width 2.2 nm, [112;113 and|111;31} are equally strongly  pa|ly, in Sec. Il D, we suggest an experimental way to probe
correlated and have equal amplitudes. At 46.2 nilb&frier width the transfer described in case lII.

1.7 nm), |112;112 and|211;213 are equally strongly correlated.

38.7 meV

Y

2

|Coefficient|

0.0 e o e e e i - I
25 30 35 40 45 50
Splitting (meV)

tude of|112;112 and|121;123. At an electron splitting of A. Case |: Modulated coherent beatings

30.4 meV (barrier width 2.8 nm and 38.7 meV/(barrier In our previous work, we show that correlations in quan-

width 2.2 nm), the [112;113 and |111;31} determinants y,m dots can be optically manifested by coherent excitation
have equal amplitudes. That is, these determinants are maxit hairs of eigenstates by subpicosecond laser pulses. Due to
mally correlated at these splittings. Another example of §he gptical selection rules, this approach probes the coher-

strong correlation is at 46.2 meXbarrier width 1.7 nm
where|112;112 and|211;2123 have equal amplitudes.

In Sec. 11l B, for example, we exploit the fact that another 5y coupling between radiative and nonradiative even-

relative

ence properties only of radiative even parity states. The
strongest correlation-induced effects are then due to the Cou-

eigenstate  with signs[112;112—[111;31%  paity determinant&® In the present work we discuss how
+[211;21) has a[112;113 amplitude equal to the FR's can be used to extend this approach to dark states via
previous-paragraph eigenstate at 30.4 meV. The reason theggsfers between even and odd parity states.

splittings are particularly interesting is the equal amplitudes This first case shows that a single dark state can modulate
of particular radiative components in pairs of eigenstatesyhe coherent beating of the radiative pair, through conven-
Hence these splittings yield strong correlation effects wheRjona| Rabi oscillations, but that very little of the coherent
these eigenstates are coherently superposed by an NIR pul$ating is transferred to the dark state. The pulse scheme for
At other splittings these amplitudes are typically not equalyroducing modulated beatings is shown in Fig. 4. The barrier
However, qualitatively similar correlation-induced optical ef- \idth is 1.7 nm, at which the upper radiatif@R) and lower
fects can still be found by compensating differences in couygiative eigenstaté R) have equa|211;213 coefficients.
pling wi'Fh careful adjustments of the center frequencies and Ap NIR pulse(Table ) with a bandwidth of the order of
pulse widths of the laser pulses. the energy separation of LR and UR creates an exciton into a
coherent superposition of these eigenstates. As shown in Fig.
5, the superposition leads to a beating in the probabilities of
their radiative determinants. ThH&12;112 and |211;21%

We present three illustrative cases of the correlationcomponents undergo beating since due to correlation both
induced optical properties of our model system for andeterminants exist in both the radiative eigenstéteble II).
electron-hole pair in a quantum dot with an internal tunnel-The beating frequency equals the energy difference between
ing barrier. Cases | and Il show how a correlation-inducedJR and LR. Only thg211;21% beating is shown in Fig. 5
coherent beating between determinants in two optically exsince we are interested in excitations alongrhe times at
cited exciton states can be transferred to dark states by FIRhich the probability is zero are the times at which the
pulses. Case Il shows that even fairly weak correlations lea¢211;213 components of UR and LR cancel each other.
to new pathways for the FIR transitions. Since they have equal coefficients, they give equal weights

In case I, we show that a coherent beating can be modwhen the center frequency is placed midway between UR
lated with an FIR pulse. When we attempt to transfer a beatand LR. Otherwise, thi211;213 weights of the two eigen-

Ill. RESULTS
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UR

LR 3.9meV T —— 211:211 (Modulated beating) 1
FIR NIR pulse = 111;211 (Rabli)
44.8 meV 1.6606 eV

