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where ce and ch are, respectively, the electron and ho
single-particle wave functions and are obtained from our
rect pseudopotential calculation of Eq.~1!. Here the
distance-dependent Thomas-Fermi dielectric function56 is
used to describe the screening of the exchange interac
i.e.,

«~r !5H «~0,d!
qR

sinh@q~R2r !#1qr
, r<R

«~0,d!, r.R
~4!

whereq254(3p2n0)
1/3/p ~n0 is the average density of th

valence electrons at the equilibrium volume! andR is the
screening length determined by

sinh~qR!/qR5«~0,d!. ~5!

Note that for larger , the function«(r ) approaches the valu
«(0,d). The static dielectric constant«(0,d) in the quantum
dot is different from the bulk value57 and depends on the do
sized. We use for«(0,d) the modified Penn model,57,58 i.e.,
«(0,d)51.0111.4/@1.01(12.094/d)2# ~the sized is in units
of angstroms!.

Our calculated exchange splittings for cubic dots with
fective diameters of 13.81, 18.57, and 26.01 Å are 52.9, 2
and 10.4 meV, respectively. We also calculate the excha
splittings for some spherical dots and obtain the excha
values of 37.9, 22.0, and 8.8 meV for dot sizes 16.02, 23
and 34.79 Å, respectively. This shows that the excha
splittings in dots are substantially enhanced compared w
the bulk (;1 meV). The calculated exchange splittings f
different dot sizes are plotted in Fig. 5 as a function of t
excitonic gap. The relationship is seen to be nearly linea

The fact that screening the exchange by«(r ) @Eq. ~4!#
affects significantly the numerical value of the exchan
shows that at large-r values the exchange interactions are n

FIG. 5. Calculated resonant redshift in InP quantum dots ve
the excitonic gaps, showing~a! the redshifts due to the surface-sta
mechanism~including a single In dangling bond and interactin
dangling bonds! and~b! the redshift due to exchange splittings ca
culated with the distance-dependent Thomas-Fermi dielec
screening constant. The lines in this figure are a guide for eye
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negligible. Thus, contrary to previous assumptions, our c
culation supports the view that exchange interactions in d
are not short ranged.

C. Electronic structure of dots
with model surface dangling bond

Given that fully passivated dots have no surface states
now remove deliberately passivating atom so as to exp
surface dangling bonds. The calculation described in w
follows is a model calculation, in that we do not know th
actual, potentially complex structure of the real surface o
colloidal dot. Generally, such a surface could include ma
interacting dangling bonds, ‘‘weak’’ surface bonds, partia
reconstructed surface patches, and various surface-lig
bonding configurations. Our approach is to first model
surface of thefully passivateddots after the experimenta
results of flat, passivated InP surfaces48 ~in which reconstruc-
tion is removed via chemisorption! and then create an iso
lated In dangling bond~DB! and separately an isolated
dangling bond to study their generic effects on the electro
structure of the quantum dot. Such isolated dangling bo
represent, most likely, a stronger perturbation than w
would be expected to occur in a real surface, having in
acting and partially rebonded dangling bonds.

We position the In and P dangling bonds near the cen
of the dot surface formed on the~110! plane. Dangling bonds
at other sites were also studied. Due to the highly localiz
nature of the dangling-bond wave functions, we found o
slight difference~less than 0.15 eV! in the energy levels,
depending on the precise position of the dangling bond.

1. The indium dangling bond at the dot surface

Figure 6 shows the relative energy position of an
dangling-bond state in a small dot (d518.38 Å), clarifying
how this state evolves from the bulk vacancy states. Crea
of a neutral P vacancy (VP

0 ) in bulk InP produces four In
dangling bonds, giving rise to a doubly occupied singly d

s

ic

FIG. 6. Energy levels for different In dangling-bond defects:~a!
a neutral P vacancy in bulk InP, giving rise to four In danglin
bonds;~b! a single In dangling bond in bulk;~c! a single In dan-
gling bond at the 9-ML InP~110! film; and ~d! a single In dangling
bond at the surface of thed518.57 Å dot.
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decreases as the dot becomes larger. The In DB state i
lated, most likely, to the redshifted emission observed at 1
eV of the unetched InP dots and is responsible for the
quantum emission efficiency. Such surface defect states
predicted to showlarge redshifts (;500 meV) with a size-
dependent~long! radiative lifetime.

~vi! Removal of an anion-passivating atom results in a
dangling-bond state that lies above the intrinsic dot vale
band for all dot sizes and has a very weak dipolar coupling
the conduction band. This state is strongly localized a
would act as an effective~lifetime shortening! trap for pho-
togenerated holes. This state interacts strongly with the
intrinsic VBM, shifting it to higher energies~by up to 250
meV! relative to fully passivated dots.

~vii ! An analysis of thesample-averagedresonant redshift
D̃(«excit) observed in selective excitation experiments reve
that it is considerably larger than the inferredsingle-dotred-
shift D(«excit) from which size-distribution effects have bee
deconvoluted.

~viii ! The calculated In dangling-bond state induces a r
shift that is too large to explain the observed resona
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single-dot redshift (<20 meV). It is not impossible tha
more complex surface chemistry could, however, expl
this shift.

~ix! The calculated single-triplet exchange splittings fo
screenedexchange interaction agree well with the observ
resonant single-dot redshift. This type of redshift is predic
to be small (<20 meV) and the redshifted emission has b
a weak size dependence of its~long! radiative lifetime.

The effect of vibronic coupling, leading possibly to
change in the equilibrium geometry of the electronically e
cited dot~and thus to a Frank-Condon-type redshift!, was not
considered here.
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