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Electron-hole interactions in silicon nanocrystals
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We investigate the electron-hole interactions in spherical silicon nanocrystals by incorporating Coulomb,
exchange, and spin-orbit couplings into a tight-binding model. We study the effect of the electron-hole attrac-
tion on the absorption spectra and on the dielectric constant, using a real-time propagation technique. Diago-
nalizing the full fine-structure Hamiltonian for two-particle states close to the band gap gives exchange
splittings that range from-100 to 7 meV for nanocrystals of radii 6-18 A. The splittings persist in the
presence of spin-orbit coupling for nanocrystals of radius up to 18 A, suggesting that dark triplet states below
the absorption threshold can be the origin of the Stokes shifts and temperature-dependent lifetimes observed in
luminescence experimen{$0163-182607)09635-3

. INTRODUCTION T>100 K, consistent with the experimental Stokes shifts of
~10 meV1° The model is therefore very sensitive to the
It is well known that the band gap of nanoscale quantunrelative magnitudes of the exchange and spin-orbit cou-
dots are blueshifted from the bulk value due to quantunplings. Whenz is small compared to the spin-orbit coupling,
confinement:? Finite-size effects also enhance the band-extensive singlet/triplet mixing may occur, and dark states
edge oscillator strengths of indirect gap materials such amay not exist on the strength of exchange interaction alone.
silicon? The fine structures in the optical spectra of siliconHowever nonspherical crystallite shapes can quench the
nanocrystals and porous silicon are also different from thosepin-orbit coupling and help preserve the singlet-triplet split-
in the bulk. This is essentially due to size-dependent changéihgs, so that geometry may also play an important tbfé.
in the effect of the Coulomb interaction. In the strong- Coulomb and exchange effects in silicon nanocrystals
confinement regime, i.e., when the crystallite is smaller tharhave been investigated previously with the multiband effec-
the bulk exciton diameter, the electron and the “hole” are intive mass approximatiofEMA) (Ref. 4 and other con-
close proximity, and the Coulomb interaction scales @ 1/ tinuum model€. EMA also successfully treats spin-orbit
wherea is the linear dimension of the nanocrystal. The staticcoupling in direct-gap nanocrystals such as CtSéHow-
dielectric constante, also decreases with crystallite size, ever, silicon does not have puredyconduction states at the
further increasing the effect of the electron-hole attraction aband gap, which complicates the analysis. contrast, the
small a. A strong Coulomb interaction perturbs the energytwo-particle extension of the tight-binding method is well
levels, mixes the zeroth-order eigenstates, and leads to a redited to studying the combined effects of Coulomb, ex-
assignment of oscillator strengths, which can have noticablehange, and spin-orbit interactiotfslt gives a more realistic
effects in the absorption speciwa,{ w) ~we,(w). €5 is de-  representation of small nanocrystals than quasicontinuum
rived from e,(w), and is in turn therefore also affected by theories, and surface effects can be accounted for readily. In
the strength of the electron-hole Coulomb attracfiémfact  this paper, we apply the tight-binding description of a previ-
the finite-size-induced change in dielectric screening camus work®!’ that uses asp’s* basis:® The nanocrystals
drive a nanocrystal of a particular size from the weak-studied here are tetrahedrally faceted, i.e., approximately
confinement into the strong-confinement regime. spherical in shape, with either truncated or hydrogen-
The excitonic exchange splitting is proportional to the terminated surfaces. We investigate the effect of the Cou-
overlap between electron and hole wave functions in silicolomb interaction one,(w) and eg at the two particle level.
nanocrystal$,and scales as 47. For smalla, the bulk sili-  While Takagahara and Takeda have addressed this issue
con exchange interaction of 0.14 meRef. 5 can be in-  within the EMA* to our knowledge this has not previously
creased by up to three orders of magnitbdhis interac- been investigated using semiempirical models. In this work
tion creates low-lying triplet states that do not absorb or emitve incorporate all fine-structure components, i.e., Coulomb,
light. Spin-orbit coupling then mixes the otherwise pure sin-exchange, and spin-orbit interactions. Our treatment of the
glets and triplets. When the mixing is small, the triplets canexchange interactions differs from that in a previous tight-
be populated nonradiatively after optical excitation into thebinding study'? in that the electron-hole exchange interac-
singlet manifold, and then luminesce with long lifetimes.tion is unscreened and the nearest-neighbor exchange inte-
This “two-level” model has been advanced as an explanagrals are taken into account. It will be shown that the tight-
tion for the Stokes shifts and the temperature-dependent libinding model considered here give exchange splittings that
minescence lifetimes found in porous silicbf.® In this  agree qualitatively with EMA estimates for crystallites of
two-level picture, the Stokes shifts correspondjtoAt tem-  radius~12—14 A, but are systematically smaller for smaller
peraturekgT= 7, wherekg is the Boltzmann constant, the size crystallites. The tight-binding exchange splittings are in
singlet, bright states are thermally accessible, and radiativeeasonable agreement with the perturbative estimates derived
decay readily takes place. The lifetime crossover occurs dom a recent empirical pseudopotential calculafidivwe
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find that dark, triplet-dominated states persist in the presence leh)| aa)
of spin-orbit coupling for nanocrystal radii of up to 18 A.
(11\2)lehy(|aB)+|Ba))

