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We present a theoretical analysis of the band-edge exciton structure in nanometer-size crystallites of direct
semiconductors with a cubic lattice structure or a hexagonal lattice structure which can be described within the
framework of a quasicubic model. The lowest energy exciton, eightfold degenerate in spherically symmetric
dots, is split into five levels by the crystal shape asymmetry, the intrinsic crystal(fieltexagonal lattice
structurey, and the electron-hole exchange interaction. Transition oscillator strengths and the size dependence
of the splittings have been calculated. Two of the five states, including the ground state, are optically passive
(dark excitons The oscillator strengths of the other three levdigght exciton$ depend strongly on crystal
size, shape, and energy band parameters. The relative ordering of the energy levels is also heavily influenced
by these parameters. The distance between the first optically active state and the optically forbidden ground
exciton state increases with decreasing size, leading to an increase of the Stokes shift in the luminescence. Our
results are in good agreement with the size dependence of Stokes shifts obtained in fluorescence line narrowing
and photoluminescence experiments in CdSe nanocrystals. Mixing of the dark and bright excitons in an
external magnetic field allows the direct optical recombination of the dark exciton ground state. The observed
shortening of the luminescence decay time in CdSe nanoncrystals in a magnetic field is also in excellent
agreement with the theory, giving further support to the validity of our mq&£1163-18206)05831-§

I. INTRODUCTION with respect to the excitation frequency and has an unusually
long radiative lifetimé? (7g~1us at 10 K compared to the
Size dependent optical spectroscopy of semiconductdoulk exciton recombination timerg~1 ng. Simple para-
guantum dots has now reached the state held by magnetbelic band theory cannot explain these data in terms of re-
optical spectroscopy during the mid-1960s, when the availeombination through internal states. Rather, band-edge emis-
ability of high quality semiconductor materials on the onesion in II-VI quantum dot4QD’s) was explained as a surface
hand, and the development of the multiband Landau levegffect and attributed to the recombination of weakly overlap-
theory by Pidgeon and Browron the other hand, enabled ping, surface-localized carriet$!® These two effects can
the description of the magnetic field dependence of the verglso be explained if the ground exciton were the optically
complicated absorption spectra of zinc-blende semiconduderbidden state split from the first optically active state by
tors (see, for example, the review by AggarfjalThe high the electron-hole exchange interacttén'® Another puzzle
quality of recently available nanosize CdSe crystals has alis the very large Stokes shift of the luminescence with re-
lowed one to resolve and study the size dependence of up gpect to the absorption for excitation far from the band edge,
eight excited states in their absorption spettraThese ex- whose magnitude reaches 100 meV in 16 A CdSe
citation spectra, obtained in the strong confinement regimerystals'? while the Stokes shift of the resonant band-edge
where the nanocrystals are small compared to the excitophotoluminescence is onk¢9 meV.
Bohr radius, are the result of transitions between discrete In this paper we present a realistic multiband calculation
quantum size levels of electrons and hd¥ésThe small  of the band-edge exciton fine structure in quantum dots of
value of the crystal field splitting in CdS@5 me\) allows  semiconductors having a degenerate valence band, which
one to consider this semiconductor as a zinc-blende materighkes into account the effect of the electron-hole exchange
as a first approximatiofi.As a result, multiband effective interaction, nonsphericity of the crystal shape, and the intrin-
mass theory which takes the degenerate valence band strusie hexagonal lattice asymmetry. We predict and describe a
ture into accourithas successfully described excitation spec-size dependent Stokes shift of both the resonant and nonreso-
tra obtained in absorptichhole burning,* and photolumi-  nant photoluminescence and the fine structure in absorption
nescence excitation experiment<:! and hole burning spectra, and predict the formation of a
The data on CdSe quantum dots, however, also providelbng-lived dark excitorf® We show below that fluorescence
us with a number of puzzles. While the large scale structuréine narrowing(FLN) and photoluminescend®L) spectra in
of the absorption spectra is now fairly well CdSe quantum dots support the picture of dark exciton for-
understood; >1% the nature of the emitting state has re- mation via excitation of higher energy fine structure states
mained controversial. The photoluminescence of high qualitfollowed by rapid thermalization to the exciton ground state.
samples with high quantum yield is found to be redshiftedParticularly strong confirmation of our model is found in the
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magnetic field dependence of the dark exciton decay tfime. M3
In Sec. Il we calculate the energy structure of the band- ¢M(r)=2|§2 Ri(r)(—=1)
edge exciton and obtain transition oscillator strengths. We e

also calculate the lifetime of the optically passive ground 3/2 | 32
exciton state in an external magnetic field. In Sec. Il we X M Yim(Q)u,, Q)
present data on the size dependence of the resonant and non- mEu=MA K

resonant photoluminescence Stokes shift and on the magvhere B=m,,/my, is the ratio of the light to heavy hole
netic field dependence of the dark exciton decay time ireffective massesp(/3) is the first root of the equatigfr24®
CdSe quantum dots. The experimental results are compared

with theory in Sec. IV and conclusions are drawn from this jole)jal \/E<p)+j2(<p)jo( \/Eq:):O, 4)

comparison. . . R
P where j,(x) are spherical Bessel functions, f ) are

Wigner 3j symbols, andi,, (u=*1/2,+3/2) are the Bloch
Il THEORY functions of the fourfold degenerate valence b

In semiconductor crystals which are smaller than the bulk 1 ) i .
exciton Bohr radius, the energy spectrum and the wave func- Ua/zzﬁ(XJr iY)T, u,3,2:E(X— i)l
tions of electron-hole pairs can be approximated using the
independent quantization of the electron and hole motion

; i
(the so-called strong confinement regjméhe electron and —[(X+iY)]| —2Z1], (5)

hole quantum confinement energies and their wave functions tr2 J6

are found in the framework of the multiband effective mass

approximationt® The formal procedure in deriving this 1

method demands that the external potential be smooth U_qp=——=[(X=iY)T+2Z]].
enough. In the case of nanosize semiconductor crystals this V6

leads to the condition@>a,, wherea is the crystal radius  The radial functionsy,(r) aré>?*8

anday is the lattice constant. In addition, the effective mass

approximation holds only if the typical energies of the elec- A

tron and hole are close enough to the bottom of the conduc-  Ry(r)= 23

tion band and to the top of the valence band. In practice, this

means that the quantization energy must be much smaller

than the distance in energy to the next higtiewer) energy _

extremum in the conductiotvalenceg band. Ro(r) = P
In the framework of the effective mass approximation, for

spherically symmetric crystals, i.e., finite size spherical cryswhere the constan is determined by the normalization

tals having a cubic lattice structure, the first quantum sizeeondition

level of electrons is a 3, state doubly degenerate with re-

spect to its spin projection and the first quantum size level of f drrz[Ré(r) + R%(r)]z 1. @)

holes is a B;, state which is fourfold degenerate with re-

spect to the projection of its S}gtal angular momentéin ¢ dependence af on 3 is presented in Fig. (&)

(M=3/2, 1/2,-1/2, and—3/2) "~ The energies and wave  £qr spherical dots the exciton ground stat&{i1S,) is

functions of these quantum size levels are easily found in thgjghtfold degenerate. However, shape and internal crystal

parabolic approximation. For electrons they are structure anisotropy together with the electron-hole exchange

interaction lift this degeneracy. The splitting and the transi-

. jole) .
r/a)+ ————j,(o\pria)
JZ(@ JO(QD\/E)Jz(QD B

jo(e®)

i rla)— ————j r/la)|, (6
jo(er/a) o lF) ol@Bria)|, (6)

522 tion oscillator strengths of the states, as well as their order,
Elszm, are very sensitive to crystal size and shape, as shown below.
(5}

We calculate this splitting neglecting the warping of the va-
lence band and the nonparabolicity of the electron and light
hole energy spectra.

