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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 measuremef&0163-18208)51144-7

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 CdSEMA) the e-h exchange interaction is described bgleort-
(Refs. 2—5% and InP(Refs. 6 and B nanocrystals 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 Whereé is a structure-dependent parametée(@m/4 for cu-
interaction in semiconductor quantum dots. bic lattice structure ang= /3 for hexagonal lattice struc-

(i) The magnitude of the long-range exchange interactionture), o andJ are the electron and hole spin operatagjs
In general, the effective exchange interaction contains &he bulk exciton radius, andE, 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 AE, [~0.1 meV? 0.001 meV(Ref. 7)], which are often
constant, and a long-randeR) component, which decays subject to large experimental uncertainties. The solutions of
instead as a power law and extends over several lattiche model Hamiltoniar(1) 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 Eql) 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 & R~ 2 dependence
transverse splitting. However, the magnitude of LR exchangé seen. While the prefactor of Eq4l) 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.

(i) The physical origin of the LR exchange interaction. In this work we investigate the nature of theh 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.

HEmh=—¢a3 AE,8(rp—re)a-J, 1)

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 screening with the SR contribution. The LR and SR

(i) The screening of the LR exchange interactibhe  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 (i) 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.

0163-1829/98/5@0)/133614)/$15.00 PRB 58 R13 367 ©1998 The American Physical Society



RAPID COMMUNICATIONS

R13 368 A. FRANCESCHETTI, L. W. WANG, H. FU, AND A. ZUNGER PRB 58
(i) Using a phenomenological, distance-dependent di- 60 : . . . .
electric constant, we show that the LR component of the (@
exchange interaction in quantum dots is significantly reduced 50 - InP
by screening effects. g w0l |
(iv) We are able to calculate the exciton splitting of semi- _ CdSe
conductor quantum dots without amypriori empirical in- é’ 30 L i
formation on the bulk exchange splitting or exciton radius. = GaAs
Our results are in good agreement with the experimentally 2 20 | .
measured redshift in a number of systems. M
The low-lying excited states of a quantum dot are calcu- 10 r i
lated by a configuration-interaction expansion of the many- 0 , , , , ,
particle wave function in terms of single-substitution Slater : . : . :
determinant®,.}, obtained from the ground state, by
exciting an electron from the occupied single-particle state ~ 10 GaAs .
¥,(x) of energye, to the unoccupied single-particle state §
Pe(x) of energye. [herex=(r,o), whereo=1,| is the § 8 InP 7
spin variablg. By taking the ground-state energy as energy 2 6
zero, the matrix elements of the many-particle Hamiltonian g CdSe
H in the representatiof® .} are %j 4 .
Qa
<q)vc|H|q)v’c’>:(€c_ ev) 51),1)’ C,C’_Jvc,v’c’+ch,v’C’ ' 2 T
by o o
whereJ andK are the Coulomb and exchange integrals: 0 1 2 3 4 5 6
PO W) (%) P (o) 3@
‘Jvc,v’C’:f :(r r,) [ri—rl FIG. 1. (a) The unscreened exchange integ@vac(S) (nor-
pres i 2 malized by its value aB— =) as a function of the cutoff radius
X dx, dx, (3) for GaAs R=225A), InP R=17.4 A), and CdSeR=19.2 A)
spherical quantum dots. The asymptotic vaIuesKnSg,vc(oo) are
% * 18.1, 21.3, and 18.2 meV, respectively. The arrows denote the
K = ff‘//v’(xl) _‘//C (X2) e (X)) Pu(X2) Wigner-Seitz radii of the three materiai$) shows, for the same
veve €(ry,ry) |ry—ryl quantum dots, the distance-dependent dielectric cons(@tused
in Egs.(3) and(4) to screen thee-h interaction.
X dxq dx, . (4)

states. Thus, we can selectively solve E5). for the band-

Note thatJ and K have both diagonalu(=v’,c=c’) and
off-diagonal components. The screening of thé interac-

edge states using the folded spectrum metfiod.
We consider spherical nanocrystals made of zinc-blende

tion, caused by the polarization of the medium, is describe@GaAs and InP and wurtzite CdSe, with effective radii rang-

phenomenologically by thenicroscopi¢ position-dependent

dielectric constant, and will be discussed later. A diago-

nalization of the Hamiltonian matriX2) yields the low-
energy excited states of the quantum dot.
The single-particle wave functiong;(r,o) and energies

ing from ~6 A to ~23 A. The effective radius is defined in
terms of the number of atoms in the doN{,) as R