The magnitude of the now approximaftee., as a result of WDy =|eh)| jme) =
= M=

the mixing induced by spin-orbit couplihngxchange split- leh)| BB) '
ting is somewhat reduced, but not entirely quenched, despite

the tetrahedral symmetry. Comparison with experiments (112)leh)(laB)—|Ba))
shows this splitting to be in good agreement with experimen- )

tal exchange splittings, and the radiative lifetimes of darkyheree and h denote the electroficonduction bandand
and bright bands of states to be in order of magnitude agregyo|e (valence bandstates with single-particle eigenenergies

ment with the experimental valués. E.>Er, En<Eg, respectively.Er is the Fermi energy,
There has been considerable controversy over the aCCl|,IJ-SmS> is the two-particle spin portion dfV)), and|a) and

3 gt b o
rar]qy of t(rj\elsp.s tlght-(;)lndmg TOdel used '.nhtr's WOﬁQ' |8) are the one-particle spipi-states. Implicit in this treat-
This model gives band gaps that agree with luminescenc,eny js 4 first-order “configuration-interaction” approxima-

experiments. Thehagreg_ment |Z%a_pparently Lqrtr:Jltqus, aS fon, such that multiple excitations are not explicitly consid-
more accurate tight-binding modeli.e., one which gives a o 0 The two-particle Hamiltonian is derived by projecting

closer fit to silicon bulk band stru_ct@r@verestimates the he many-electron Hamiltonian onto the electron-hole basis
band gap by 0.5-1 eV over a wide range of nanocrystay, ye Hartree-Fock approximatidh?>and is given by
sizes. A recent empirical pseudopotential calcul&tigives

band gaps in agreement with Ref. 12. The discrepancy be- A=H +H. +H.+H )
tween experiments and these models is not fully resolved. As o Tleoul™ Hex T Tisor
such, no completely satisfactory tight-binding model for R

nanostructure silicon appears to exist, although all currently Ho=2, Ede)(e|— >, Enlh)(h
employed models do show significant improvement over € h

EIVI3A estimates of band gaps. In this work, we apply the

sp’s* model to study the exciton fine structure. Our ap- __ S NG i i
proach is in the same spirit as EMA-based calculations for Hoou ,HE, Wzynym [y Wiy "5y 1)
excitons in nanocrystafstt131422Thys the EMA is widely o

used to study excitosplittingsas functions of exciton size, Xy iy, (4)
despite its well-known inability to reproduce theagnitude

of the luminescence energy. In other words, we treat the [ _ s E 2
precise magnitude of the band-gap enetghich depends &S vy 7"
on the fine details of the tight-binding descripticemd the o
exciton fine structuréwhich is more generically a function ISUSCAREC AP ®)
of the quantum confinement effeds two separate issues,

the former of which will not be addressed here. Of interest o= 2
here is the order of magnitude of the radiative lifetimes, and ° iyy' Yoo’ o
their distribution over the fine structure. While the precise

values will depend on the details of the band-edge states and Cr i S m
possibly also indirectly therefore on the band-edge positions, X(iy'a iyl iwr%o,on [iy"0"iyo)

the latter will not necessarily affect the gross distribution of .

lifetimes. X(iyo|\i-§liy' o )iy"a" iy o']. (6)

. T\.NO complgmentary computanongl methods_ are app“eq—mrei is the site or atom labely specifies the type of orbital,
in this work. First, to compute the entire absorption spectrum