2sin(7rr/a)
——— Yo Q)[Sa), (D) _
a r A. Energy spectrum and wave functions

Pa(r)=&(r)[Sar)=

Nanocrystal asymmetry lifts the hole state degeneracy.
wherem, is the electron effective masa,is the radius of the  The asymmetry has two sources: the intrinsic asymmetry of
crystal, Y () are spherical harmonic functionsSe) are  the hexagonal lattice structure of the crytahd the non-
the Bloch functions of the conduction band, amet T (1) is  spherical shape of the finite crystilBoth split the fourfold
the projection of the electron spis,= +(—)1/2. For holes  degenerate hole state into two twofold degenerate states—a
in the fourfold degenerate valence band they can be writtelKramers doublet—havingM|=1/2 and 3/2, respectively.

The splitting due to the intrinsic hexagonal lattice struc-
ture, Ay, can be writtefy

A=A (B), 8

h22%(B)

el @

Esn(B) =
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In crystals where the functiom(3) is negative, e.g., in CdSe
crystals wherg8=0.28? the net splitting decreases with size
in prolate (w>0) crystals. Even the order of the hole levels
can change, with theM|=1/2 state becoming the hole
ground level for sufficiently small crystafé. This can be
qualitatively understood within a model of uncoupl&dand
B valence subbands. In prolate crystals the energy of the
lowest hole quantum size level is determined by its motion in
the plane perpendicular to the hexagonal axis. In this plane
the hole effective mass in the lowest subbakds smaller
than that in the higheB subband Decreasing the size of the
crystal causes a shift of the quantum size level inversely
proportional to both the effective mass and the square of the
nanocrystal radius. The shift is therefore larger for the
subband than for thB subband and, as a result, can change
the order of the levels in small crystals. In oblate<(0)
crystals, where the levels are determined by motion along the
hexagonal axis, th& subband has the smaller mass. Hence
o4 L L 05 the net splitting increases with decreasing size and the states
00 02 04 06 08 10 00 02 04 06 08 10 maintain their original order.
B B The eightfold degeneracy of the spherical band-edge ex-
citon is also broken by the electron-hole exchange interac-
FIG. 1. (@ The dependence of the hole ground state functiontion which mixes different electron and hole spin states. It
¢(B) on the light to heavy hole effective mass rafio (b) the  has the following fornf®%
dimensionless functiow(B) associated with hole level splitting
due to hexagonal lattice structurg) the dimensionless function
u(B) associated with hole level splitting due to crystal shape asym-
metry; (d) the dimensionless functiogp(B) associated with exciton
splitting due to the electron-hole exchange interaction.

(gha

u(B)
(X

Hexcr= — (2/3) exer{ @0) 38(r e — 1) 03, (11)

where o is the electron Pauli spin-1/2 matrid,is the hole
spin-3/2 matrix,a, is the lattice constant, ang,,., is the
exchange strength constant. In bulk crystals with cubic lat-
tice structure this term splits the eightfold degenerate ground
exciton state into a fivefold degenerate optically passive state
with total angular momentum 2 and a threefold degenerate
noptically active state with total angular momentum 1. This

be considered as a perturbatfoiihe Kramers doublet split- spli.tting can be expressed in terms of the bulk exciton Bohr
ting does not depend on crystal size but only on the ratio ofad'usan'

the light to heavy hole effective masses. The dimensionless

where A, is the crystal field splitting equal to the distance
between théd andB valence subbands in bulk semiconduc-
tors having a hexagonal lattice struct#s meV in CdSg

Equation(8) is obtained within the framework of the qua-
sicubic model for the case when the crystal field splitting ca

function v(B) describing this dependeneshown in Fig. hwst=(8/3m) (89 /Bex) *E exch- (12
1(b), varies rapidly in the region €5<0.3. The|M|=3/2 . . _
state is the ground state. In bulk crystals with hexagonal lattice structure this term

We model the nonsphericity of the crystal by taking it to SPlits the exciton fourfold degenerate ground state into a trip-
be an ellipsoid whose deviation from sphericity is characterlet and a singlet state, separated by
ized by the raticc/b= 1+ w of its major to minor axes. Here
w is the ellipticity of the crystal and is positieegative for hwst=(2/7) (89 /8ey) > exch- (13
prolate (oblate crystals. The splitting arising from this de-
viation has been calculated in first order perturbationEquations(12) and(13) allow one to evaluate the exchange

theory?® strength constant. In CdSe crystals, wherewst
=0.13 meV?® a value ofe gy =450 meV is obtained using
Ash=2pU(B)EzAB), (9 ae,=56 A.

Taken together, the hexagonal lattice structure, crystal
whereEgy; is the 1S;/, ground state hole energy for spherical shape asymmetry, and electron-hole exchange interaction
crystals of radiusi= (b%c). Eg, is inversly proportional to ~ split the original “spherical” eightfold degenerate exciton
a® [see Eq.2)] and the shape splitting is therefore a sensi-into five levels. The levels are labeled by the magnitude of
tive function of the crystal size. The functior{g) (Ref. 26  the exciton total angular momentum projectiérsM +s, :
decreases from a value of 4/15 A0, changes sign at one level withF==*=2, two with F==*1, and two with

B=0.14, and goes to zero gt=1 [see Fig. 10)]. F=0. The level energies | are determined by solving the
The net splitting of the hole staté,(a,3,x), is the sum  secular equation def(—&r)=0, where the matriXE con-
of the crystal field and shape splitting, sists of matrix elements of the asymmetry perturbations and

the exchange interactioﬁexoh, taken between the exciton
A(a, B, 1) = At Ajpt. (100 wave functions¥, y(re.rn) = ¥(re) Ym(rn):
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17,3/2 1,1/2 T,—1/2 1,—3/2 1,372 1,172 1,12 1,—3/2

1,32 -37 A 0 0 0 0 0 0 0

2 2
1,112 0 -7, A 0 0 —i\37 0 0 0
22
1,—1/2 0 0 17+ A 0 0 —i2n 0 0
5t5
7,-3/2 0 0 0 3y A 0 0 —-iy37 0
2 2
1,32 0 iv37 0 0 37 A 0 0 0
2 2
1,12 0 0 i27y 0 0 7, A 0 0
2 2
=12 0 0 0 iV37 0 0 -, A 0
2 2
1,—3/2 0 0 0 0 0 0 0 —-37 A
2 2
(14
|
n=(ae/a)*hwgrx(B), and the dimensionless function 2+ d+f
x(B) is written in terms of the electron and hole radial wave Cr=\/—5—, (21
functions, 2yf+d

a ) f=(—27+A)/2, andd=37%? The energies and size depen-
— 2 2 2
x(B)=(1/6a fo dr sin’(mr/a)[Ry(r) +0.2R5(r)]. dence of the twd-=0 exciton levels are given by
(15

UL_
The dependence of on the parameteg is shown in Fig. gg = nl2+A2%2y (22)
1(d).

