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Pseudopotential calculation of the excitonic fine structure of million-atom
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The atomistic pseudopotential method is used to accurately predict the electron-hole exchange-induced fine
structure(FS) and polarization anisotropy in million-atom,In,GaAs/GaAs quantum dots of various shapes
and compositions. The origin of the FS splittings is clarified using a simple model where the effects of
atomistic symmetry and spin-orbit interaction are separately evident. Remarkably, polarization anisotropy and
FS splittings are shown to occur, even in a cylindrically symmetric dot. Furthermore, “dark excitons” are
predicted to be partially allowed. Trends in splittings among different shapes and compositions are revealed.
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Recent advances in single-dot spectros¢opyevealed serves the usualxciton structurewith splittings on the 10—
that the excitonic lines of self-assembled InGaAs/GaAs 100 meV scale corresponding to the orbitally distifel.,
quantum dots exhibit a surprising fine-structyfes) with Se-Sy Vs Pe-Pp) Coulomb-stabilized electroaf-hole(h)
unique polarization anisotrofy.”® Indeed the study of FS pairs. Second, one observesfiae structure on a 0.01-1
has become very important recentf’ It was found that the meV scale, comprising of exchange-stabilized statikin
spectra of(001-grown lens-shaped dots break into a fewa given orbitally-distinct(e.g., Se-S;,) exciton. Excitons in
sharp lines~0.1 meV apart, exhibiting pronouncé@dplane  both energetic hierarchies can be described by combining
anisotropy, distinguishing the seemingly equivaleritO] di-  the single-particle description with a many-body expansion.
rection from the[ 110]. This is surprising in two ways. First, The underlying physics can be described and computed as
in sphericalcolloidal dots, the dipoles-allowedbright” )  follows.
states do not exhibit F&. Second, the measured spatial ~The single-particle problemThe single-particlgorbital)
anisotropy =% suggests a lower symmetry than the nominallevels of a quantum dot are obtained by solving the one-
shape symmetry of the dot, which is often a rotationally sym-€lectron Schrdinger equation in a confining potentM(r).
metric lens; whereas such lo.g.,C,,) symmetries were Thus, we describ¥(r) as a superposition of strained atomic
predicted theoreticallj and their effect onsingleparticle ~ (Pseudo potentials centered at the atomic equilibrtirif
physics (e.g., P,-P, splitting) was discussed, the conse- Positions(for ~2x10° atoms). The eigenstates é(r) [ob-
quences of such symmetry on the many-body FS was ndgined numerically Wlltsh_ln a b_a5|s of ‘_‘Ilnear com_blnatlon of
appreciated. Indeed, since continuum-type thedriés Bloch. bandgLCBB)” mclgdmg m_ult|ban_d and mtervalley
based on the classic envelope-function methodoldgpm- couphngélmust transform like the wredumble representation
pletely lack FS for symmetric dots, the observation offs ©Of the point-group symmetry underlying the nanostructure.
led to the suggestion that the dot must be geometricalljOf lens-shaped or pyramidal-shaped dots, this atomistic
asymmetric. We show here that even if the dot is geometrisymmetry isC,, distinguishing the[110] from the [110]
cally symmetric(e.qg., circular-based lens shapethere is a  direction, even if the overall shape is “ideal,” e.gircular-

FS and polarization anisotropy. Calculating this effect inbase lens osquarebase pyramid® As a consequence of the
self-assembled dots is a challenge: Unlike colloidal dots tha&tomistic symmetry, the electron and hole levels can be of
include ~10* atoms, predicting the electronic and FS prop-mixed orbital and mixed Bloch character. These features are
erties of self-assembled dots, includingl®® atoms (dot illustrated in Fig. 1 which analyzes the single-particle orbit-
+barriep is considerably more complex. Using an atomisticals for a flat and a tall Ga, s/As/GaAs dot in terms of the
pseudopotential approach to the single-particle and manyerbital character §,P,D) and the Bloch charactefJ,
body description of excitons in lens-shaped =3/2; 1/2; 1/2 and el, see caption of Fig.] bf the wave

