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Simulations of two dimensional coherent photon echo (2D-
PE) spectra of self-assembled InAs/GaAs quantum dots (QD)
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In analogy to nuclear magnetic resonance (NMR)
multidimensional spectroscopy can be extended to the
optical wavelength regime. The mixing of multiple elec-
tromagnetic fields in a sample induces a signal field,
which can be recorded in amplitude and phase by het-
erodyne detection. The excitonic response is affected
by many-body effects [22] and characteristic disper-
sive line-shapes are induced in the non-linear response
[25]. An additional powerful feature of coherent two di-
mensional (2D) optical spectroscopic techniques is the
ability to reveal if individual transitions are coupled. The
existence of peaks revealed in 1D techniques shows opti-
cal allowed transitions, but there is no way to determine
if two transitions are fully independent or share a com-
mon state, i.e. are coupled. In 2D techniques indepen-
dent transitions appear solely as diagonal peaks, whereas
coupled transitions can show unique cross-peaks as off-
diagonal features.

Coherent two dimensional (2D) optical spectroscopic
techniques like photon echo (PE) spectroscopy or dou-
ble quantum coherence (DQC) spectroscopy have been
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Figure 1 (online color at: www.ann-phys.org) (a) Schematic of a lens-shaped InAs dot with base of 25 nm and 2 nm heigh, sitting on
one monolayer wetting layer, embedded in a GaAs matrix. The dot contains 41,776 atoms and the matrix contains 1,948,880 atoms.
(b) Wavefunction square of six lowest energy single-particle electron states and six highest hole states. The percentage of its dominant
orbital character (S, P and D) and its energy with respect to h0 are given underneath the corresponding wavefunction plot. (c) Ladder
diagrams excited state emission (ESE), ground state bleach (GSB) and excited state absorption (ESA) contributing to the 2D photon echo
signal S(3)

kI
. (d) Schematic of the bi-exciton stabilization due to many-body e�ects in QD.

induced by excited state absorption (ESA) contributions
to the signal. The bound biexcitons are energetically
shifted compared to the bare two-exciton contributions
due to the higher-order correlation effects in the QD. We
show that specific cross-peaks originate from a common
final X Xq state of the ESA contribution. The PE spec-
tra are analyzed with regard to the interference between
the constituent excited state emission (ESE), ground
state bleach (GSB) and ESA contributions explaining
the symmetric and asymmetric peak shapes of the
PE signal.

2 Theoretical methods

The self-assembled QD is a lens-shaped InAs/GaAs QD
with a circular base size of 25 nm diameter and 2 nm
height sitting on one monolayers of “wetting layer”
(Fig. 1 (a)). It contains 41,776 atoms and the matrix
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the optical field. In the case of negatively or positively
charged QD the ground state manifold Gq has several
states, in all simulations we assume, that the QD is ini-
tially in the lowest energy state Gq

0. The energy range of
the Xq and X Xq manifold is chosen to cover the energy
range of the Pe − Ph channel (1.19 eV, compare Fig. 2) for
Gq → Xq transitions and ≈ 2.31 eV for the Gq − X Xq to-
tal energy range.

We simulate the 2D-photon-echo spectra solely on
the basis of an atomistic Hamiltonian which involves
hundreds of ground state to mono-exciton transitions
and thousands of mono- to bi-exciton transitions with
their respective dipole transition matrix elements. In the
energy range considered the atomistic description of the
QD yields 144 X0 and 4356 X X0 states, 500 X+ and X−