Solution of the secular equation yields five exciton levels.(we denote the twd =0 states by 8 and 0), with corre-
The energy of the exciton with total angular momentum pro-sponding wave functions
jection |[F|=2 and its dependence on crystal size are given

by
Effective Radius (A) Effective Radius (A)
£y= — 377/2_ A/Z (16) 6050 2|0 1I5 1I3 1I2 1|1 10 50 2|0 1|5 1|3 1|2 1|1 1060
a) Spherical / b) OblatgU
V)
The respective wave functions are 40 / °U/ %:1“ S
s *1 = o i m
W _a(re,r) =V, _gdTe.rn), = -
Valfe tn) =¥l o) SO eSS T T
. . ~=+ N T
The energies and size d_ep(_andence of the_ two levels, each | L 2 oL I\ﬂN_ 40
with total momentum projectiofF|=1, are given by
uU,L % )IP Ilt P d)lli ISh| I l %
C) Frolate XpP. ape
eyt = 2% (29— A)*/4+ 377, (18 / Distribution u
40 £qY — - 0 1%
. . LY
whereU andL correspond to the uppéf +" in this equa- S sl 1 L = 20 3
tion) or lower (“ —" in this equation sign, respectively. We E wpe——— "] g
denote these states byl” and + 1%, respectively; i.e, the =~ § opX>—o—7 =~-_ = H0 3
upper and lower state with projectidh=*+1. The corre- u /\\ \\\\\ \¢01L\\ =
sponding wave functions for the states with + 1 are il I 1 T P
UL it _ -40 - 1 1 OL\ 1 7 C 1 1 1 ! B -40
Wi (re, rp)==iC Wy 1fre,rp) +C™ W | 5re,rn); 0 2 4 6 8 10 0 2 4 6 8 10
(19 17a° (10* &) 17a° (10* A%
for the states withF=—1 FIG. 2. The size dependence of the exciton band-edge structure
in ellipsoidal hexagonal CdSe quantum dots with elliptigity (a)
lI/Lﬂ'lL(re ) =FICT W _gu(re ,rh)+C+‘I’l,71/2(re,rh), spherical dots £ =0); (b) oblate dots ft=—0.28);(c) prolate dots

(20) (#=0.28); (d) dots having a size dependent ellipticity as deter-
mined from SAXS and TEM measurements. Sdliashed lines
where indicate optically activépassive levels.
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1 Effective Radius (A) Effective Radius (A)

\If(L)J,L(re,rh)=E[Ii\I/T’,l,z(re,rh)+\Ifl'l,2(re,rh)], (575403228 25 23 2120 75403228 25 23 2]1/2015
5 )
(23) 0 _a) Spherical i _b) Oblate /-_;12 A 10
% T U u ] i 18 (gl:
The size dependence of the band-edge exciton splitting ‘; 0 —~\0L0t1:112__ B 10 %
for hexagonal CdSe crystals with different shapes is shown & | 1 L 15 2
in Fig. 2. The calculation was done using=0.28° In \\\\ o' —
spherical crystal§Fig. 2@)] the F=+2 state is the exciton o 1 T \\io‘f\' 1o
ground state for all sizes, and is optically passive, as was .15 e Lo P g
shown in Ref. 8. The separation between the ground state
. . s . BT T T
and the lower optically activE = =1 state initially increases ¢) Prolate U/
with decreasing size asa, but tends to A/4 for very small 0F i(:ué
crystals. In oblate crysta[$ig. 2(b)] the order of the exciton s sk = o
levels is the same as in spherical ones. However, the splitting g -
does not saturate, because in these cryatalscreases with & OR N 7
decreasing size. In prolate crystélshecomes negative with @ 5- ST . .
decreasing size and this changes the order of the exciton ol \\\f;\_
levels at some value of the radiliSig. 2(c)]; in small crys- I
tals the optically passm.éas we show beIoWF=0 state 1 0_'25 0.'50 0"75 1.'00 1 25
becomes the ground exciton state. The crossing occurs when 1 (10°A%)

A goes through 0. In nanocrystals of this size the shape

asymmetry exactly compensates the asymmetry connected FIG. 3. The size dependence of the exciton band-edge structure
with the hexagonal lattice structuféand hence the exciton in ellipsoidal cubic CdTe quantum dots with ellipticig: ()
levels have “spherical” symmetry. As a result there is onespherical dots &= 0); (b) oblate dots ft=—0.28);(c) prolate dots
fivefold degenerate exciton with total angular momentum 2(x=0.28); Solid(dashedl lines indicate optically activépassivé
(which is reflected in the crossing of thé,0+1-, and+2  levels.

levelg and one threefold degenerate exciton state with total

angular momentum (reflected in the crossing of thé’Gand ~ mentum projectionF is proportional to the square of the
+1Y levels. In Fig. 2d) the band-edge exciton fine struc- matrix element of the momentum operatp between that
ture is shown for the case where the ellipticity varies withstate and the vacuum state,

size° corresponding to small-angle x-ray scatteriSfXS) -

and transmission electron microscofjEM) measurements Pe=[(0lepWe)P, (24)

of our CdSe crystald! The level structure closely resembles

that of spherical crystals. ﬁmitted or absorbed light, the momentum operaioacts

The size dependence of the band-edge exciton splitting i .
cubic CdTe crystals with different shapes is shown in Fig. 3.0nly on the valence band Bloch functiofeee Eq(5)] and

The calculation was done using the paramegs#<0.086 and the exciton wave functionPF _is written in the_electr_on-
fiwsr=0.04 meV. One can see that in the spherical nanogelectron representanon._ Exciton wave functions in the
crystals the electron-hole exchange interaction splits th&lectron-hole representation are transformed to the_ electron-
eightfold degenrate band-edge exciton into a fivefold degen(-aleCtron representation by t?"'”.g the Complex conjugate of
erate exciton with total angular momentum 2 and a threefolddS:(17), (19), and(23) and flipping the spin projections in
degenerate exciton with total angular momentunjFig. e hole Bloch functionsi(and| to | and1).