In, _,GaAs/GaAs self-assembled quantum dots, we showfunctions. We see that the wave functions of the flat dot are
here how the atomistic lattice symmetry combined with theclose to what ideal continuum models would suggest: The
electron-hole exchange interaction produces excitonic Fground hole state is 90%:like, heavy-hole J,=3/2) like,
with pronounced in-plane polarization anisotropy even in cy-whereas the next two hole levels axe80% P-like and
lindrically symmetric dots. Unlike continuum models which heavy-hole-like, with only 6—-7% or D character. The elec-
introduce a phenomenologicatl hoc“in-plane asymmetry tron states have only weak interband coupliagound 6%
parameter” to fit to the measured splitting, we are able toand almost pure orbital character. However, for the tall dot,
provide quantitativepredictionsof the FS. Our theory natu- the situation is similar for the electron states but dramatically
rally includes long- and short-range exchange interactions. different for the holes: even the ground-state hole has

Monoexcitons in self-assembled quantum dots exhibitstrongly mixedS (41%) andP (28%) character and is only
spectroscopic features on two energy scales: First, one ol3% heavy-hole {,=3/2) like. This enhanced mixing with
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FIG. 1. (Colon Isosurfaces of the squared wave functions of the first three electron and first three hole states fdoaM|&5.2 nm base and 3.5 nm
heighy and a tall(dot T, b=25.2 nm,h=5nm) In, (Ga ,As/GaAs dot. The two isosurfaces enclose 75% and 40% of the state densities. For analysis
purposes, we project the wave functions on three valence bargdg, and the lowest electron band el. The valence bands are labeled by their axial angular
momentum valuesl,= 3/2 for heavy holeJ,=1/2 for (x— iy)/\/ET, (x+ iy)/ﬁi, andJ,=1/2' for z], z| . The wave functions are further decomposed with
respect to their axial angular momentum compone®sR, D). Random alloy fluctuations have a strong effect on the visual shape of the hole states.
However, the energies and the character of the wave functions remain nearly constant for different random alloys.

increasing height results from the fact that for tall dots theent dominant orbital configurationig h;) of the CI states
confinements irx-y andz directions are comparable reveal- (e.g., upper part of Fig.)2 the e-h exchangeinteraction

ing the true zero-dimensional properties. Interestingly, Fig. Isplits those states in a way that sensitively reflects the
shows that the magnitude of this mixing effect increases draatomistic symmetryflower part of Fig. 2. We calculated the
matically with only modest increase in heiglitom 3.5 nm  FS splitting of four dots, and present the results in Fig. 2 and

to 5 nm. Table I. We see, in Fig. 2, that each peak in the excitonic
Coulomb-stabilized excitonic structur&ach pair|e;h;) spectra is split into four FS lines. Those shown in Fig. 2 as
composed of a single-particle electrogy(e;,e,, ...) and light (heavy lines are “dark” (bright) excitons.Remarkably,
hole state Kiy,h;,h,, ...) defines a single configuration. even the symmetric dots (denoted P, F, and T), show splitting
Including spin, this state is fourfold degenerate. Theof bright states as well as strong polarization anisotropy.
electron-hole Coulomb interactial{e; ,h;) leaves this four- To interpret the results, we develop a simple model for the

fold degeneracy intact, but binds the electron-hole pair. Corease where the envelope-function part of the electron and
relations are introduced by allowing different single configu-

rations|eihj) to interact via configuration interactigicl).°
These correlations modify the FS splittings. The ensuing

| InAs/GaAs, b =25.2 nm, h =3.5 nm |

many-body state¥ ,=Z; JC(")|eI ;) often contain a domi- [s-s] [s-P | [ P-P Channel |  [D-D Channel]
nant configuration, i.e., one with a particularly Iar‘gQJ| , - c° A (= [ — =
which will be used to label excitonic states. The Coulomb 5 3= |O i T, EIN T
and exchange matrix elements needed for the Cl calculation € p L, | 7 °’ °’ °’ o] [@
are computed numericaffy from 12 electron and 12 hole = z::‘