=a, (YNgo) 3, where a, is the bulk lattice constanty
=3/327 for zinc-blende dots, ancb/=3\/§col327rao for
wurtzite dots. The surface dangling bonds are passivated us-

¢, entering Eqs(2)—(4) are obtained here using an atomistic ing h_ydrogenlike potentials. _Cry§t4al—field effects, which were
pseudopotential approach that avoids effective-mass approxéviously treated perturbativefy;’ are naturally described

mations. The total, microscopic pseudopotentigl of the

system consisting of the quantum dot and the surroundin
barrier is written as superposition of atomic potentials, which

here by specifying the atomic positions.
The exchange integral§, . /. of Eq. (4) include both
%we SR part and the LR part of tleeh exchange interaction.

are derive#'” from measured bulk transition energies, effec- 1€ effective range of the SR interaction in bulk periodic

tive masses, and deformation potentials, and fadminitio

solids is comparable with the Wigner-Seitz radRigs.° To

bulk wave functions calculated in the framework of density-€stablish the effective range of the exchange interaction in
functional theory. The single-particle states are the solution§uantum dots, we replace the Coulomb poterjtigt-r,|

of the Schrdinger equation
[—(112) V2+ V(1) + Vol gh(r,0) =€ ¢i(r, ), (5)

where V,, is the spin-orbit operatdr’:'® Since the single-

in Eq. (4 with a cutoff potential 8(S—|ri—r,|)-|r;
—r,|7%; the e-h interaction is thus set to zero f,—r,|
>S. The unscreenedeE& 1) exchange integraiKSmC be-
tween the valence-band maximum and the conduction-band
minimum in the spin-up configuration is shown in Figajl

particle levels of a quantum dot are widely spaced in energys a function of the-h separatiors We see that the integral
compared to the characteristic exchange energies, only a feWSCYUC(S) keeps increasing far beyors-R,,s, unequivo-
single-particle states near the band edges are expected dally indicating the existence of LR exchange interactions in
contribute to the exchange splitting of the lowest excitonquantum dots.
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TABLE I. Multipole components(Ref. 20 (M=monopole, I T | T
D=dipole) of the LR contribution to the unscreened exchange in-
tegral KgcyvczESR-k E r. The numbers in parentheses denote the 0 |
components of the indirecX¢derived GaAs exciton exchange en- 0L _
ergy. All energies are in meV.
30 - —
R(A)  ER" ER ER  Er Es
CdSse  19.2 12.7 1.3 01 154 28 > o
InP 17.4 11.7 2.2 0.3 16.9 4.4 g 10 ~ —
GaAs 225 14.6 0.5 0.0 15.6 2.6 o0 0 | ° °¥
(-0.) (00 (00 (01 @13 £
E‘.‘ T T 1 1 1
To understand the physical origin of the LR exchange § S0 P |
interaction, we analyze the unscreened exchange integral §
0 . . . ia] 40 |- Calc. (nos.0.) |
K., in terms of the standard multipole-expansion method.
By partitioning the system intdN eight-atom unit cells 30 1 _
{Q,,n=1,...N}, the LR contribution toKJ.,. can be e
written as 20 - (withs.0.) \ ‘ Expt 4
N . ol 1 1
m#n [ri—ra 0 | ! ! | |
where xo(1) =3, ¢,(r,0) y¥(r,0) if reQ, and 0 0 5. 10 15200 25 30
otherwise?® E,  is further decomposed into multipole con- Effective radius (A)
tributions; in particular, the monopole-monopol&1{M) . . )
term is given by FIG. 2. Excn_on splittingA of InE and CdSe spherlcal guantum
dots, as a function of the dot radits The experimental data for
N q* On CdSe were taken from Ref. @rosses and Ref. 5(circles. The
EMQM = E m—, (7) dotted line in the InP plot is a fit to the experimental results of Ref.
mzn |Rm=Ry| 6. Calculated results are shown both with and without spin-orbit
coupling.

whereq,= [ x,(r) dr is the monopole moment of the transi-
tion density y,(r) and R, denotes the position of the unit _ _ _
cell Q,. The leading terms in the multipole expansion of € (k) is the Fourier transform of~*(r,;—r). The inverse
E_ g are shown in Table | for GaAs, InP, and CdSe nano-dielectric constante”! consists of an electronichigh-
crystals. In the case of direcT'(derived excitons,E g is  frequency contribution e;* and an ionic(low-frequency
dominated by the monopole-monopole contribution, whilecontribution Ae;,>, which are approximated here by the
the dipole-dipole contribution is small due to the sphericalThomas-Fermi model of Regtzand by the polaronic model
symmetry of the nanocrystaf$.The situation is thus quali- of Haken?*

tatively different from the case of bulk excitons, where the

monopole-monopole interaction vanishes,€0) because k2+qg2sin(kR,) / (e%°'kR,,)
of the local orthogonalitywithin each bulk unit cejl of #, o (k)= CE (8a)
and ¢.. We also find that the monopole-monopole term k“+q

scales approximately asR.with the dot size, whereas the

SR part(as well as the dipole-dipole contribution to the LR 1 1
pard scales as-1/R*. Our results contradict the predictions A€ion(k)= ( “dot dot
of k-p model€? that the monopole term vanishes in direct- €0 €o0
gap lI-VI quantum dots.

