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Spectroscopic study of dark excitons in IRGa; _,As self-assembled quantum dots
by a magnetic-field-induced symmetry breaking
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The dark states of the heavy-hole ground-state exciton have been studied by photoluminescence spectros-
copy of single self-assembledglgGa, 46AS quantum dots in magnetic fields of varying strengths and orien-
tations. When tiltingB out of the[001] crystal direction the exciton states with angular moménta=2 are
mixed with the|m|=1 states and become observable. In combination with a detailed analysis of the corre-
sponding Hamiltonian a comprehensive picture of the exciton fine structure is obtained. This fine structure is
characteristic for direct gap semiconductors with a twofold degenerate valence band.

Excitons play a key role for the optical properties of semi-in energy so that the light holes can be neglected in this
conductor nanostructures, which are of vital interest foranalysis. Therefore, the terms that are linear in the hole mo-
present and future optoelectronic devices. Therefore, it is immentum along thex andy directions, which cause a mixing
portant to understand the properties of these electron-holef heavy and light holes, can be omitted. With=3,J;,,
complexes, one of which is their fine structure. It consists of=+32 and S,= %,S&Z: +3, four exciton states can be
a multiplet of states with different angular momenta that areformed, which are characterized by their angular momenta
split due to exchange interaction. Among them, only a fewprojectionsM =S, ,+J;, ,. The interaction of the electron
with momentum 1 can couple to the light field permitting and heavy-hole spins with an external magnetic field of ar-
their spectroscopic study. The other states with angular mabitrary strength and orientation is giveny*°
menta different from 1 are dark, but still they have strong
influence, for example, on the kinetics of the bright excitons.
Due to their long lifetime, dark excitons serve as a reservoir
out of which they can be converted into optically active
states by spin-flip processes.

Spectroscopic access to dark excitons can be obtained lith the Bohr magnetorug and the direction-dependent
a controlled symmetry breaking, due to which angular mo-electron and hole factorsge,; andgp; 20
mentum is no longer a good quantum number and the dark
states are mixed with the bright ones. Such a symmetry
breaking can be obtained, for example, by applying a mag-
netic field. Only a few dark exciton studfekave been re-
ported because in typical IlI-V semiconductors such as GaAs
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the smallness of the involved energy splittings prevents the B=0
resolution of the fine structure, which additionally is also 1
complicated by inhomogeneous broadening. Here spectros- 1 -
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copy on single quantum ddts® opens new possibilities: 12 —

first, the inhomogeneous broadening is suppressed and sec-
ond, the Coulomb interaction energies are strongly enhanced
by quantum confinement.

Here we study the part of the exciton fine stucture related
to the dark excitons in ByxdGay4AS self-assembled quan-
tum dotst® This fine structure is characteristic for a wide
variety of direct gap semiconductors with a twofold degen-
erate valence-band edge such as quantum wells, wires, or B=0
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dots. At zero magnetic field the fine structure is given by the
electron hole exchange interacttént®

HExchange:i=;y , (aiJh,ise,i + bi‘Jﬁ,iSe,i) (1)

for an exciton formed by a hole with spil) and an electron
with spin S,.%° The z direction is chosen to point along the
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heterostructure growth direction. Due to the strain between FIG. 1. Scheme of the exciton fine structure in Fara@yand
dot and substrate the heavy and light holes are strongly splitoigt configuration(b).
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Using the exciton states {1),[—1),|+2),/-2)) as a andé&,=3(bs+b,) have been introduced has block diag-
basis, the following matrix representation is obtained for theonal form; bright and dark excitons do not mix. Furthermore,
B=0 Hamiltonian: for symmetric structures, which are of interest here, xhe
direction is equivalent to thgdirection (b,=b,).* Then the

