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Using a many-body approach based on atomistic pseudopotential wave functions we show that the electron-
hole exchange interaction in semiconductor quantum dots is characterized by a large, previously neglected
long-range component, originating framonopolarinteractions of the transition density between different unit
cells. The calculated electron-hole exchange splitting of CdSe and InP nanocrystals is in good agreement with
recent experimental measureme&0163-18298151144-%

One of the most intriguing features of the spectroscopy otlear, however, to what extent the exchange interaction in
semiconductor quantum dots is the energy shift between thguantum dotsgs affected by dielectric screening. Recent di-
zero-phonon absorption and emission peaks observed in sizeect calculation$'® for InP and CdSe nanocrystals revealed
selective spectroscopies of monodispersed sampleBhe  that the unscreened exciton splitting is significantly larger
redshift of the emission peak, of the order of 10 meV, haghan the measured redshift, suggesting that the screening of
been measured in $iCdSe?® InP? and InAs~Ref. 7  the LR interaction may be important.
nanocrystals grown with different techniques. Although sev- -~iv! How to calculate the exchange splittinign standard
eral models have been proposed to explain the redshifteapproaches based on the effective-mass approximation
emission, recent measurements and calculations for CASEMA! the e-h exchange interaction is described bgleort-
~Refs. 2-5 and InP~Refs. 6 and Bnanocrystals indicate range phenomenological Hamiltonian acting on the exciton
that, as first proposed by Calcatt al,! the redshift origi- envelope functiod™
nates from the exciton splitting induced by the electron-hole
(e-h) exchangenteraction. According to this model, absorp-
tion takes place in a spin-allowed state, while emission oc-
curs from a lower energy spin-forbidden state.

There are four open issues regarding thé exchange Wherej is a structure-dependent parametgb(p/4 for cu-
interaction in semiconductor quantum dots. bic lattice structure ang5 p/3 for hexagonal lattice struc-

~i! The magnitude of the long-range exchange interactionfure!, s andJ are the electron and hole spin operatasis
In general, the effective exchange interaction contains &he bulk exciton radius, anbE, is the bulk exchange split-
short-range~-SR!' component, which decays exponentially ting. This model relies heavily on the knowledgeayf and
with an effective length comparable with the bulk lattice DE, § 3 0.1 meV? 0.001 meV-Ref. 7, which are often
constant, and a long-rang&R! component, which decays subject to large experimental uncertainties. The solutions of
instead as a power law and extends over several latticdhe model Hamiltoniartl! fit well the observed redshift in
constants. In bulk periodic semiconductors the LR interac- CdSe nanocrystafs;* but in the case of spherical zinc-
tion is responsible for the nonanalytic behavior of the excitorblende quantum dots Egl! predicts a 1R® scaling of the
dispersion as the exciton wave vector approaches 2ero,redshift with size’ which is not observed in either InfRef.
which is observed spectroscopically as a longitudinal-6! or InAs~-Ref. 7 nanocrystals where g3 RZ? dependence
transverse splitting. However, the magnitude of LR exchangé seen. While the prefactor of Egl! has been recently
interactions in zero-dimensional quantum dots is still anquestioned?® the inability of the conventional EMA to repro-
open question. duce the correct scaling law is particularly troublesome.

~ii! The physical origin of the LR exchange interaction. In this work we investigate the nature of teh exchange
Conventional wisdoRT*!! suggests that the LR exchange interaction in semiconductor quantum dots using a many-
interaction in quantum dots originates, as in bulk semiconbody approach based on atomistic pseudopotential wave
ductors, fromdipole-dipolecoupling of the transition density functions having a degree of accuracy comparablabtani-
between unit cells. Under this assumption, the LR contributio wave functions. We find the following.

HEMAS 2 ja DEd-r2r.!s-J, ~11

exch

tion to the exchange splitting aflike excitons in spherical ~i! For direct excitons the-h exchange interaction has a
quantum dots vanishéd.It is not obvious, however, that sizable LR contribution, comparable in magnitugeen af-
only dipolar LR interactions exist in quantum dots. ter screeningwith the SR contribution. The LR and SR

~iii! The screening of the LR exchange interactithe = components have distinct dependencies on the quantum dot
effects of dielectric screening on tleeh exchange interac- size.
tion are quite controversiaf—1*It is generally understood ~ii! The LR componentoes notoriginate from dipole-
that in bulk semiconductorshe SR exchange interaction dipole interactions between unit cells, as in the case of bulk
should be unscreened, while the LR exchange interactiorxcitons, but from monopole-monopole interactions that are
should be screened by the bulk dielectric terfédt.is not  peculiar to quantum-confined systems.
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