. ) .o denotes the single-electron/hole spin stategs 2 for the
Spa””“}%_}?g‘gs of eV, we employ.a rleall-tlr_ne prc)p"’u-:]""t'or%inglet states and is zero otherwiSe is the spin-orbit cou-
method.>~""“*The spectral resolution is limited here only . - ~ . .
by the propagation length. For accurate estimation of thé)IIng parameter, any| ands are the local orbital and spin
effects of exchange and spin-orbit interactions, high resoluoMentum operators. Note that our zeroth-order states, Eq.
tion is required, but only the band-gap region is pertinent. I(l)' are direct producp statgs_betwegn s_pat|al a_nd Spin eigen-
is then more convenient to diagonalize the Hamiltonian in unctions, and the spin-orbit interaction is then included as a

restricted two-particle basis made up of electron and hol erturbgtion on th? single-particle spgtial Ha_miltonian, Eq.
states close to the band edd®s 3). Strictly speaking, one should diagonalize the entire
This paper is organized as follows. Section Il describesingle-particle HamiltoniarH,+Hs,. We have done this,
the two-particle Hamiltonian, and the time-dependent andnd find that the results are in excellent agreement with the
independent methods. Section Ill contains the results, anBerturbative treatment of spin-orbit coupling for nanocrystal

Sec. IV summarizes our findings with some further discusSizes investigated in this work. So to facilitate comparison
sion. between the exciton effects in the presence and absence of

spin-orbit coupling, and also to make it possible to compare
Il. THEORY our results with past works that neglect spin-orbit couplihg,
we present results with the spin-orbit coupling treated per-
turbatively throughout. It is a good approximation to limit
The zeroth-order triplet/singlet electron-hole eigenstatespin-orbit coupling to on-site interactions orffyNote also
are that only the spin portion of¥ (Y)) is symmetrized or anti-

: 3

N/
1

|| ’}’,|/’)/,>W(| ,y ,y ,|,'y’im’y"’)

liyo,iy"o"Niyol\i-§liy'o")

A. Two-particle basis set and Hamiltonian
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symmetrized; the symmetry of the orbital wave function isments between an implicit basis of localized orbithlg).
taken into account by explicitly including the exchange termThe operator is defined in this implicit basis by
Hey in the Hamiltonian.

The Integrats P=3 linnr+ 2 3 inalafli'y) iy,
y y i/y'
W(l ’}/im')’”/;i ' 'y'i"}/”): f drlf dl’2q’>i*7(r1)¢r,y,(r2) (9)
wherest;=(f —r;), andr; is the position vector of site In
Xy = 2| L pin (1 2) imom(T 1) the empirical tight-binding approach the local basis functions

7) are never treated_explicitly. Thus there is no information on
the second term in Eq9) which requires integration of an
convolve the 1If interaction with the orbital wave functions operator which does not commute with the Hamiltonian, i.e.,
¢i,(r). Multiple excitations lead to screening effects, which &t;, over the local basis functions. If this second term is
will be treated phenomenologically by renormalizing theneglected, the commutatéf,H] is invariant to the origin
“1/r” interaction with a dielectric screening functioe(r)  from whichr, is measured. Sinclly; is also unambiguously

(Ref. 27 for the electron-hole Coulomb interactidt,,,,  defined, with this approximation the bulk absorption spec-
but not the exchange interactidt,,.* This will be further  trum can be calculated without any fitting or extraneous in-
discussed in Sec. Il C and the Appendix. formation beyond the parametrization of the tight-binding

Our application of a distance-dependent dielectric funcHamiltonian®>3® However, the neglected contributions
tion contrasts with treatments which assume a modified conf y| 6t;|i’y'), in Eq.(9) can be important* For silicon, the
tinuum dielectric constant to model the screening in finitedominant terms are those with=i’, namely,(iy’| t;|i y).
size crystalliteS:* Dielectric functions are also applied in These give the on-site transition dipole matrix elements
Ref. 12. Even thoughe(r) obtains from purely bulk which dominate in the atomic limit. This limit is not recov-
consideration$! the static dielectriconstant e, of a finite-  ered in the generic empirical tight-binding treatment.
sized dielectric ball derived withk(r) is already substantially To give a better agreement with the bulk absorption spec-
reduced over the bulk valif&?® We have also considered tra obtained in experiment and in density-functional theory
modifying the dielectric function for finite-sized §yste?ﬁs. calculations, the additional on-site matrix elements

To zeroth order, i.e., ignoringl .y, Hex, andHsg,, the  (iy'|8Tiliy) can be treated as fitting parameters. For the
exciton consists of an electron in conduction sfafeand a  SP°S* _parametrization, good fits are obtained with
vacancy in valence statd), and the total excitation energy Value 53
is Ee.—E,. E. andE,, are the eigenenergies of the Hartree-