and 1000 X X+ and X X− states which are explicitly con-
sidered in the Hamiltonian for the calculation of 2D-PE
spectra. Together with the considered Gq manifold (12
states) this gives rise to 6 · 107 different transitions for
the calculation of the 2D-PE signal. Hence the construc-
tion of a model Hamiltonian and the required couplings
is avoided by the complete microscopic description of
the QD. The sheer amount of states requires a huge
computational effort where the complete 2D spectrum
is calculated efficiently by distributing equally small
tiles on a modern Linux cluster. Transitions which con-
tribute dominantly to the linear absorption spectrum are
given exemplarily in Tab. 1, the respective single-exciton
and bi-exciton binding energies are given in the SI (SI-
Tab. 1 and SI-Tab. 2). We note that only a few discrete
states of the joint-density-of-states contribute to the lin-
ear absorption spectrum. Of all possible Gq → Xq tran-
sitions only a few posses substantial transitions strength
due to the selection rules
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the linear scale. This signal scale will interpolate between
linear and logarithmic and highlights both weak features
(e.g. subtle off-diagonal peaks) and strong features (e.g.
diagonal and intense cross peaks) in a balanced fashion.
Hence features which arise from weak transitions (e.g.
e0 − h4 transitions) are presented together with the in-
tense cross-peaks (e.g. Se − Sh Pe − Ph
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Figure 3 (online color at: www.ann-phys.org) 2D-Photon echo signal S(3)
kI

(��3, t2, ��1) of the neutral QD: the three ladder diagrams
excited state emission (ESE), ground state bleach (GSB) and excited state absorption (ESA, compare Fig. 1) contribute to the total signal
S(3)

kI
(��3, t2, ��1) (depicted as absolute value (Abs)). The signals are depicted on a nonlinear scale, de	ned by eq. (10). The colour scale

is the same as in Fig. 2

the diagonal peaks A and C are more pronounced than
the weak e0 − h4 transitions (peak B). It is noteworthy
that the lowest energy diagonal peak A of the neutral QD
(Se − Sh transition at −��1 = ��3 = 1.083 eV, Fig. 2 (a))
shows a pronounced asymmetry which is not present for
the charged QDs. All diagonal peaks arise from ground to
single-exciton transitions (Xq ← Gq).

The most prominent off-diagonal feature (cross-
peaks) of all QD is an intense multi peak structure at
−��1 ≈ 1.08 eV, ��3 ≈ 1.16 eV (for the upper diagonal
peak) which arise from couplings of Se − Sh and Pe − Ph

transitions (cross-peaks E , E ′, G, G ′). In the neutral QD
(Fig. 2 (a)) we observe a clear doublet structure from
the cross-peaks E and G, for the negatively and posi-
tively charged QD (Fig. 2 (b) and (c)) a more complex
triplet is formed from the cross-peaks E and G. In the
negatively charged QD additional cross-peaks arise from

the couplings within the Pe − Ph channel (for the posi-
tively QD, Fig. 2 bottom, the spectral range is limited in
this region). Additional weaker cross-peaks occur at the
resonances of the Se − Sh and e0 − h4 transitions (cross-
peaks D, D′, −��1 ≈ 1.08 eV; ��3 ≈ 1.13 eV) and of the
e0 − h4 and Pe − Ph transitions (cross-peaks F, F ′, −��1

≈ 1.13 eV; ��3 ≈ 1.17 eV). We see that along the ��1 axis
all resonances can be assigned to transitions in the lin-
ear absorption spectrum, while along ��3 resonances at
new frequencies occur (cross-peaks G, G ′, H , ��3 ≈ 1.07
eV; ��3 ≈ 1.158 eV; ��3 ≈ 1.115 eV).

The origin of the multi peak structure of cross-peaks
can be understood from the simplified level scheme
of the QD single-excitons Xq and bi-excitons X Xq de-
picted in Fig. 1 (d). The ESE and GSB contribution to the
2D-PE signal S(3)

kI
(��3, t2, ��1) monitor Xq ← Gq transi-

tions and the coupling between single-excitons. The ESA

38 C© 2012 by WILEY-VCH Verlag GmbH & Co. KGaA, Weinheimwww.ann-phys.org
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1 / eV3 / eVRe(S( 3 )

1 I )

�1.1�1.09�1.08�1.071.071.0751.081.0851.091.0951.11
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Supporting information for this article is available free of charge
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