Rabi ! Empty dot

o
ro
T

Probability
g
T

FIG. 4. Pulse scheme for producing modulated beatings at a
barrier width of 1.7 nm. The determinantal compositions of the
eigenstates are given in Table I, which shows eq@all;213
coefficients for the upper radiati®R) and lower radiative eigen-
state(LR). On the right, the bandwidth and center frequency of the 0 . ‘
NIR pulse are shown. The NIR pulse overlaps UR and LR, with 0 5 10 15 20 25
center frequency midway between UR and LR, creating an exciton Time {ps)
into a coherent superposition of these eigenstates that leads to a
beating that oscillates down to zero. A FIR field with center fre-
quency 44.8 meV drives the system into the nonradiatRabi
eigenstate which yields modulated beatitgg. 5.

FIG. 5. Time-dependent probabilities of the radiatigé1;212
and nonradiativlRab) determinant|111;213 for the excitation
scheme in Fig. 4. The zeros of the beating correspond to times at
which the radiative components cancel each other. A FIR field
) _drives the population into the Rabi determinant. The maximum of
states would be unequal and the beating would not oscillatghe peating is modulated and reaches a minimum when the Rabi
down to zero. In fact, even if the coefficients are considercurve is maximum and vice versa. The modulation frequency, the
ably different, one can still achieve zeros in the beating. FORabi frequency, is proportional to the FIR field strentfth® The
example, at 1.4-nm barrier width, LR and UR have thebeating is only modulated and is not transferred into the Rabi state
|211;213 coefficients 0.26 and 0.96, respectively. With aexcept for a small, intensity-dependent variation.
proper pulse center frequency, a beating which oscillates ]
down to zero could still be achieved. Dintersup between thg211;213 and|111;21% determinants.

The FIR field puts the system periodically into a dark That is,Qgzp= DintersutErir/2. At the same time, the popula-
eigenstate, denoted “Rabi” in Fig. 5, causing the probabilityion of UR is driven into ”219 Rabi state W'tq an off-resonant
maximum of the|211;21% beating to be modulated. The Rabi frequencyQea,i= VA®+ (DinersuFrr/2)”, whereA s
FIR field changes the electron quantum nuntgin driving ~ the resonance detuning between the FIR and UR. Such off-
the |211;21% beating into the dark eigenstate with a domi- resonant R_abl oscnla_tlons are incomplete in the sense that
nant|111;213 component. Before the application of the FIR the population of UR is never fully depleted. The amplitude
field, the|211;213 probability would oscillate between zero ©f this off-resonant transfer is to first order proportional to
and a constant maximum. But now this maximum is noth€ FIR field strength, which gives rise to the small beating
longer constant, it decreases and reaches a minimum whé&) the Rabi curve. In a more symmetric situation with the
the Rabi curve is maximum and vice versa. The probability”|R centered between the states UR and LR, the beatings on
maximum of the beating is modulated. The modulation fre_the Rabi curve can become stronger relative to the total am-

quency, which is the Rabi frequency, is proportional to theplitude_ in the Rabi statg. But in that case both populatipns
FIR field strengtt?®%°The Rabi oscillation periodL4 pg is &€ drlven into the Rabi state by off-reso.nant Rabi oscnlg—
slow relative to thg211;213 beating period1.0 pg. Con- tlons, which causes both transfers to be incomplete and in-
sequently, the beating is only modulated and is not transt€NSity dependent.
ferred into the Rabi state. The large oscillations in the radia-
tive states produce only small intensity-dependent
oscillations on the Rabi curve.