Having established the importance of LR exchange inter]_|ere q=2 7 Y2(3m2n,) ¥ (where ny=electron density
actions in quantum dots, we consider next the effects of dii? the Thomas-Fermi wave vector. anR. is the
electric screening. The degeneracy between the longitudin . . . " dot
exciton mode and the upper polariton branck=at0 in bulk Solution of the equation SinOR,)/(qR-)=¢..". AlSo, pn.e

_ 112 ; 3
semiconductors suggests that the LR exchange interactionfe((:z\//imr;'g;"écgn ab qur;n;hfgéneae'iéhip ?r:i(ill?litrl(_)g efho_
should be screened by the dielectric constant as is the polar- de edot (Ljo dot thq yt dan pr
iton splitting. We will thus use a phenomenological distance'0" MOd€.€..~ and &y areé he quantum-danacroscopic

dependent dielectric constant to screen the exchange intera@g_h-frequency_ and Iow-frequency_ _dlelectrlc constants,
tion in quantum dots according to tleeh separation. The which are obtained here from a modified Penn model where

screened Coulomb potential of Eq8) and (4) can be the effective-mass gap is rgplaced b_y the.pseudlopotential—
rewritterf®> as fe (r;,r) |r—r,/ tdr. Assuming that calculated gap. The dielectric constanbbtained with the

e (ry,r)~e (r,—r), the screened Coulomb potential can Present model is plotted in Fig(l) as a function of the-h

be calculated in reciprocal space asd 1(k)/k?, where separatiorS Note thate—1 whenS—0. Thus, the SR ex-

1/2 N 1/2
1+pﬁ k2 1+p§ k?
(8b)
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change interaction is unscreened, whereas the LR exchanger calculations for CdSe nanocrystals, but not for InP
interaction is significantly screened. nanocrystals. Recerdb initio calculations for bulk CdSe
The exciton splittingA, defined as the energy difference (Ref. 25 have shown that the exchange paramatgr used
between the lowest spin-allowed and the lowest spinin Ref. 3 is roughly twice as large as the calculated short-
forbidden exciton states, is calculated by direct diagonalizarange parameter.
tion of the Hamiltonian matrix2). We find that the basis set (iii) For zinc-blende InP dots, both the calculated exciton
generated from the four single-particle states at the top of theplitting® and the experimentally measured red$tsftale as
valence band and the two single-particle states at the bottom 1/R? with the dot radiusR. This is in contrast with the
of the conduction band is sufficient to obtain the exciton1/R® scaling law predicted by Eq1).
splitting with an accuracy of about 10% relative to a larger In conclusion, we have shown that teeh exchange in-
configuration-interaction expansion. The exciton splitting ofteraction in quantum dots is characterized by a previously
InP and CdSe nanocrystals is shown in Fig. 2 as a function afinexpected LR contribution originating from the local non-
size. For InP dots we compare the singlet-triplet splittingorthogonality between valence and conduction states of the
obtained by solving Eq(5) with vanishing spin-orbit cou- quantum dot within each unit cell. This LR interaction is
pling to the exciton splitting obtained in the presence of spinspecific to quantum-confined systems, and cannot be derived
orbit coupling; we see that the inclusion of spin-orbit inter-from the bulk exchange splitting by simple scaling argu-
action lowersA by ~30%. We also find the following. ments. Our method permits reliable predictions of the exci-
(i) Our calculated exciton splitting is in reasonably goodton splitting in quantum dots even in the absence of experi-
agreement with available experimental restit§, even  mental information on the magnitude of the bulk exchange
though no empirical adjustments are used. splitting and exciton radius.
(ii) The screened LR component of the exchange interac-
tion is comparable in magnitude with the unscreened SR
component, and in a parameter-free calculation cannot be This work was supported by the U.S. DOE, OER-BES,
ignored. Interestingly, the phenomenological model of EqDivision of Materials Science, under Grant No. DE-AC36-
(1), which neglects LR exchange interactions, agrees witt83CH10093.
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