pseudopotential single-particle orbitals, and are screened by g A °

the dielectric function according to the model described in ‘§ Sreno

Ref. 16. Absorption is calculated by Fermi's golden rule ap- & g::;

plied to ClI states. The calculated low-resolution spectra for a | D—ihs mo II
flat InAs/GaAs dot(Fig. 2, upper pang¢lshow a single

Se-Sh(eg-hyo) line, followed by a maximum of four lines for 108/ by 1.1 6" &V
the P.-P,, channel, then th®.-D,, channel. The width of WT' m <lel [o[s W‘OTI WT' m
the P.-P}, channel is typically around 10 meV for cylindrical ~ _ ~
dots, but broadens to 27 meV for an elongated(dOt Ein FIG. 2. Absorption spectra for a pure InAs dalot P). Upper panel:
Table D' low-resolution excitonic structure. Weak transitions, apart frephg,

Exchange-induced ESThe e-h Coulomb interactions have been omitted. Lower panel: FS splittingsiaV. Thin (heavy lines
give rise to excitonic structure that can be labeled by differ-denote darkbright states.
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PSEUDOPOTENTIAL CALCULATION OF THE . ..

TABLE |. FS splittings for threen, Ga, ,As/GaAs dots: dotF
(b=25.2 nm, h=3.5 nm), dotE (elliptical base withb1=26 nm, b2
=20 nm, andh=3.5 nm), and dofl (b=25.2 nm,h=>5 nm). The transi-
tion energies are in eV, while the FS splittings s, » [see Fig. &)] are in

peV. The dominant single-particle state contribution and the dominant or-

bital character of the excitons is denotedeash; andL.-L,,, respectively.
The polarizatiorP is given in percent for the low/high bright state.

Energy &i-h; Le-Ly, K 25 279 P
Dot F
1.266 0-0 S-S 164 4 0 —53/51
1.305 0-4 S-S 68 32 0 2120
1.334 1-1 P-P 85 9 1 1326
1.336 2-1 P-P 68 13 0 —65/68
1.341 1-2 P-P 109 26 3 —33/3
1.343 2-2 P-P 46 34 1 —97/92
1.399 3-3 D-D 44 6 1 — 77168
1.402 4-3 D-D 39 6 0 —91/90
Dot E
1.275 0-0 S-S 230 30 1 98+ 98
1.340 1-1 P-P 125 12 0 —64/61
1.348 1-2 P-P 98 34 3 9395
1.360 2-1 P-P 95 11 1 —87/94
1.367 2-2 P-P 106 23 3 —70/83
1.410 3-3 D-D 61 3 0 —87/81
1.420 3-4 D-D 65 26 4 1004 100
1.427 4-3 D-D 42 9 0 —94/97
Dot T
1.237 0-0 S-S 122 9 0 1004 100
1.241 0-1 S-P 80 7 0 96/ 96
1.285 1-0 P-S 66 77 1 —90/86
1.288 1-1 P-P 73 8 1 941-95
1.291 2-1 P-P 64 33 1 —77183

hole states are df; (S-like) symmetry. The Bloch part of
the electron state is df; symmetry in zinc-blende structure.

