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2D optical photon echo spectroscopy of a self-assembled
quantum dot
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Simulations of two dimensional coherent photon echo £D-
PE)spectra of self-assembled InAs/GaAs quantum dots QD)
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In analegyk te nuclear magnetic resenance (W1 R)
multidimensienal spectiescepx.can be ektended te te
eptical wavelengtl> regime. Tl»e mi&ing ef multiple elec-
temagnetic fields in a sample induces a signal field,
wlicf> can be 1ecerded in amplitude and pfrase bxf~et-
eredyne detectien. Tle e¥citenic 1espense is affected
by manybedx effects [22] and cfraracteristic dispei-
sive line-sf*apes are induced in t*e nen-linear respense
[25]." n additienal pewerful feature of cef-erent twe di-
mensienal (2D) eptical spectiescepic tecf*niques is e
abilitxte reveal if individual transitiens are ceupled. Tire
& istence of peaks revealed in 1D tecfsniques si>ews epti-
cal allewed transitiens, but tere is ne wayxte determine
if twe transitiens are fullxindependent er sfrare a cem-
men state, i.e. are ceupled. In 2D tecfrniques indepen-
dent transitiens appear selelxas diagenal peaks, wi»ereas
ceupled transitiens can sf>ew unique cress-peaks as off-
diagenal features.

. ef~erent twe dimensienal (2D) eptical spectiescepic
tecniques like pf~eten eci~e (PL) spectiescepyxer deu-
ble quantum cefrerence (D 8 ) spectiescepxfrave 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 hy 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}S). (d) Schematic of the bi-exciton stabilization due to many-body e ects in QD.

m

induced bxe¥ cited state abserptien (E% ) centributiens 2 Theoretical methods

te t*e signal. T»e beund bie¥citens are energeticallx

sfifted cempared te e bare twe-e¥citen centiibutiens  Te self-assembled QD is a lens-sfraped i s/(if% s QD
due te t-e f»igl-er-e1der cerrelation effects in e Q. We  witle a circular base size of 25 nm diameter and 2 nm
sfew t=at specific cress-peaks eriginate fram a commen  feeiglet sitting en ene menelaxers of “wetting layer”
final X X9 state of t*e &S centributien. Tie P& spec-  (xig. 1 (a)). It centains 41,776 atems and #*e matr¥
tra are analyzed witl> 1egard te tf»e interference between

f=e censtituent e¥cited state emissien (iSk), greund

state bleaclr SB) and 1:% centributiens e¥plaining

t*e symmetric and asymmetric peak sfrapes eof tre

PL signal.
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t=e eptical field. In t>e case of negativelx o1 pesitivelx
cfrarged QU t»e greund state manifeld G fras several

states, in all simulatiens we assume, tfeat t*e QD is ini-

tiallxin -e lewest energystate G. Tie energxrange of
tre X9 and X X9 manifeld is cesen te cever tre energx
range of t-e P, — Py, cf~annel (1.1 eV, cempare kig. 2) fer

GY - XY mransitiens and = 2.31 eV fe1 tfee G9 — X X9 te-

tal energxiange.