Fock single-particle wave functions in the ground many- (is| oFilip,) =(s| o |px)=0.125 A,
electron statéG). The valence band is filled ifG), andE, el ol
is then computed as the energy of a virtual orbital of such an (is*|ofi|ip,y=(s*|&F|p)=1.45 A, (10)

electronic configuratiofi? H o, andHex then lead to correc- \heree, is the unit vector in the direction. The transition
tions to the many-electron excited-state energy. In the tightgjipole matrix elements for the, andp, orbitals are similar.
binding description, the highest occupied molecular orbita\yity these additional termsj#/my)M;g is then given to
(HOMO) valence state of the bulk bands consists of thregeroth order in the electron-hole interaction by
degenerate states at thd" point® Applying H, to these i
HOMO states give a spin-orbit splitting ofA32, which is <eh|[F,HO]|G>5j 0Om. 0= — (Ee— Eh)<e|F|h>5j 0Om. 0»
fitted to the experimental value of 0.044 ¢Ref. 3] to yield U * S'(ll)
an empirical value fok. Just as in the single-particle energy
Ey, of Eq. (3), the second term iRlg,, Eq.(6), pertains to the ~ ~
hole and carries a negative sign. <e|r|h>=_2, Caiiy Crii L Ti 0,y H (i [8Fiiw)], (12)
lyy
B. Dipole matrix elements where we use(if) =¥ ®)|eh)|jsmg). In Eq.(12), ¢, and

iChiiy are the expansion coefficients [ofy) for [e) and|h),
with [e)=Z3,Ce.i,liy), and|h)=X; cn.i,liy) respectively.
We used the conventiokl,|G)=Eg|G)=0. In the dipole
8mw2e’h? o s approximation, no spin-flips are allowed, and only the singlet
3mZ0) Z ErcMicd(0—Efg), (8 component off) can absorb light. _

¢ In the presence dfl o, Heyx, @andHs,, the product states

f labels the many-electron excited statBsg is the transi- | w3} are no longer eigenfunctions of the Hamiltonian, and
tion energy,m, is the electron mass) is the volume of the the eigenstates now become

systemM?;=|(f|p|i)|? is the squared transition dipole ma-

trix element between staté) and|G), p is the momentum 20 _ K .
operator,e is the electronic charge, and the transition fre- Wi >_e%ms ¢ehisms|eh>|15ms>’
quencyw is expressed in units of energgV). In general,

p=(me/i%)[F,H]. In an empirical tight-binding description, Where 'r/’(l;hjsms are the two-particle expansion coefficients.
H is defined by the orbital on-site energies and transfer eleEq. (11) is replaced by

The ground-state absorption spectrum of any material
given by oppd w) ~ wey(w), where®

e(w)=

(13
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R R particle states|,¥)=|e)|h)|jsms), whereE, andEy, are re-
(P[P H]G)=~ E&Z)eth ¢Z?1jsms<e|r|h>5j505m50 stricted to energies close to the band edgesere |e) and
Jsms (14) |[h) are directly computed using an eigenvalue-selective

@ _ on o Lanczos algorithni®®® H, is diagonal in the zeroth-order
whereE}” is the eigenenergy for statd\”’). Finally, the single-particle basig¥ (),

static dielectric constany; is given by

% (e'h’;jemg|Holeh;jimg)=(E.— En) Se,e' On,n Gy j! Omg m! -
=1+ (2/m) fo do €(w)w. (15 (16)

The matrix elementge’h’;jsmg[Hcouleh;jsms) (Coulomb
and (e'h’;jm.|Hleh;jsms) (exchangg are diagonal in
For finite-size crystallites, the electronic properties in thethe spin subspace, and we therefore neglect the spin indices
band-gap region can be readily computed by diagonalizingrom now on. Expandinde) and |h) in the local orbital
the Hamiltonian matrix for a small set of electron-hole two- basis, we obtain

C. Restricted basis set diagonalization

<e, h,|HC0U||Eh> = 2 C:’;i 'yc;:’;i"y’Ch;i"’y”Ce;i/"‘yWW(i 'y| "m ,y//!;i ! 'y’ | " 'y”), (17)
EALATCIRYIR Y
(e’h'[Agleh) =6, D €1 Gl ir CaniryCrimy (191”51 i), (18)
LTy A