% o 0 0 off-diagonal matrix element®; in the subspace of bright
1|61 6 O 0 excitons vanish and+1) and |—1) are eigenstates of
HExchange_E 0 0 —6 6 |’ Hexchange
0 0 s _s The matrix describing the Zeeman-interaction of the spins
2 0 with a magnetic fieldB=B(sin,0,cos®) where ¥ is the
where the abbreviations,= — 3(a,+3b,), 8;=§(by—b,),  polar angle relative to the axis is given by

(Je 2t 9h,z)COSY 0 OexSINY OhxSINY
" 5 _MBB 0 — (et 0n,z)COSY Ohx SiNY Jex SiNT
zeematB) =3 e x SINY Ohx SiNY —(Ge—Gh, ) COSY 0
Ohx SiNY Oex SiNY 0 (9e—0h ) cOST

Here we assume the in-plane magnetic field points along thdark excitons do not mix, because the magnetic field does
x direction. Due to the rotational symmetry of the dots, thenot destroy the planar symmetry and angular momentum re-
energies are independent of the choice of this orientatiormains a good quantum number. Bt=0 the states withm
Different spin-splitting patterns in the magnetic field arise==*1 andm= *2 are split by the exchange enerdy. Due
from these Hamiltonians. to the off-diagonal matrix elements for th#2 excitons
Figure 1a) shows a scheme of the splitting of the exciton these states generally hybridize. However, since these matrix
fine structure in Faraday configuratio€0). Bright and elements are proportional to the, which are small com-
pared toa,, this mixing will be neglected, in agreement with

energy [eV] the experimental data below. With increasing magnetic field,
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FIG. 2. (8) Photoluminescence spectra of a single quantum dot FIG. 3. (a) Energies of the exciton transitions versus magnetic
atB=0 (dotted tracesand 8 T(solid tracefor varying orientation  field in a Voigt configuration(b) Energy splitting between the outer
of the magnetic field(b) Same aga) but for varying magnetic field and the inner emission features as functionBofSymbols give
strengths in a Voigt configuration. experimental data; lines give the results of the calculations.
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tilt angle [deg.] pattern in full detail. For that reason we have performed
16 ? ' 1.5 ' 3|° ' 4|5 . ‘5'0 . 7|5 . 9|° magnetoluminescence spectroscopy of single self-assembled
INg 6658 40AS quantum dots and have varied the strength and
B=8T orientation of the magnetic field. The quantum dot structures
12 ~ T have been described earliérScanning electron microscopy
% of uncapped samples suggests a planar cylindrical symmetry
Eosl i of the dots as assumed in the theoretical anaﬁ}sﬁingle
2 dot spectroscopy was done by fabricating small mesa struc-
§ tures with lateral sizes of about 100 nm using lithography.
® 04 (b) . For optical studies the dot structures were held in the liquid-
helium insert T=1.2 K) of an optical split-coil magneto-
) B S N S SR cryostat B<8 T). The orientation oB relative to the dots
os b i c_ould be changed by rotating 'ghej sample. The power of ex-
) citation by an AF laser was limited to about 2@W in
[ T order to avoid multiparticle effects. The emission of the dots
5 04r . was dispersed by a double monochromatdr6-m focal
2 - \t\.\‘_\.__. . length and detected by a charge-coupled devices camera.
= ool 4 Figure 2a) shows photoluminescence spectra of a single
g | (a) ] quantum dot aB=8 T for varying field orientationgsolid
& 04 _/_ traces. For comparison, also the zero field spectra are shown
’ by the dotted traces. Far=0 the exciton splits into a dou-
o k . . . . ' ] blet corresponding to then=+1 excitons, while the exci-