In the situation discussed above and illustrated in Fig. 5, Because of the correlations and a suitably chosen barrier
the FIR field is resonant with LR and hence off resonancesplitting, we can find pairs of radiative and pairs of nonradi-
with UR. The FIR therefore drives the LR population into TABLE II. Determinantal compositions and energies of the

the Rabi state W'th a resonant Rabi freque%bi propor- eigenstates in Fig. 4. The barrier width is 1.7 nm, for which the
tional to the FIR field strengtkrz and the dipole moment 4gjative eigenstates have eqlal1;21% coefficients. They«z
symmetry is not shown explicitly. For example, whenever a deter-
TABLE |. Parameters of the NIR and FIR pulses in the excita-minant like|112;112 is shown, it is implicitly understood that the
tion scheme of Fig. 4. The duration is the full width at half maxi- state contains an equal amplitude|®12;112 and|121;123. De-
mum. The bandwidth of the pulse is 3.1 meV full width at half terminants with coefficients below 0.2 have been omitted.
maximum.

B. Case Il: Transfer of coherent beatings
between paired states

Eigenstate EnerggeV) [112;112 |111;213 [211;21%

Pulse Frequenc Duration (ps

quencieV) (P9 Lower radiative  1.659 eV 0.49 0.00 0.70
NIR 1.661 0.81 Upper radiative  1.663 eV 0.49 0.00 -0.70
FIR 0.045 long Dark 1.614 eV 0.00 0.99 0.00
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06| = 112,112 (Radiative beating) 1
28.3 meV FIR1| | FIR2 > === 212;112 (Dark beating)
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FIG. 6. Pulse scheme for transferring beatings between pairs of 0

radiative(UR and LR and pairs of dark eigenstatédD and LD). 0 2 4 6 8 10 12 1 16 18 20
The pulse parameters are given in Table Ill. The barrier width is 2.8 Time (ps)
nm, and the determinantal compositions of the eigenstates are given
in Table IV. The energy separation of UR and LR is not exactly FIG. 7. Time-dependent probabilities of the radiati$é2;112
equal to that of UD and LD. Therefore, as discussed in the text, téleterminant and dark212;112 determinant for the excitation
achieve equal coupling between LR and LD and between UR an&cheme in Fig. 6. Th221;123 and|121;123 probabilities are not
UD, the FIR frequencies are shifted somewhat off resonance. Thehown but are exactly equal to th212;112 and|112;112 prob-
FIR pulse shapes shown to the right depict the pulse widths andbilities, respectively. Two short-duration FIRBable Ill) are used
their locations with respect to the energy levels. FIR1 and FIR2o0 transfer the radiative beating into and out of the dark states. The
have the same parameters. radiative beating is transferred into a dark beating with FIR1. The
frequency of the radiative beating equals the energy difference be-
ative eigenstates between which a beating can be transferréeen UR and LR, and the frequency of the dark beating equals the
Figure 6 shows the pu'ses uswble |||) for a set of eigen_ engrg_y diffel’ence between UD and LD. FIR2 restores the initial
states at a 2.8-nm barrier width, and Fig. 7 shows the timefadiative beating.
varying probabilities of the dominant determinants. The de-
terminantal compositions are given in Table IV. The This kind of transfer of coherence from an optically cre-
|112;112 components of the radiative pailUR and LR ated exciton into a dark exciton and back again opens the
have equal coefficients. To obtain zeros in the radiative beapossibility to optically probe, for example, the decoherence
ing, the NIR pulse is placed midway between LR and UR. Tomechanisms of dark states. A disruption of the perfect beat-
transfer the radiative beating into a dark beating, a shorting in the dark pair, would also disrupt the perfect beating in
duration FIR(FIR1) is used. Thd212;112 components of the final pair. This scheme therefore transfers the effect of
the dark pair(UD and LD) are fairly close but not equal. interactions with the dark pair to optically observable effects
Moreover, the energy separation of UR and LR is not exactlyn the radiative pair. The time dependence of these effects
equal to that of UD and LD. could be probed by scanning the time delay between FIR1
To make the transfer complete, equal coupling from UDand FIR2.
and LD is ensured by shifting the FIR1 center frequency To achieve the complete transfer into the dark beating, the
somewhat off resonance so that a balanced coupling is 0h-R and UR coefficient have to be fairly close to those of the
tained. Due to the wide spectral width, FIR1 depopulates LR_D and UD, respectively. The slight difference is compen-
into both LD and UD, although predominantly into LD. sated for by adjusting the pulse center frequencies. The pairs
Similarly, FIR1 depopulates UR mainly into UD but also into of radiative and dark states with corresponding determinantal
LD. Despite this complex situation, it is not hard to find a coefficients are due to the Coulomb correlations and the fact
center frequency at which the perfect beating in the radiativenat we have chosen a barrier width for which ihé2;112
pair is completely transferred into a perfect beating in theand |111;313 determinants have similar energies. The
dark pair. The radiative beating is restored using a secongglz;llg} and the|211;31} determinant then also have
short-duration FIR(FIR2), where FIR1 and FIR2 have the similar energies. The radiativgl12;112 determinant is
same parameters. coupled to thé111;3123 determinant, which splits the radia-
tive eigenstate into a pair with different relative signs be-
TABLE Ill. Parameters of the NIR and FIR pulses in the exci- nyeen these two determinant3able IV). Raising then,
tation scheme of Fig. 6. The duration is the full width at half maxi- guantum number from 1 to 2 gives a similar Coulomb cou-
mum. FIR2 has the same parameters as FIR1. pling between212;112 and|211;312 as there is between
|[112;112 and|111;312 (see Table IV. Hence the Coulomb