The electron states in the following are therefore, includingﬁrst two hole

spin, twofold (Kramer’s degenerate. Furthermore, the con-
tribution of the valencdZ) band in the hole states is ne-
glected since it is pushed down in energy through the stron
confinement ire direction(for flat dotg. We will proceed in
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FIG. 3. Schematic evolution of thexcitonicFS. A and A, are the
spin-orbit splitting energies in the presence and absence & theotential,
o is the atomistic asymmetry factor, aidis the exchange splitting energy
(see text

C,, symmetry, no spin-orbit interactiofigs. 3b) and
4(b)]. The spin-independer@,, potential does not have the
ability to mix spins. However, it will mix the orbital parts of
isospin hole states creating the eigenstates given in Fig. 4b,
where theC,, point-group notatiotf has been used. We ob-
tain two pairs of eigenfunctions whose orbital parts belong to
theI', andI', representations and spin parts to fherep-
resentation. The splitting of these two pairs is due to the
nonequivalence of thel',,) and |T',,) Bloch functions
(atomistic asymmetpy reflected in the atomistic asymmetry
parametero=(I'y,[Hc, |I'2,) —(T'4y[Hc, [T'4,), which is
characteristic of theC,, potential. The previously fourfold
degenerate hole states split into two ky. £Zonsequently, the
excitonstates are split by the atomistic asymmetey @&nd
further split into singlet and triplet by the exchange tdfm
[Fig. 3b)].

Cylindrical symmetry, with spin-orbit interactiofFigs.
3(c) and 4c)]. The spin-orbit interaction splits the hole states
with respect to their total angular momentumThus, the
J,=3/2 hole stateg] andb| will split by Ay from theJ,
=1/2 statesa| andb? [see Fig. 4c)]. Considering only the
statesqT, b|) and the electron state®|,
el) , the exchange Hamiltonian in the basis of the four ex-

itons @7et), (atel), (bleT) and (blel) is given byH .,
§Héx will be described later

steps from the idealized cylindrical symmetry neglecting at

first the spin-orbit interactiofFig. 3(@)], to the full atomistic
symmetry C,,) in the presence of the spin-orbit interaction
[Fig. 3(d)]. We will show how the observed FS is the result

of the atomistic symmetry in presence of the spin-orbit inter-

action.
Cylindrical symmetry, no spin-orbit interactidfrigs. 3a)

and 4a)]. In this case, the hole states are eigenfunctions of

the angular momenturh=1 as depicted in Fig. (&. The
spin parts of the wave functions are written|a$ and||).
Due to the equivalence of the wave functigi$ and|Y) in

cylindrical symmetry, the four hole states are degenerate. [ 4 Symmetry analysis of the single-partidiele state. A,

The resulting eight exciton statésvo electrons, four holes
are split by the exchange interacti#h(singlet-triplet split-
ting) into two S=0 and sixS=1 states.

Cylinder Coy

(a) #@T D e (b)
ol(Xy+irne|n=at| ved+bd) Waaf @ e
SlX) i@ =0t L4 _ppy 20
Z (XY +iY))e| ) =al| V2 ¢ i|Tay) ® |Tsp)

(IX)-iv)) e[l =bd| FHal-04)

©) at (V1—-€?)at +ebt= 72|Ta) +iu[Taw) T @
ol J,=3/2 . '
2 bk Ay (V1=e2)b| +eal= 1[Ta) — ina|Tuo) 4 Al
§ 7, =1/2:%% (VI=€%)a | +¢bl=>1olTa) +inlls) | 0

bt (VI=9)b 1 +eat= 72|Ta0) — imalTao)

is the
spin-orbit splitting energy and is the atomistic asymmetry splitting energy
(see text With, y,=(V1—&’+e)/\2, ys=(V1—&?—¢)/\2, and A}

= \/A02+402.
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0 0 0 O 7 0 0 g large as 150ueV is not predicted for the present dots
(P,F,T,E), but is nevertheless conceivable for strongly
H.o— 0 kK40 H' = 0 K40 1) elongated tall dots.
“1lo &8 KOo|” ® |10 6 KO The polarization ratio P= (1,10~ 1720)/(1 110+ 1710). The
00 0 O 7 0 0 7 bright_states are split and show strong polarizatioflit0]

and [110] directions. Even for circular-based lens-shaped

. . . dots we predict 100% polarization and show that measure-
since thee-h exchange interaction only affec&=0 states.  nents of finite polarizations can not be used as evidence for