0 5 30 45 80 75 90 tons withm= *2 remain dark. However, when the magnetic
field is already tilted, for an angle af=30°, two additional
features appear between the strong emission lines, which
FIG. 4. (a) Exciton transition energies Bt=8 T plotted against arise from mixing of dark and bright excitoA&When in-
the tilting angle of the magnetic fielh) Spin splitting between the creasing the tilt angle the energy separation between the ex-
outer and the inner emission features as function of the tilt angle atiton states decreases strongly. Figufie) 8hows the photo-
B=8 T. Symbols give experimental data, lines give the results oluminescence spectra of another o dfGay46AS single
the calculations. guantum dot that were recorded in Voigt configuration for
varying magnetic field strengfi.With increasing the cen-
states with positive and negative angular momenta split. Theer of the emission features shifts to higher energies due to
splitting depends linearly o. For the =1 excitons it is the diamagnetic shift of the excitonB2. At B=0 a single
proportional to the sum, for the-2 excitons it is propor- emission line arising from the recombination of time|=1
tional to the difference of the electron and hgléactors. excitons is observed. On its low-energy side an additional
The magnetic field dependence changes drastically whespectral line appears &=2 T, which originates from the
B is rotated to obtain Voigt configurationd=90°), as |m|=2 excitons at zero field. For higher fields each of the
shown in Fig. 1b). The planar symmetry of the system is two emission lines splits into a doublet. The energy splitting
now destroyed. Classically, the carrier spins precede arourisetween them increases with magnetic field.
the in-plane field, due to which tig=0 angular momentum Figure 3a) shows the observed exciton transition energies
eigenstates are mixed. From the matrix representation we se@d the energy splitting between them versus magnetic field
that them=*1 states do not mix with each other, but the in Voigt configuration. To study only the fine-structure ef-
m=+1 mixes with them= +2 exciton through the preces- fects we have subtracted the energy of the center of the emis-
sion of the electron spin, while it is mixed with th@  sion features for each field strength individually. The split-
= —2 exciton through the precession of the hole spilce  ting of the energy levels follows the scheme sketched in Fig.
versa for them=—1 exciton. Due to the mixing, the dark 1(b). The splitting between the two inner emission lines is
excitons become optically active. The spin splitting shows amainly given by the exchange interactiép and the Zeeman
kind of anticrossing behavior. THen|=1 excitons aB=0 interaction has little influence on their energies. In contrast, it
both shift to higher energies with increasing magnetic field significantly changes the energies of the outer emission fea-
while the energies of them|=2 excitons are lowered. tures, as seen from Fig.(9. The eigenfrequencies and
The aim of our study was to resolve this fine-structureeigenstates ford=90° have been calculated from the

tilt angle [deg.]

TABLE |. Excitonic states in a magnetic field in Voigt configuratidﬁ”éx).

Energy Eigenstate
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fine-structure Hamiltoniart = Heychangst Hzeemanand are

given in Table I. The results are also shown in Fig. 3 by the

solid lines.

From the calculations the electron and hgléactors as
well as the exchange energies are determined. \&jth0
and 5,=0 we obtain 150ueV for the electron-hole ex-
change interactiod,. For theg factors we obtain the follow-
ing values:g, ,= —0.80 andg, = —0.65, g, x=—2.20 and
0ex= —0.35. This directionality dependence of théactors
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cide.

With these parameters the dependence of the exciton tran-
sition energies on the tilt angle of the magnetic field can be
calculated. The dependenciesBat 8 T are shown by solid
lines in Fig. 4a) in comparison with the experimental data,
from which good agreement is seen. With increasing tilt
angle the energies tend to converge resulting in a reduction
of the spin splitting between the emission lines. These split-
tings are plotted against the tilt angle in Figby The split-

ting between the two outer lines, i.e., between the bright

is considerably different from that of quantum wells. There€xcitons at zero field, decreases from 1.4 meWat0 to 0.5

an isotropy of the electrog factor is found, while the in-
plane holeg factor is zero. Due to the nonzegofactor g, 4

meV at9=90°. For the splitting between the inner features
(dark excitons aty=0) the reduction is only about 0.5 meV.

only, a quadruplet splitting occurs, otherwise the energies of This work was financially supported by the State of
the two lower, and higher states, respectively, would coin-Bavaria.
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