3(a)]. Crystal shape asymmetry lifts the degeneracy of these FOF the exciton state witk =0 we obtain

states and completely determines the relative order of the (1+1)

2
exciton stateg¢see Fig. 8) and Fig. 3c) for comparisoh P(L)"Lz|<O|eb|{I7(l)J'L>|2=TKPZCO§( ), (25

where |0)=8(r—r}), € is the polarization vector of the

where P=(S|p,|Z) is the Kane interband matix elemert,
is the angle between the polarization vector of the emitted or

To describe the fine structure of the absorption spectrabsorbed light and the hexagonal axis of the crystal Kaigl
and photoluminescence we calculate transition oscillatothe square of the overlap integsral

strengths for these five exciton states. The mixing of the

electron and hole spin momentum states by the electron-hole 2 ] )

exchange interaction strongly affects the optical transition K:g fdrr sin(arr/a)Ro(r)|*. (26)
probabilities. The wave functions of thE|=2 exciton state,

however, are unaffected by this interacti@gee Eq(17)]; it Its value is independent of crystal size and depends only on
is optically passive in the dipole approximation becauseB; hence the excitation probability of tle=0 state does not
emitted or absorbed photons cannot have an angular momedepend on crystal size. For the lower exciton statg,iis

tum projection of=2. The probability of optical excitation identically zero. At the same time the exchange interaction
or recombination of an exciton state with total angular mo-increases the excitation probability of the uppér éciton

B. Selection rules and transition oscillator strengths
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Effective Radius (A) Effective Radius (A) Effective Radius (A) Effective Radius (A)
2050 20 15 1312 N 10 5020 15 1312 11 1020 75403228 25 23 21 20 75403228 25 23 21 20
. T T T 1 T T T T T - O | T T T T 1 1 1 T T T
. a) Spherical _,u—"" | b) Oblate - 2.0 +1Y ™ b) Oblate 120
-3 g £ a) Spherical o 3
815K TR 1185 S 150 I 1152
7 \+1L o » ]
5 - 8 5 g
% 1.0 o’ — o“>< 10 g % 1.0 o’ o’ 1.0 §=
8 +1Y § é ]
2 g s o5l 1 k {058
'% 05 ¢ . ¢ Hos é 20 L 53
& ot & =
- L
0.0 1 1 N 1 I 1 1 0.0 0.0 T |t1 I T C 1 L L 1 -1 0.0
2.0 T T T T T T I’_L'J———— 20 T T T T T T
y U 20 |- —
m + d 1% Exp. Shape 2 - ¢) Prolate
£ Distribution ) ‘&‘n
§ 15K B N 115 3§ 2151 .
) ] 5] SSe— 1t
= 2 5 21— ]
=] = 2
& 10 o o 1.0 & ) o
7 ] g "
s I
o : e o5k ! i
2 051 - a 105 § g0
> =2 [:1}
o +1t +1t e
0.0 | ! | \ I B s == I 1Y 00 | | L7
0 2 4 6 8 10 0 2 4 6 8 10 0.00 0.25 0.50 0.75 1.00 1.25

1/2° (10* A% 1/a° (10* A% 1/a° (10*A%)

FIG. 4. The size dependence of the oscillator strengths, relative FIG. 5. The size dependence of the oscillator strengths, relative
to that of the & state, for the optically active states in hexagonalto that of the ¢/ state, for the optically active states in cubic CdTe
CdSe quantum dots with ellipticity.: (a) spherical dots £=0);  quantum dots with ellipticity.: (a) spherical dots £=0); (b) ob-

(b) oblate dots f=—0.28); (c) prolate dots f¢=0.28);(d) dots  late dots = —0.28);(c) prolate dots f=0.28).

having a size dependent ellipticity as determined from SAXS and

TEM measurements. (27) over all possible solid angles. The respective excitation
probabilities are proportional to

state by a factor of 2. This result arises from the constructive

and destructive interference of the wave functions of the two —T_ (1= 1)?KP?
indistinguishable exciton statd$,—1/2) and ||,1/2) [see Po = 9
Eq. (23)].
For the exciton state witk =1 we obtain
SoT_por_ 2KP? 2\f2+d7f=3d 28
tooh o 2\f2+d '

o 1 2{f?+dxf=3d )
pYl= KP2sir?(6).  (27) . . . . .
There are three optically active states with relative oscillator

t3 2\f2+d > three op
strengths Py, 2P}, and 2P;. The dependence of these

The excitation probability of thE = — 1 state is equal to that strengths on size for different shapes is shown in Fig. 4 for
of the F=1 state. As a result, the total transition probability hexagonal CdSe crystals. It is seen that the crystal shape
to the doubly degeneraf|=1 exciton states is equal to strongly influences this dependence. For example, in prolate
zpllJvL_ crystals[Fig. 4(c)] the = 1" state oscillator strength goes to

Equations(25) and (27) show that thec=0 and|F|=1 zero for those crystals for which=0; i.e., where the crystal
state excitation probabilities differ in their dependence on théhape asymmetry exactly compensates the internal asymme-
angle between the light polarization vector and the hexagolry connected with the hexagonal lattice structure. For these
nal axis of the crystal. If the crystal hexagonal axes arecrystals the oscillator strengths of all the upper staté$ (0
aligned perpendicular to the light direction, only the activel”, and—1Y) are equal. Nevertheless, one can see that for
F=0 state can be excited. Alternatively, when the crystalg!l nanocrystal shapes the excitation probability of the lower
are aligned along the light propagation direction, only the|F|=1 (+1') exciton state, P}, decreases with size and
upper and lowefF|=1 states will participate in the absorp- that the uppefF|=1 (+ 1Y) gains its oscillator strength.
tion. For the case of randomly oriented crystals, polarized This can be understood by examining the spherically sym-
excitation resonant with one of these exciton states seleanetric limit. In spherical nanocrystals the exchange interac-
tively excites suitably oriented crystals, leading to polarizedtion leads to the formation of two exciton states—with total
luminescencé.Observation of this effect has been reportedangular momenta 2 and 1. The ground state is the optically
in several papers3>°Furthermore, a large energy splitting passive state with total angular momentum 2. This state is
between the==0 and|F|=1 states can lead to different fivefold degenerate with respect to the total angular momen-
Stokes shifts in the polarized luminescence. tum projection. For small nanocrystals the splitting of the

To find the probability of exciton excitation for a system exciton levels due to the nanocrystal asymmetry can be con-
of randomly oriented nanocrystals, we average E2fs.and  sidered as a perturbation to the exchange interaction, which
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grows as 14%. In this situation the wave functions of the strongly support our modéf. Recombination of the dark ex-
+1%, 0\, and+2 exciton states turn into the wave functions citon is allowed if the magnetic field is not directed along the
of the optically passive exciton with total angular momentumhexagonal axis of the nanocrystal. In this c&sis no longer

2. The wave functions of the-1" and 0’ exciton states a good quantum number and the2 dark exciton states are
become those of the optically active exciton states with totahdmixed with the optically active: 1 bright exciton states.
angular momentum 1. These three states therefore carfyhis now allows the direct optical recombination of the
nearly all the oscillator strength. +2 exciton ground state.

