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We investigate the interband transitions in several entesrdf self-assembled InAs/GaAs quantum dots
by using photoluminescence excitation spectroscopy ustdeng magnetic field. Well defined resonances
are observed in the spectra. A strong anticrossing betwegtransitions is observed in all samples, which
cannot be accounted for by a purely excitonic model. The laogibetween the mixed exciton-LO phonon
states is calculated using the Frohlich Hamiltonian. Ttatenic polaron energies as well as the oscillator
strengths of the interband transitions are determined. micrassing is predicted when two exciton-LO
phonon states have close enough energies with phonon dimmgpevhich differ by one. A good agreement
is found between the calculations and the experimentalalédizncing the existence of excitonic polarons.

Copyright line will be provided by the publisher

1 Introduction Various experimental and theoretical works have demotestrihat carriers confined
in semiconductor quantum dots (QDs) are strongly coupleétdgdongitudinal optical (LO) vibrations of
the underlying semiconductor lattidg [1,[2[B[[]5[|6, 7]-irérared (FIR) magneto-absorptionin and
p-doped QDs have shown that intraband optical transitiomslwe polaron levels instead of the purely
electronic statesﬂ[]l] {| 8]. Recent theoretical works hésva that excitons in QDs strongly couple to
LO phonons in spite of their electrical neutraliﬂ' [9]. THgenstates of the interacting exciton and phonon
systems are the so-called excitonic polarons which areiqiegtito give significant modifications of the
energy levels and large anticrossings when two excitomphdtates have close enough energies with
phonon occupations which differ by one. In the present wakkhave studied, &= 4 K, the photolumi-
nescence excitation (PLE) under strong magnetic field uBtd &f several ensembles of self-assembled
InAs/GaAs QDs. PLE spectroscopy probes the absorption abarssemble of similar QDs defined by
the detection energly,.; and thus allows to circumvent part of the inhomogeneousdmoiag caused by
dot size inhomogenity. Several well defined resonancesizsereed in all samples. The magnetic field
dependence of the resonance energies allows an unambigssigament of the interband transitions. A
strong anticrossing between two transitions is observallisamples as the magnetic field is changed.
Such an anticrossing cannot be accounted for by a purelyoecimodel and one has to consider the
exciton-lattice interactions. We have calculated the dagetween the mixed exciton-LO phonon states
using the Frohlich Hamiltonian and we have determined Xeé@nic polaron states as well as the energies
and oscillator strengths of the interband transitions.

2 PLE Results Figureﬂ depicts the PLE spectra of the three samples A1, A2Aghwhich were
respectively undopedi,-doped ang-doped. The peaks observed are associated with transii&ingen
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Fig. 1 Magneto-PLE spectra of samples Al (a), A2 (b) and A3 (c) at 40nfB=0 to B=28 T every 4 T and for a
FE4.+=1215 meV. The dashed lines are guides for the eyes. Trawedban vertically offset for clarity.

bound levels in the QDs: a low-energy peak is observed=it meV, a second peak is found-af5 meV,

a third peak is found at-110 meV. For QDs with a perfect cylindrical symmetry, thegrd and first
excited states in both the conduction and valence baned anelp-like respectively. In order to associate
the excitation peaks with transitions in the QDs, a magrfagid B is applied along the sample’s growth
axis, as it is well known that the effect of a magnetic field iffedent for s, p andd states. The energy
of the PLE peaks as a function of magnetic field is plotted m Eifor sample A3. As the magnetic field
increases, the peak that was initially-a5 meV splits into two separate peaks: one peak that incséase
energy and a second peak that decreases in energy. Thesecpeake associated withlike transitions.

Let us now take a closer look at the oscillator strengths eflthiver energy peaks, as shown in Fﬁb 1.
At 0 T, the intensity of the low-energy peak at 50 meV is abdd2of that of the 75 meV peak. As
the magnetic field increases, an exchange of oscillatongtinebetween these two peaks is observed. For
samples Al and A3, at 20 T the two peaks have the same intemsltgy 24 T the oscillator strength of the
low-energy peak has surpassed that of its neighbor. Forleak®pthe energy difference between the two
peaks at OT is smaller and therefore the anticrossing isebdat a lower magnetic field. Such a behavior
can not be explained using a purely electronic model. It cersary to use a model that takes into account
the coupling between the optical phonons and the photdededectron-hole pair in the QD.