In cylindrical symmetry|X) and|Y) are equivalent and the ot shape anisotropies. Notably, strong deviations from the
“bright exciton splitting” & vanishes. The first four exciton expected 100% are found for certain transitions.
states form two doublets separated by the exchange interac- The singlet-triplet splitting KThe predicted values fdf
tion K [Fig. 3(c)]. are in very good agreement with experiment. Bageal®
C,, Symmetry, with spin-orbit interactidifrigs. 3d) and  measure for the ground-states excitos K16 ueV for a dot
4(d)]: The C,, potential, will allow mixing of isospin states of ~25 nm diameter and unspecified height. This value fits
[Fig. 4(d)]. However, this mixing, denoted by will be weak  very well with the calculated 122ueV for dot T(b
since the isospin states are far in energy, shifted by the large 25.2 nm,h=5 nm). Furthermore we report larger values
spin-orbit interaction energyp,. The eigenvectors of the for K in strongly confined systems like in the elongated ot
new hole states are given in Fig(d# using thea andb as (20 nm confinement in thg-y plang and in the pure InAs
well as inC,, notation. Using the latter basis, the exchangedot (larger band offse}s This trend has also been observed
Hamiltonian is still given by He, but with s=4°  experimentally(Fig. 7 in Ref. 6.

+28K%T—¢2 and K=K+ 2 8°/1— 2. KC iis half of the The splitting » of the. dark statesThese splitti_ngs are
sum of (T, TyelHe T2, 1) and (FaylyeHod Ty 1), small for all the considered dots. They are introduced

while &° is half of the difference of both expressions and is,through two different effects. First, when the hole states pick
: o up somel';, character from the valend¢&) band(neglected
like o, @ measure of the atomistic asymmetry of the dot. Th(?n the simple model Such mixing exists even for dots of
asymmetryo leads to the mixings of the split-off states.

‘s theref ional qi | onal C,, symmetry and is expected to be strongertafi dots,
folzt erefore proportional ter and inversely proportional  here the confinements in tlzeand in thex-y directions are
0.

) ) . . . . comparable. In this caseyis proportional to the-polarized
Our simple theoretical model identifies the microscopicgipole oscillator strength of the upper dark state. Second, for
meaning of the various splitting parametétso, 7 andé  dots of lower symmetryalloyed or shape asymmetrjenix-
(Fig. 3. We now use this understanding to analyze theing of dark and bright states becomes allowed and we expect
pseudopotential-Cl calculated K®wer panel of Fig. 2 and |arger splittings with dark states afy polarization as well
in Table ). asz polarization. Taking these effects into account, the new
The splitting o of the bright statesWe observe larger exchange Hamiltonian is given By, [Eq. (1)] and has the
splittings for transitions of thé®.-P;, and D.-Dy, channels  eigenvalues depicted in Fig(d. For the dots presenteg,is
(9-46pueV) than exhibited in the S-S, channel very small.
(2-30ueV). The weak, “forbidden”es-hp transition ex- In summary, we explain the origin of FS splittings by
hibits a surprisingly large (16@.eV) splitting. Asymmetries developing a model based on symmetry considerations. We
in the overall dot shape tend to increase the splittings, aase this model to analyze the numerical results obtained for
seen in Table | for doE (elongategl Notably, even cylindri- In,_,GaAs dots of various shapes and compositigtzl,
cally symmetric dots®,F,T) have nonzero splittings. Com- flat, elongated, pure, and alloyedVe observe and explain
parison with experiment is complicated by the fact that curthe occurrence of polarization anisotropy and FS splittings in
rently there are very few experimental characterizations ofens-shaped dotéeven with a perfectly circular basend
the size(especially the height shape, and composition of reveal trends in the calculated FS.
the dots for which FS is reported. In Refs. 4 and&is This work was supported by the U.S. Department of En-
between 0-15@eV for the ground-state exciton. A value as ergy and SC-BES-DMS Grant No. DEAC36-98-GO10337.
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