In large crystals, for all possible shapes, we can neglect g nanosize quantum dots the effect of an external mag-
the exchange interactidwhich decreases asaf), and thus | atic fieldH is well described as a molecular Zeeman effect:
there are only two fourfold degenerate exciton staEe

Fig. 3. The splitting here is determined by the shape asym-
metry and the intrinsic crystal field. In a system of randomly o1
oriented crystals, the excitation probability of both these Hy==0geugoH—gnus 7 H, (29)
states is the sam®g + 2P} =2P,=2KP?/38 2
In Fig. 5 we show these dependences for variously shaped

cubic CdTe nanocrystals. whereg, andgy, are the electron and hogefactors, respec-

It is necessary to note 'here that despite the fact that thﬁvely, and ug is the Bohr magneton. For electrons in CdSe
exchange interaction drastically changes the structure and the 0.68% The value of the holg factor is calculated in the

oscillator strengths of the band-edge exciton, the polarizatiof® . . .
properties of the nanocrystal are determined by the intern ppendix using the resultg of Ref. 342’ andgig=—1.09. In
and crystal shape asymmetries. All polarization effects ar&d- (29 we neglect the diamagnetld” terms because the

proportional to the net splitting paramet&rand go to zero dots are significantly smaller than the magnetic length
whenA=0. (~115 A at 10 7.

Treating the magnetic interaction as a perturbation, we
can determine the influence of the magnetic field on the un-

. ) _ perturbed exciton state using the perturbation matrix
Time decay measurements of the dark exciton in CdSe.

_ -1/ .
nanocrystals in the presence of external magnetic field = (¥ amlpe Hul Vo o)

C. Recombination of the dark exciton in magnetic fields

1,32 1,1/2 1,—1/2 1,—3/2 1,32 1,172 1,—1/2 1,—3/2
1,3/2 | Hy(9e—30n) —iV3gpH_ 0 0 geH - 0 0 0
2 2 2
1,1/2 iV3ghH:  Hi(Ge—0n)  —igpH- 0 0 geH - 0 0
2 2 2
t—1/2 0 ighH:  Hy(Qetgn) —iy3gpH- 0 0 geH- 0
2 2 2
1,-3/2 0 0 iV3ghH,:  Hi(ge+3gp) 0 0 0 geH-
2 2 2
1,312 geH 0 0 0 —Hy(get39n)  —iV3gnH- 0 0
2 2 2
1,1/2 0 geH + 0 0 iV3gnH —H,(get+0n) —igpH_ 0
2 2 2
1,—1/2 0 0 geH 0 0 ighH —Hy(ge—0gn)  —iV3gH_
2 2 2
1,312 0 0 0 geH 0 0 iV3gnH.  —Hi(ge—30n)
2 2 2
(30)

whereH, is the magnetic field projection along the crystal citon states. In small nanocrystals, wherés of the order of
hexagonal axis an#.=H,*iH,. One can see from Eq. 10 meV, the influence of even the strongest magnetic field
(30) that components of the magnetic field perpendicular tacan be considered as a perturbation. The case of large crys-
the hexagonal crystal axis mix the==2 dark exciton tals wherey is of the same order gsggeH will be consid-
states with the respective optically actiFe= =1 bright ex-  ered later. The admixture in tHe=2 state is given by
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AW _HeH- gec—_\/§ghc+qf+ . Vp?+[n[2£p
2775 P 1 Vv, o= Tm‘ﬂ—m
39,C” +g.C*
\/—gh 9e ¥ } (31) n
€278, 1,—3/2s

+ 4
L | V2 pZ+TnA(JpZ+ n[= p)
where the constants™ are given in Eq(21). The admixture
in the F=—2 exciton state of thé=—1 exciton state is (37
described similarly. wheren= ugg.H ., andp=3%+ ugg.H,. The energies and

This admixture of the optically active bright exciton states,yave functions of the formeE=2.1 states aréusing nota-
allows the optical recombination of the dark exciton. Theton similar to that used just aboye

radiative recombination rate of an exciton stdfe,can be
obtained by summing Eq24) over all light polarizations?®

. —A-3upgiH, V(37— pegeH)*+ (usge)HE
1 _4e2wnr ol {I} , - €107 2 - 2 ,
e~ (CLYL RS *

wherew andc are the light frequency and velocity, is the . Vp' 2+ |n' |2+ p’
refractive index, andn, is the free electron mass. Using Egs. W= 2?\/7,2‘1’1,3/2
(25—(27) we obtain the radiative decay time for the upper p"*+n’|

exciton state witi-=0,

n/
2 * ‘I’T,3/2,
o (33 V2yp P P n )
° ° (39
for the upper and lower exciton states wjf =1, wheren’ = uggoH_ andp’ =37— uggcH,. As a result the
decay time of the dark exciton in an external magnetic field
1 22+ dxf+ \/@) 1 (ag O be written
T&"L 2\f7+d 70
. . . . 1 J1+{%+2¢co¥)—1—{cosh 3

Using the admixture of theF|=1 states in théF|=2 exci- = — (40

— g ,
ton given in Eq.(31), we calculate the recombination rate of 7(H) 21+ +2coy 270

the|F|=2 exciton in a magnetic field, where = ugg.H/37. The probabilty of exciton recombina-

tion increases in weak magnetic fields{<€1) as

2142c; 2
1 :3'“BH S;nz(e) 29h_geﬂ) i (35) [(0.5ug9eH)?/(37)?][ 3sirf(6)/27], and saturates in strong
2(H) 8A 37 To magnetic fields {>1), reaching [3(1—co)/4ry][1
— (3n/ upgeH) (1+ cod)].

The characteristic timer; does not depend on the crystal
radius. For CdSe, calculations usingZmy=17.5 eV(Ref.
3) give 1g=1.6 ns.

One can see from Eq§35) and(40) that the recombina-
tion lifetime depends on the angle between the crystal hex-
agonal axis and the magnetic field. The recombination time

thelnséll?;%eocr:ggtglss ;[Es g(iggﬁgz filsg(ejrzgl'lttm%%i:u:ztotf)e is different for different crystal orientations, which leads to a
considered a perturbation. At the same time, both these en_onexponetlal time decay dependence for a system of ran-

ergies are much smaller than the splitting due to the crystal omly oriented crystals.

asymmetry. We consider here the admixture in hg=2

dark exciton of the lowedtF|=1 exciton only. This can be ll. EXPERIMENT

calculated exactly. The magnetic field also lifts the degen-

eracy of the exciton states with respect to the sign of the total The samples in our Stokes shift study were prepared using
angular momentum projectidn. The energies of the former the synthetic technique described in Ref. 31. This method

F=—-2 andF=—1 states are produces nearly monodisperse wurtzite crystallites of CdSe
(o<5%) which are slightly prolate and have surfaces passi-

N —A+3uggrH, vated by an organic layer of tri-octylphosphine/
E1-277 5 tri-n-octylphosphine oxide ligands. In total, 18 samples were
prepared for this study. Their effective radii, as determined
\/(377+MBgeHz)2+(,uBge)2Hf by small angle x-ray scattering and TEM measurements,
- 2 . (39 range from 12 to 56 A. The samples were isolated as a pow-

der and redispersed into a mixture ofterphenyl in tri-
where + (—) refers to theF=—1 state with anF=—2  n-butylphosphine(200 mg/m) to form an optically clear
admixture F=—2 state with anF=—1 admixtur¢ and glass at liquid helium temperatures. Each sample was loaded
H, = HZ+ Hyz. The corresponding wave functions are between sapphire flats separated by a 0.5 mm thick Teflon
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spacer and mounted in a helium cold finger cryostat for low
temperature optical work. The 12 A sample used in the mag- 10K

netic field and luminescence decay experiments was left in ' .
its original growth solution without being redispersed in tri- __’__/\__J__J}L\ESA
n-butylphosphine and-terphenyl. With the exception of the