3 Calculation of excitonic polaron The noninteracting exciton-phonon states are labétled,, Ng),
where|n) = |s), [p*) are purely electronic level$N,) denotes the ensemble of tAeLO-phonon states
in the {q} modes. The Frohlich Hamiltonidiz couples states which differ by one phonon.

Ap

<ne7 Th, 0|VF|n;, n/h’ 1q> = 7 [5nhngvnen; (Q) — 5nen/evnhnz (q)} (1)
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Fig. 2 Magnetic field dispersion of PLE resonances in sample A3 @ndjgures with the calculated energy transitions
in solid lines.
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Fig. 3 Calculated excitonic polaron energies and in- Fig. 4 Experimental (full squares) and calcu-
tensities as a function of the magnetic field. The lated (solid lines) spectra for different mag-
area of the circles are proportional to the oscillator netic fields. The experimental data was taken
strengths. for E4.:=1215 meV and for sample A3.

whereuv,,,, (q) = (n|e’@"|n’). The termAr includes in its definition the Frohlich constant which ikea
asa = 0.11, consistent with precedent polaron studies in q:lps [1].

In order to calculate the excitonic polarons, we have usedigpersionless LO phonon approximation,
which allows the very accurate calculation of polaron IsevelQDs [IL]. An LO phonon energy étv = 36
meV has been used. In addition to Frohlich coupling termagjamb interactions and in-plane anisotropy
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have been taken into account. The energy dispersions ailimscstrengths of the polaron states, pre-
sented in Fig. 3, were calculated using an in-plane effectiass for electrons..= 0.07n, and for holes
mp= 0.22m,, in agreement with FIR intraband magnetospectrocopy tesidlhe other dots parameters
were chosen in order to fit the experimental values of bothrtttabands-p electronic (hole) transitions
[47 meV (22 meV)] and the interband ground state energy ¢tieteenergy ofl215 meV). More details
on polaron calculation can be found in referer@ [10]. Theenical diagonalization of the full Hamil-
tonian gives us the polaron energy transitions. The enesgitipns as a function of magnetic field are in
good agreement with our data, as seenin E@z [11]. In paaticthe Frohlich coupling between the states
Ip., pi,0) and|s., p;, 1) is responsible for the experimentally observed strongeogsing. We calculate
also the interband absorptions for an inhomogeneous ens@itiots. The solid lines in Fig. 4 represent
the calculated absorption spectra at different magnetasfi&ve compare our calculated interband absorp-
tion spectra with the PLE experimental data. The full sqea@re data points taken for sample A3. The
evolution of the oscillator strengths of the absorptionthwiie magnetic field is very well described by
our model. We are able to predict the exchange of oscillatength observed in our results demonstrating
the validity of our analysis and the existence of excitordtapons. Similar agreement is found for results
obtained for sample Al and A2.

4 Conclusion We have investigated the interband transitions in severseémbles of self-assembled
InAs/GaAs QDs by using PLE spectroscopy. The magnetic fiefteddence of the interband transitions
allows their unambiguous assignment. When two exciton-h@npn states have close enough energies
with phonon occupations which differ by one, a large antisiog is theoretically predicted. Such a situa-
tion is experimentally induced in our samples by the apptiegnetic field for the two interband transitions
(Ipz Py, 0), |se, pif, 1)) and a strong anticrossing is actually observed in all thestigated samples. We
have calculated the coupling between the mixed exciton-h@nhpn states using the Frohlich Hamiltonian
and we have determined the energies and oscillator streioftie interband transitions. Our model ac-
counts well for the experimental data, evidencing that Ko¢ens and LO-phonons are in a strong coupling
regime in QDs and the interband transitions occur betweeitagc polaron states. Finally, we believe
that the existence of excitonic polarons could present inapb consequences for the energy relaxation in
excited QDs and for the coherence decay times of the fundi@iraptical transitions.
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