Pulse FrequencieV) Duration (p9 coupling creates two pairs of states—one radiative pair and
NIR 1.692 1.1 one dark pair—that have very similar coupling coefficients
FIR1, FIR2 0.0304 0.48 and can therefore be used to enable the transfer of the popu-

lation between the pairs with a single FIR pulse.

155322-7



ROGER SAKHEL, LARS JOISSON, AND JOHN W. WILKINS PHYSICAL REVIEW B64 155322

TABLE IV. Determinantal compositions and energies of the eigenstates in Fig. 6 for a 2.8 nm barrier
width. The pair of radiative eigenstates have equaP;112 coefficients, and the dark pair have fairly close
|212;112 coefficients. They«<z symmetry is not shown explicitlysee Table N. Except for the upper
radiative eigenstate, determinants with coefficients below 0.2 have been omitted.

Eigenstate EnergeV)  [112;112  |212;112  |111;313)  |211;31}  |211;21%
Lower radiative 1.691 eV 0.49 0.00 0.70 0.00 0.00
Upper radiative 1.693 eV 0.49 0.00 -0.70 0.00 0.12
Lower dark 1.721 eV 0.00 0.44 0.00 0.76 0.00
Upper dark 1.723 eV 0.00 0.54 0.00 —0.63 0.00
C. Case llIl: Transfer of excitonic excitations tersublevel selection rule. Similarly, there is a transfer be-
between different directions tween the|111;31% component of the initial eigenstate, and

The transfer by an FIR laser of an excitonic excitationth€]211;313 component of the intermediate eigenstate.
into a direction perpendicular to the direction of polarization 1€ second FIRFIR2) drives the system into the final
of the FIR is another example of a correlation induced opti-€igenstate with Ia.rgléllzl;l_;z} and_|1;1;3111 components.
cal effect. This case is illustrative of the opening of new FIRIN effect, the radiative initial excitatiof211;213 in x is
pathways by the correlations. An excitation can be transiransferred td112;1123 which is a radiative excitation ia
ferred between different directions using a scheme of onéandy by symmetry. This kind of transfer is only possible
NIR and two FIR pulses. The pulse scheme is shown in Figyvlth Coulomb correlations. The duration of_FIR2 |n_F|g. 9
8 for a 2.8-nm barrier width, and the pulse parameters ar@/@s chosen long enough to produce Rabi oscillations be-
given in Table V. Unlike the previous cases, the initial NIR tween the mter_medlate and final eigenstate to illustrate the
pulse excites only one eigenstate. The pulse is sufficientijeéSonant coupling between these two states. In contrast to
spectrally sharp not to overlap any nearby radiative eigenP@atings between dark and radiative determinahtbe kind
states. The exciton is created in an initial eigenstate that h&¥ directional transfer discussed here between radiative de-
a dominant|211;213 component and weakly correlated Fermmants is hqrder to prqpe o_ptlcally. Therefore we propose
|112;112 and|111;31% componentgTable V). in the next section a modification of this case that does lead