We simulate t*e 2D-pf~eten-ecl>e spectia selelx.on
t>e basis eof an atemistic Hamiltenian wi*icf> invelves
frundieds ef greund state te mene-e¥citen transitiens
and treusands ef mene- te bi-e¥citen transitiens witl
t»eir 1espective dipele transitien mati#% elements. In tee
energyxrange censidered t»e atemistic descriptien of tre
QD yields 144 X° and 4356 X X states, 500 X* and X~
and 1000 XX* and XX~ states wi*icf> are e¥ plicitlxcen-
sidered in t»e Hamiltenian fer #=e calculatien ef 2D-PL
spectia. Tegeti*er witf> t*e censidered G9 manifeld (12
states) t»is gives 1ise te 6- 107 different transitiens fer
t=e calculatien ef t*e 2D-Py signal. Hence t»e censtruc-
tien of a medel Hamiltenian and t*e 1equired ceuplings
is aveided bk t*e cemplete mictescepic descriptien ef
tre QD. T»e sfreer ameunt ef states requires a fruge
cemputatienal effert wi»ere t*e cemplete 2D spectium
is calculated efficientlx by distrtibuting equallx small
tiles en a medern Linu& cluster. Transitiens wi*icf> cen-
tribute deminantlkte t*e linear abserptien spectrum are
given ¥ emplarilyin Tab. 1, f*e respective single-e¥ citen
and bi-e¥citen binding energies are given in e SI (SI-
Tab. 1 and SI-Tab. 2). We nete tat enlxa few discrete
states of t*e jeint-densityxef-states centribute te #f*e lin-
ear abserptien spectium. Of all pessible G -, X% tran-
sitiens enlxa few pesses substantial transitiens strengtfs
due te t»e selectien 1ules
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t»e linear scale. T»is signal scale will interpelate between
linear and legarit*mic and f-igf*ligf~ts betl> weak features
(e.g. subtle off-diagenal peaks) and stieng features (e.g.
diagenal and intense cress peaks) in a balanced fasf~ien.
Hence features wi*icl> arise fiem weak transitiens (e.g.
eo — hy transitiens) are presented teget*er witl> tfee in-
tense cress-peaks (e.g. Se — Sy Pe — Py
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Figure 3 (online color at: www.ann-phys.org) 2D-Photon echo signal Slf) (hS23, ty, h2;) 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
SS) (h€23, By, h€2;) (depicted as absolute value (Abs)). The signals are depicted on a nonlinear scale, de ned by eg. (10). The colour scale

is the same as in Fig. 2

t»e diagenal peaks A and C are mere preneunced #f*an
t#»e weak ey — h, transitiens (peak B). It is netewertlyx
d»at tf-e lewest energxdiagenal peak A of e neutral QD
(Se — S tansitien at —h2; = hQ23 = 1.083 eV, kig. 2 (a))
si>ews a preneunced asymmetr xwf*icf» is net present fer
t»e clrarged QLS. 1l diagenal peaks arise frem greund te
single-e¥ citen transitiens (X9 — G9).

Te mest preminent eff-diagenal feature (cress-
peaks) of all QD is an intense multi peak structure at
—hQ; = 1.08 eV, 23 = 1.16 eV (for e upper diagenal
peak) wiicl> arise frem ceuplings of S; — S,, and P. — Py
transitiens (cress-peaks E, E , G, G ). In tf*e neutral QD
(rig. 2 (a)) we ebserve a clear deublet stiucture frem
t=e cress-peaks E and G, fer #»e negativelxand pesi-
tivelx.cfrarged QD (kig. 2 (b) and (c)) a mere cemple¥
triplet is fermed frem t»e cress-peaks E and G. In tre
negativelgcfrarged QU additienal cress-peaks arise frem

38 www.ann-phys.org

t*e ceuplings witl*in t*e P, — P,, cl"annel (for t*e pesi-
tivelx QD, kig. 2 bettem, e spectral range is limited in
teis Icgion)‘i" dditienal weaker cress-peaks eccur at tire
1esenances ef ee S, — S;, and ey — h, transitiens (cress-
peaks D, D, —hQ; = 1.08 e\ 13 = 1.13 eV) and of tre
eo — hy and P, — P,, 1tansitiens (cress-peaks F, F , —h;
=1.13 eV A3 =1.17 eV). We see tat aleng tre h2; a¥is
all resenances can be assigned te transitiens in #*e lin-
ear abserptien specttum, wi*ile aleng /Q3 resenances at
new frequencies eccur (cress-peaks G, G , H, hQ3 = 1.07
eV hQ3 =1.158 eV hQ3 =1.115eV).

Ti»e origin of e multi peak stiucture of cress-peaks
can be undeisteed fiem e simplified level scleme
of e QD single-&Xcitens X9 and bi-e¥citens X X9 de-
picted in kig. 1 (d). Te Sk and GSB centributien te t-e
2D-PL signal Sfl) (23, £, A21) meniter X9 — GY transi-
tiens and t»e ceupling between single-e¥ citens. Tle
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Supporting information for this article is available free of charge
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