12 A sample just described, all the samples in our Stokes _/_/\/JLL%A

shift study were freshly prepared specifically for this study.
Absorption, luminescence, and fluorescence line nar- f/\/}\%/&

rowed spectra were taken on the same optical setup. In the -l

absorption experiment, light from a 300 W Xe arc lamp was | 204

passed through the sample and the transmitted light detected X

with an optical multichannel analyzé©MA) coupled to a

0.33 m single spectrometer. The full luminescence spectrum N

of each sample was obtained by passing light from a 300 W

Hg-Xe arc lamp through a 0.25 m spectrometer and exciting

e U
it above its band edge. Typically, the excitation light was e
kept spectrally broad50 nm full width at half maximum //\/MA
(FWHM)] to prevent any possible size selection of the dots. ——b=
The emitted light was then dispersed and detected with the i 13A
spectrometer/OMA combination described in the absorption i

experiment. i
Fluorescence line narrowed spectra were acquired by ex- __,' 124

citing the samples with the output of &-switched N TS N D B

neodymium-doped yttrium aluminum garn@d:YAG)/dye 60 -40 20 O 20

laser system+ 7 ns pulseps The laser power was attenuated Energy (meV)

to ensure that the luminescence varied linearly with the ex-

citation intensity. The measured luminescence was dispersed FIG. 6. Normalized FLN spectra for CdSe QD’s between 12 and

and detected with a 0.33 m spectrometer coupbed 6 ns 56 A in radius. The mean radii of the dots are determined from

gated OMA. SAXS and TEM measurements. A 10 ieswitched Nd:YAG/dye
Magnetic field studies were conducted by placing thelaser system+7 ns pulsesserves as the excitation source. Detec-

sample within the bore of a variable field superconductingion of the FLN signal is accomplished using a time gated OMA.

magnet. The excitation source was the Nd:YAG/dye lasefrhe laser line is included in the figurelotted ling for reference

system described above. The resulting luminescence was digdrposes. All FLN spectra are taken at 10 K.

persed through a 0.66 m single spectrometer and detected

with a 5 nstime gated OMA. Luminescence decays Wereyjthin the size distribution of a sample, causing the observed
recorded with the following: a 500 Mhz digitizing oscillo- giokes shift to change. The effect is largest in the case of

scope, a photomultiplier tube with 2 ns resolution, and a 0.73 5| nanocrystallites because of the size dependence of the
m subtractive double spectrometer to eliminate scattered las; ) og shiftsee Fig. 7.

ser light.

) 19A

Luminescence

In terms of the proposed model, excitation on the red edge
of the absorption probes the lowd$t|=1 bright exciton
state[see Fig. 2d)]. The transition to this state is followed

_ _ by thermal relaxation to the dafe|=2 state, from where
We observe strong evidence for the predicted band-edgg combination occurs through a phonon assiédor

fine structure in our fluorescence line narrowifig.N) ex-  nclear/paramagnetic spin-flip assisted transitfolhe ob-

periments. By exciting our samples on the red edge of thee e Stokes shift is the difference in energy between the
absorption, we selectively excite the largest dots present 01U state and the dark 2 state and increases with decreas-

the residual size distribution of each sample. This reduces _ .
ing size.

the inhomogeneous broadening of the luminescence and the We find good agreement between the experimental values
resulting emission is spectrally narrow, displaying a well re- . ) .
g P y playing of the size dependent Stokes shift and the values derived

solved longitudinal optical(LO) phonon progression. In _
practice, we excite our samples at that point on their red edgio™ theory. Figure 7 compares the two results. The only

where the absorption is roughly 1/3 of the peak of the bandparameters used in the thec;retical calculation arczegtaken from
edge absorption. Figure 6 shows the FLN spectra for the siz&'® I|te‘rle;ture: 8=56 A’ fiwsr=0.13 meVy® and
series considered in this paper. The peak of the zero L@=0.28."" The comparison shows that there is good quanti-
phonon line(ZPL) is observed to be shifted with respect to tative agreement between experiment and theory for large
the excitation energy. This Stokes shift is size dependent argizes. For small crystals, however, the theoretical splitting
ranges from~20 meV for small crystals to~2 meV for  based on the size dependent exchange interaction begins to
large crystals. Moving the excitation position does not no-underestimate the observed Stokes shift. This discrepancy
ticeably affect the Stokes shift of the larger samples; howimay be explained, in part, by an additional contribution to
ever, it does make a difference for the smaller sizes. Wéhe Stokes shift by phonons, which is not accounted for in
attribute this difference to the excitation of different size dotsthe present modéF.3’

A. Stokes shift of the resonant photoluminescence
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FIG. 7. The size dependence of the resonant Stokes shift. This 2.0 25 8.0 3.5
Stokes shift is the difference in energy between the pump energy Energy (eV)
and the peak of the ZPL in the FLN measurement. The points
labeledx are the experimental values. The solid line is the theo- FIG. 8. Normalized absorption and full luminescence spectra for
retical size dependent splitting between thé" state and the- 2 CdSe QD’s between 12 and 56 A in radius. A 300 W Xe arc lamp

exciton ground statfsee Fig. 2d)]. serves as the excitation source for both absorption and lumines-
cence experiments. The excitation light is intentionally br¢z@
B. Stokes shift of the nonresonant photoluminescence nm FWHM) to prevent possible size selection of the dots. Detection

. . of the transmission/luminescence signal is carried out with an OMA
We have also studied the Stokes shift of the nonresona'?:toupled to a 0.33 m spectrometer. The absorption spectra are indi-

photolumlnescence._ In- this experlment_ we _excite OUlcated by solid lines; the corresponding luminescence spectra by
samples above their band-edge absorption. The resultingtaq Jines.