As shown in Fig. 9, an FIR pulséFIR1) drives the exci- [0 an optically probable effect.
tonic excitation completely into the intermediate dark eigen-
state, which has larg@12;112 and|211;312 components.
The small|112;112 component of the initial eigenstate pro- . )
vides the pathway for FIR1 to take the system into the With some changes in the scheme presented above, a
|212:112 component of the intermediate eigenstate. Withouhort NIR pulse can be used to probe the transfer of the
that small component this transfer would not be possibl@xc'ton'c excitation between different directions. With a

since a direct211;213—(212;112 transfer violates the in- similar pulse scheme as in Sec. Il C but with different inten-
sities and durations, a situation as the one depicted in Fig. 10

can be obtained. The difference is that the initial state is only

D. Probing case Ill at optimal superposition

Intermediate partially depleted. We choose the FIR1 and FIR2 intensities
%Rolmev I;%Zmev and durations such that the total amplitudes at moments of
' ) destructive interference d211;213 and|112;112 of the
Final initial eigenstate exactly cancel th&12;1123 amplitude of
Initial the final eigenstate. Since all these determinants are radiative
NIR this leads to a beating between radiative and dark character
pulse of the state at constructive and destructive interference, re-

spectively, with a frequency equal to the energy separation of
FIG. 8. Pulse scheme for performing a transfer from an initialthe initial and final states. At destructive interference the to-
radiative eigenstate with excitonic excitationxmo a final radiative

eigenstate with excitonic excitation yrandz. The pulse parameters TABLE V. Parameters of the NIR and FIR pulses in the excita-
are given in Table V. The barrier width is 2.8 nm. The determinantakion scheme of Fig. 8. The duration is the full width at half maxi-

compositions of the eigenstates are given in Table VI. Table Vimym. FIR1 is activated such that its amplitude is maximunt at

shows that the initial eigenstate has a domifadtl;213 compo- —q.

nent, and the final eigenstate has a ldifE2;112 component. The

NIR pulse exciting the initial eigenstate is sharp enough not top|se FrequencieV) Duration (ps)
overlap any nearby radiative eigenstates. An FIR pyB&R1)

drives the system into an intermediate dark eigenstate. FIR2 drive§IR 1.674 11
the system into the final eigenstate. The radiative part of the exciFIR1 0.049 7.1
tation initially in x is transferred to one iry and z with two FIR2 0.033 155

x-polarized FIR’s, which transfer is not possible without correlation.
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TABLE VI. Determinantal compositions and energies of the eigenstates in Fig. 8 for a 2.8-nm barrier
width. The initial one has a dominaj#11;21% component, and weakly correlatgil2;112 and|111;31%
components. The intermediate one has strongly corre(@®2t112 and|211;313 components. The final
one has strongly correlatéd12;112 and|111;313 components. Thg« z symmetry is not shown explic-
itly (see Table II. Except for the initial eigenstate, determinants with coefficients below 0.2 have been

omitted.