“full” luminescence contains contributions from all crystal-

lites in the sample residual size distribution and is inhomo-generally follows the crystal size distribution, the position of
geneously broadened. It shows no distinct phonon structuréhe luminescence line for nonresonant excitation is deter-
This is unlike the FLN experiment where we suppress themined by the largest crystals within this distibution. This
inhomogeneous broadening of the luminescence by selecauses a Stokes shift because the energy of the band-edge
tively exciting a narrow subset of crystallites. Figure 8 pre-transitions in larger crystals is less than in smaller ones.
sents the full luminescence spectrum measured for nine sizes This, however, is not the main source of the nonresonant
in the size series considered. As with the FLN data, the fullStokes shift in our samples, which have a very narrow crystal
luminescence shows a strong size dependence of the Stoksige distribution £5%). The nonresonant Stokes shift here
shift, ranging from~ 100 meV for small sizes te-25 meV  is connected with the band-edge exciton fine structure. In
for large sizes. Note that the full luminescence Stokes shift ismall nanocrystals the two upper states of the band-edge ex-
taken to be the difference in energy between the lowest ereiton fine structure possess nearly all the oscillator strength
ergy peak of the band-edge absorption and the peak of thef the band-edge transitidisee Fig. 4d)], and the first ab-

full luminescencethe peak of the lowest energy absorption sorption maximum is therefore determined by the positions
is determined by fitting the absorption spectra with a seriesf these two states. The nonresonant Stokes shift then is the
of Gaussians We denote the full luminescence Stokes shiftdifference in energy between these upper states and the

as the “nonresonant” Stokes shift. The nonresonant Stokedark exciton ground state. This accounts for the sizable mag-
shift requires too large a Huang-Rhys parameter to be nitude of the Stokes shift.

readily explained by exciton-phonon couplifigThere are, To describe the band-edge absorption we convolute the
however, two other explanations which account for the largahree optically active states with the intrinsic size distribution
value of the nonresonant Stokes shift. of the sample, weighted by their respective oscillator

The first one is directly connected with the nanocrystalstrengths. The peak of the band-edge absorption occurs at the
size distribution. In the strong confinement regime the totalveighted energetic mean of these states. We obtain the po-
oscillator strength of transitions between the electron andition of the full luminescence line by convoluting the posi-
hole quantum size levels does not depend on crystal sizéion of the =2 dark exciton state with the size distribution
However, the excitation probability is proportional to the weighted by the nanocrystal excitation probability &°).
number of participating states and, as a result, is proportional Figure 9 compares the shifts predicted by theory for a
to the crystal volume and therefore &, for excitations far  sample with a 5% size distribution to the experimental values
from the band edg®.Thus while the first absorption peak of the nonresonant Stokes shift. The theory is shown as a
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exciton from thelF|=2 dark exciton ground state, is the

120 e

10K linewidth of thenth phonon replica in absorption and emis-
o 1 sion, andvy, , is the width of themth phonon replica for
100 N absorption into theth light exciton state. The valug,, is
s the absorptiorfemission exciton—LO-phonon coupling con-
2 %0 7] stant. It is equivalent to the Huang-Rh$garameter assum-
= 80l i ing a displaced harmonic oscillator mod&f! The values we
5 0L i use forS,) are derived from experimental resuttsinclud-
8 ing the contribution of phonons moves the predicted band-
g eof . edge absorption maximum to the blue and emission to the
E sl | red, and results in the solid curve shown in Fig. 9. The modi-
S fied curve still underestimates the nonresonant Stokes shift,
8 401 ] but is in reasonable agreement with the experimental data.
5 a0 | | We note that the nonresonant Stokes shift depends on the
= X size distribution. This is illustrated in Fig. 9, where we show
20 |- T the increase of the calculated Stokes shift for a sample with a
i0 | i 10% size distribution. The good fit to the experimental data
o i ' | does not necessarily imply though that we have a 10% size

o 10 20 30 a0 50 60 distribution. Any other type of inhomogeneous broadening

leads to an additional Stokes shift at the nonresonant excita-

tion conditions. The nonresonant Stokes shift may contain
FIG. 9. The size dependence of the nonresonant Stokes shiﬁo_nf[ributions _from shap_e distrib_utions, _structural inhomoge-

This Stokes shift is considered as the difference in energy between€ities, and differences in chemical environment experienced

the peak of the band-edge absorption and the peak of the full lumPY the dots dispersed in the glassy matrix.

nescence. Experimental values are representett byhe dashed

line is the theoretical Stokes shift calculated for a sample with a . o ) o

o=5% size distribution. It is the difference between the mean en- C. Dark exciton lifetime in a magnetic field

ergy of the three light exciton states and the mean position of the Strong evidence for the dark exciton state is found in the

*2 exciton ground states of the participating crystals. The solidstudy of the FLN spectra and luminescence decays in exter-

line includes the contribution of phonons to the theoretical splitting.ng| magnetic fields. In Fig. 18) we show the magnetic field

The dotted line shows the theoretical results for a sample with dependence of the FLN between 0 and 10 T for 12 A radius

10% size distribution dots. Each spectrum is normalized to the zero field one-

. phonon line for clarity. In isolation the- 2 state would have

Effective Radius (A)

. : ; “tum of 2. However, the dark exciton can recombine via an
into account phonons, whose role is seen experimentally ip phonon assisted momentum-conserving transfton

the Lglsgg’ggk%n progressions observed in FLN and PI'ESphericaI LO phonons with orbital angular momenta of 1 or
spectra. We include the contribution of phonons 10 ;56 exnected to participate in these transitions; the selection

the theoretical Stokes shift phenomenologically by including;,jes are determined by the coupling mecharfiéfConse-
in the convolution with the size distribution the phonon de- uently, for zero field the LO phonon lines are strongly en-

pendent absorption and emission line s_hapes for single CAd$gynceq relative to the ZPL. With increasing magnetic field,
quantum dots. We assume the following forms for the aby,eyver, the+ 2 level gains optically active: 1 character

sorption and emission line shapes: [Eq. (30)], diminishing the need for LO phonon assisted re-

4 combination in dots whose hexagonal axis is not parallel to

m
A(v,v')= 2 (Sa) the magnetic field. This explains the dramatic rise of the ZPL
=1 m=0 \/ﬂyhmm! intensity relative to the higher LO phonon replicas with in-
, ) creasing field.
< ex —[v=(v'+A I+ mwo)] ) (41) The magnetic field induced admixture of the optically ac-
Zyﬁm ’ tive =1 states shortens the exciton radiative lifetime. Lumi-

nescence decays for 12 A radius crystallites between 0 and
(S)" —[v—(v'"—mw o) ]? 10 T at 1.7 K are shown in Fig. 18). The sample was
P( 22 ) excited far to the blue of the first absorption maximum to
n 5 avoid orientational selection in the excitation process since
42 the transition dipole of th¢F|=1 states is perpendicular to
We consider the first five LO phonon replicas associatedhe ¢ axis[see Eq.(27)]. Excitons rapidly thermalize to the
with each of the three light exciton statédenoted byl) in ground state through acoustic and optical phonon emission.
absorption as well as the first five LO phonon replicas inThe longus luminescence at zero field is consistent with LO
emission. In Eqs(42) and (43), »' denotes the position of phonon assisted recombination from this state. Although the
the zero phonon linay, o is the LO phonon frequency sepa- light emission occurs primarily from the-2 state, its long
rating the phonon replicag, is the offset of thdth bright  radiative lifetime allows the thermally partially populated

4

E(v,v')= ex
() ”20\/%7%”!
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FIG. 10. (a) FLN spectra for 12 A radius dots as a function of 0.2
external magnetic field. The spectra are normalized to their one-
phonon lineg1PL). A small fraction of the excitation laser, which
is included for reference, appears as the sharp feature at 2.467 eV to 0.0
the blue of the zero phonon lin&PL). (b) Luminescence decays | 1 L 1
for 12 A radius dots for magnetic fields between 0 and 10 T mea- 00 02 04 06 08 1.0
sured at the peak of the “full” luminescend®.436 eVj and a B

pump energy of 2.736 eV. All experiments were done in the Fara-
day configuration iff|[k). (c) Observed luminescence decays for 12 FIG. 11. Dependence of the hole radial function integraland
A radius dots at 0 and 10 Td) Calculated decays based on the |,, which enter in the expression for the hgjefactor, on the hole
three-level model described in the text. Three weighted three-levedffective mass ratigs.
systems were used to simulate the decay at zero field with different
values of y, (0.033, 0.0033, and 0.00056 ™9 and weighting  then weighted to reproduce the zero field deffaig. 8c)].
factors(1, 3.8, and 158 y; (0.1 ns') andyy, (0.026 ps') were  \we obtain average values of IL(0,0)=1.42us and
held fixed in all three systems. 1/T'1(0,0)=10.0 ns, in good agreement with the theoretical
value of the radiative lifetime for the+1' state,
+1' state to also contribute to the luminescence. With in-ri=13.3 ns, calculated for a 12 A nanocrystal using Eq.
creasing magnetic field the luminescence lifetime decreases33).
since the quantum yield remains essentially constant, we in- In a magnetic field the angle dependent decay rates
terpret this as an enhancement of the radiative rate. [T1(6,H), I'5(6,H)] are determined from Eq35). The field
The magnetic field dependence of the luminescence dedependent decay is then calculated, averaging over all angles
cays can be reproduced using three-level kinetics witt  to account for the random orientation of the crystaliite
and = 2 emitting state$® The respective radiative rates from axes. The simulated decay at 1§Fig. 8(c)], using the bulk
these stated;;(#,H) andI',(#,H), in a particular nanocrys- value for g,=0.683 and the calculated values fohA
tal, depend on the angkebetween the magnetic field and the (19.4 meV} and 5 (10.3 meV for 12 A radius dots, is in
crystal hexagonal axis. The thermalization rétg of the  excellent agreement with experiment. The hgldactor is
+ 1! state to the+ 2 level is determined independently from treated as a fitting parameter since reliable values are not
picosecond time resolved measurements. The population a@ivailable. We usedy,=—1.00 consistent with theoretical
the = 1" level is determined by microscopic reversibility. estimates for this parametey, = — 1.09 (see the Appendix
We assume that the magnetic field does not affect the zero
magnetic field recombination but rather opens an additional IV. DISCUSSION AND CONCLUSIONS
channel for ground state recombination via admixture in the
+2 state of thet 1 statesI',(8,H)=1",(0,0)+ 1/75(6,H). The size dependence of the Stokes shift we obtained for
This also causes a slight decrease in the recombination ratesonant excitation of the absorption band edge is in excel-
of the = 1" state. lent agreement with the size dependence of the splitting be-
The decay at zero field is multiexponential, presumablytween the lowest optically active bright exciton state and the
due to sample inhomogeneitiés.g., in shape and symmetry optically passive dark exciton ground state. The discrepancy
breaking impurity contamimationsWe describe the decay at the smallest sizes may be related to problems with the
using three three-level systems, each having a different valueffective mass approximation at these sizes or to the increas-
of I',(0,0) and each representing a class of dots within théng role played by phonons in the luminescence. The phonon
inhomogeneous distribution. These three-level systems aiigteraction through the deformation potential was shown
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both theoreticall§? and experimentalfff to increase with de- under way to introduce an electrically neutral magnetic im-
creasing size. This can lead to the formation of an excitonpurity such as MA™ into the lattice may confirm this mecha-
polaron and be a source of an additional Stokes shift of thaism.
luminescencé® In spite of the obvious success of our model in describing
The large difference between the resonant excitatiorthe electronic structure of the band-edge excitation in CdSe
Stokes shift and the Stokes shift of the nonresonant photolusanocrystals, several questions remain unanswered. These
minescence is related to the difference in the oscillatoinclude the increase with decreasing size of the homoge-
strengths of the upper and lower optically active bright exci-neous exciton absorption line widthand the underestima-
ton states. In the smallest crystals, the upper bright excitorngon of the Stokes shift at small sizes. Both issues may be
gain the oscillator strength of the lower bright excitons andconnected to our lack of knowledge about the main mecha-
give the main contribution to the absorption. The nonresonism of exciton interaction with polar optical phondis.
nant Stokes shift in this case is the energy difference between In conclusion, we have described the band-edge exciton
the upper bright excitons and the optically passive dark exfine structure, and have explained in a self-consistent way
citon ground state. The experimental size dependence of thmost of the complex and controversial experimental data in
nonresonant Stokes shift is in reasonable agreement with thranosize CdSe quantum dots, e.g., the small Stokes shift of
theory. What discrepancy there is may be attributed to phothe resonant photoluminescence, the large Stokes shift of the
non participation in the luminescence, which is not well un-nonresonant PL relative to the band-edge absorption
derstood theoretically for CdSe nanocryst4ls. maxima, the long radiative lifetime, its decrease in magnetic
While the surface effects previously invoked to explainfields, and the fine structure of the photoluminescence line
the photophysical behavior of CdSe quantum dots may stilharrowing and photoluminescence excitation speétra.
play a role, especially via nonradiative processes, the ener-
getics and dynamics of the band-edge emission can be quan- ACKNOWLEDGMENTS
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In zero e>§ternal magnetic f|elq, recombination of .theAPPENDIX: CALCULATION OF THE HOLE g FACTOR
+2 dark exciton can take place via a LO phonon assisted

transition. Phonons can take up part of the total angular mo- The expression for thg factor of a hole localized in a
mentum projection: 2, which cannot be taken up by a pho- spherically symmetric potential was obtained by Gel'mont
ton alone. However, even in the absence of an external magmnd D’yakonov**

netic field the zero LO phonon line is weakly allowed,
suggesting an alternate recombination pathway, for example,
through coupling to acoustic phonons. Interaction with para- 5

magnetic defects in the lattice can also provide an important here y1, 7, and « are the Luttinger parametdfsand | "

additional mechanism for recombination. The spins of thes Sre integrals of the hole radial wave functidsee Eq(6)]
defects potentially generate strong effective internal mag- 9 a{o)k

netic fields, which, depending on the strength of the spin- a dRy, a
. . : . . _ 3p 0 _ 2R2

spin exchange interaction with the carriers and on the crystal |1—f drrRy 4 |2—j drr“R3. (A2)
radius, can reach several tens of teslas, and induce spin-flip 0 0

assisted transitions of the2 state, enabling zero phonon These integrals depend only on the paramgeand their
recombination to occur. Preliminary electron paramagneticvariation with 8 is shown in Fig. 11. Usingy;=2.04 and
resonancéEPR) spectra do in fact indicate a small concen- y=0.58° and the relationshig = — 2/3+ 5y/3— y,/3.*° one
tration of paramagnetic centers in our samples, and effortsalculates thagy,,= —1.09.

4 8 4
gh:§71|2+§')’(|1_|2)+2" 1-21y], (A1)
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