Eigenstate EnerggeV) [112;112 [212;112 [111;312 [211;313 [211;21%
Initial 1.674 eV 0.10 0.00 —-0.11 0.00 0.98
Intermediate 1.721 eV 0.00 0.44 0.00 0.76 0.00
Final 1.691 eV 0.49 0.00 0.70 0.00 0.00

tal wave function is optically dark. An NIR pulse with dura- ing factorw;,;;ia; » and the final ones by a weighting factor
tion (0.1 p9 sufficiently shorter than that of the beating pe- ws;,5 . With the coefficients in Table VI, the probe pulse at
riod (0.25 ps can then be used to probe this beating in thedestructive interference adds the radiative coefficients ac-
optical response. The probe pulse center frequency is locatesbrding to the equation: 0.98iia —2(0.4W¢ina
midway between the initial and final eigenstates. —0.10w;,itia)) Such that it yields zero. The factor 2 is due to
As shown in Fig. 11, by scanning the time delay of thethe y«z symmetry of(112;1132.
probe pulse the beating can be manifested in the empty-dot Some of the finer details of the dynamics in Fig. 10 can be
probability, which can then be measured by some secondamxplained in the following way. The small beating in the
optical probing. At the maximum of thd12;112 final-state  |211;213 probability of the initial state is because of an
beating in Fig. 10, electron-hole recombination is maximaladditional eigenstatesame as UR in case I, Table JM0.49
as shown by the rise in the empty-dot probability curve.|112;113—-0.70111;313+0.13211;213%, which lies
However, the recombination is only partial. The field above the final one with energy 1.693 eV. It is fairly close to
strength could have been chosen to cause complete recombire final eigenstate with energy 1.691 eV, and is therefore
nation but this would be accompanied by high-intensity ef-excited by FIR2. It has a smd[211;213 component which
fects. At a minimum of the beating, the equal amplitudescoherently adds to the211;213 component of the initial
mentioned earlier cancel each oth@estructive interfer- eigenstate. Further, when the probe pulse is gone, the
encg. Hence no electron-hole recombination takes place anfp11;21% and|112;112 beatings become modulated. This

the system is optically transparent to the probe pulse. Math-
Y b y P P P FIR1 FIR2 duration

ematically, the initial coefficients are multiplied by a weight- _— : : >
FIR1 duration FIR2 duration 04 Initial
—= > € -
e T
= I
81 —— Empty dot ] i;“ 02t Final “\W‘W‘
> = 211;211 (Initial) o Intermediate
£06f === 212;112 (Infermediate) ] PPN y MW[W{W WW
g === 112;112 (Final) R 'M W
0 | Hil Empty dot :
2 04 1 pty
. 0 ’ ,,.MMWMWMMWMWW
| . -~ N 15 25 35 45 55
02 PR e S ~ Time (ps) s
o~ N\, /
0 = - - PP AVAN FIG. 10. Electron-hole recombination due to an NIR probe
0 5 10 ) 15 20 25 pulse. The first 15 ps of the simulation are not shown. We use the
Time (ps) same pulse scheme as in Fig. 8. The labeling of the states is the

FIG. 9. Time-dependent probabilities of the radiatiga1;213 same as in Fig. 9, but the FIR intensities and durations are different.
and|112;112 determinants and the dajR12;112 determinant for We choose the FIR intensities and durations such that the total
the excitation scheme in Fig. 8. Th&21;1223 and|221;122 prob- initial radiative amplitudes are equal to the final radiative amplitude
abilities are not shown but are exactly equal to {h#2;112 and  at destructive interference, which occurs at the minimum in the
|212;112 probabilities, respectively. The exciton optically excited oscillations of the final determinari12;112. A short-duration
into |211;21% of the initial eigenstate is driven by FIR1 into (0.1 p3 NIR pulse can be used to probe the optical response of the
|212;112 of the intermediate dark eigenstate. FIR2 then drives thesystem. The probe has its center frequency midway between the
exciton into|112;112 of the final eigenstate. This—y,z transfer initial and final eigenstates. If the probe pulse arrives at destructive
of the excitation is not possible without correlation. The arrowsinterference, no electron-hole recombination takes place. If the
indicate the duration of the FIRs. FIR1 has a maximum amplitude aprobe pulse arrives at other times, electron-hole recombination is
t=0. The duration of FIR2 was chosen to show Rabi oscillationsinduced. The figure shows the situation that gives maximal recom-
between the intermediate and final eigenstate. bination, as indicated by the sharp rise in the empty-dot probability.
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0.20 ‘ ‘ ‘ optical properties between a correlated and an uncorrelated
system. Radiative eigenstates, which have even parity, can be
depopulated into nonradiative eigenstates of odd parity via
FIR pulses. Different pulse schemes can be used to produce
a variety of correlation-induced optical behavior.

By numerically propagating the time-dependent Sehro
dinger equation for an electron-hole pair driven by a se-
quence of NIR and FIR pulses, we present three illustrative
‘ cases of coherent coupling between radiative and dark states.
586 The main purpose is to extend our previous wérkn opti-

cally manifested correlation effects among radiative eigen-
states to nonradiative eigenstates, and to demonstrate how

FIG. 11. Empty dot probability as a function of the NIR probe the tuning of the barrier width can optimize the effects. The
pulse time delay. This result is obtained by scanning the probe pulsfirst case showed that a coherent optical excitation in a pair
over the time range of two complete beatings of the final probabilityof radiative states cannot be transferred into a single nonra-
curve in Fig. 10. diative eigenstate. This is because the time scales of the beat-
. ] o ing and the Rabi oscillation are too different, and therefore
is because the probe pulse overlaps not just the initial anghe peating is only modulated. To achieve a complete transfer
final eigenstates, but also this additional one. It is excited bynto a dark beating, two nonradiative eigenstates are needed
the probe pulse, and since the recombination is only partialyith determinantal coefficients similar to those of the radia-
the beatings become modulated. The modulation frequenGye pair of eigenstates. Coulomb correlations and a suitably
equals the energy difference between the final and addition@hosen barrier splitting readily create such pairs of eigen-
eigenstate. _ _ states. We were able to achieve a complete transfer of the

Finally, let us stress that the main beating probed by thadiative beating into and out of a pair of dark eigenstates
probe pulse and caused by the interference between thging short-duration FIR pulses with appropriate center fre-
|211;21% and[112;112 components is a manifestation of guencies.
beating cannot be obtained merely by considering the eigerpathways, is the transfer of an excitonic excitation into a
states that could be coupled by ®polarized FIR without girection perpendicular to the FIR polarization. An initial
correlations. The fact that the dot dimensions are such thahdiative eigenstate is transferred into an intermediate dark
the[211;21% and|112;113 determinants have similar en- ejgenstate with an FIR pulse, despite the fact that their domi-
ergies makes the pulse scheme suggested here able fgnt components violate the intersublevel selection rule.
uniquely probe the transfer between th211;21% and  However, correlations make the transfer possible by the ad-
|112;112 determinants. dition to the initial eigenstate of a small radiative component
that does satisfy the selection rule. Another FIR drives the
excitation from the intermediate into a final radiative eigen-

In nanoscale semiconductor quantum dots the kinetic angtate where the exciton is excited in a direction perpendicular
Coulomb excitation energies are of the same order of magto the direction of polarization of the FIR. Finally, we pro-
nitude. Hence there is an interplay between confinement angose a modification of this case that yields an optically prob-
Coulomb correlation which can be studied using fast lasepble effect. The FIR intensities are chosen to ensure that the
pulses. Our model is a prototypical GaAs dot with an internalnitial radiative components have a total amplitude equal to
AlGaAs tunneling barrier. The presence of a tunneling barthat of the final radiative component, which periodically
rier provides the freedom of changing the level splittingmakes the system optically transparent to a probe pulse. This
along the double well without changing the outer dot dimen4nterference between the stimulated recombination from the
sions. The hole mass is heavy along the growth directioninitial and final states yields a strong beating with the probe-
and light in the lateral directions. We treat a single excitonpulse time delay of the probability to find an empty dot.
confined in the dot within the effective mass approximation.
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