To simplify these expressions, only the two-index contribu—<e/hf||3|ex|eh>

"o

tions to w(iyi”y";i'y'i"y") are retained. These can be

identified as Coulomb and exchange tefmexall Eqg.(7)]: |y o . Wi’ o)
- e;iyChrity Chiiy LeipWe )

(i")yyy'
. . . . . . ! H H
Weoul 17,1y ) =W(iyiyi"y'i"y'), (19 +<..§ , Car.i O i Chii y Cesiv y We(1 71" ¥')
i")yyy

! . .
+__Z, C:I;iycﬁr;irylch;iyce;i’y’wcoulo')’1|/')”) s
Weli .7y =Wy Y. (20 i
(22

Thus we neglect terms with more than two distinct orbitals
in accordance with Ref. 12. The higher-order overlaps ar
small because the wave functions dessumeg orthonor-
mal. The principal corrections to this assumption give rise t
the “dipole”-like terms2® which are smaller in magnitude
and can be neglectddee the Appendjx Equationg17) and
(18) then reduce to

'The restricted(primed sums denote the constraint )

& ‘(i"y"). As mentioned in Sec. Il A, and discussed in some
detail in the Appendix, the “X/’ interaction in the electron-
%hole Coulomb interaction, Eq17), is to be screened, while
that in the electron-hole exchange interaction, E), is
not. Thus all integrals entering E(R1) are screened, while
those in Eq.(22) are not. We use the dielectric function of
Ref. 27 together with the Ohno formdf4! and on-site
renormalizations described in the Appendix to approximate

(e'h'[Hcouleh) the screening.
In principle, nearest-neighbaw.(ivy,i’y') integrals in
=—__2 c:,;iyc:]‘,;i,y,ch;i,y/ce;iywcom(iy,i’y’) the local orbital basis can contribute significantly to the
iy’ electron-hole exchange matrix elemefgsh’|HJeh), es-
D e o pecially in 1I-VI semiconductors such as cadmium selenide,
— 2 Cari,CiryChiinCeiiry Wenl iV, ¥') where the electron and hole have small on-site overthps.
(i")yy’ Beyond the nearest neighbovg,,(iv,i’ y’') decreases expo-
D o nentially and can be neglected. Both the multi-band EMA
- > Cer:iyChriiyChii’y CeiiryWex(i 7,17 y"),  treatment of Ref. 4 and the previous tight-binding calculation
(i")yyy! of Ref. 12 truncated the exchange interaction more severely

than this. In the EMA treatment the exchange interaction is
(22 approximated by as-function interactiorf, while the tight-
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binding calculation included only the on-site exchangeonly deals with both Coulomb and exchange energies in per-
integralst? Unfortunately in the latter calculation the ex- turbation theory for relatively small nanocrystals and also
change terms were also incorrectly screened, as pointed oneglected spin-orbit coupling, making quantitative compari-
by Takagahara and Takefiag recent empirical pseudopo- son with the truncated exchange calculations difficult. There-
tential calculatio®® incorporated the long-range component fore in Sec. Ill B we specifically examine the effect of the
of the exchange interaction. However, in contrast to Refs. fearest-neighbor exchange terms.

and 12 which are both nonperturbative configuration interac- The spin-orbit coupling in Eq(6) is straightforwardly
tion treatments like the calculations presented here, Ref. 18&omputed in the local orbital basis,

(e’h,jéméleo‘ehjsms>=)\5hh’_2 C:r;iyrce;iy<i7,||i|i7><jémé|§i|jsms>_)\5ee’ E Czr;iyrch;iy<i7’||i|i7>
iy A%
X(jsmg|§|jsms)- (23

With the inclusion of Coulomb, exchange, and spin-orbit couplings, the two-particle Hamiltonian matrix becomes the
supermatrix

11;11 11;10 11,11 11;00
Hcoul+ Hso Hso HSO _ HSO
10;11 10;10 : 10;00
H Hso_ HCOUI+_7_[SO H;‘g' t Hso_ (24)
= 11;11 11;10 1111 11;00 ,
HSO 7_(SO Hcoul+ Hso ' HSO
00;11 00;10 == 00;00
Hso Hso ’Hgg 11 Heout Hext Hso
[
where the elements are eadd {XM,) by (M_XM,) ma- 8m2e?

i’ =—— rgi rigo(w—E
trices in the|e)|h) space, and the superscripts7if}s = <™ €(@)="30 Z of Med(w~Ere)

are the spin quantum numbehd, andM, are the number of 8re? (=

conduction and valence states taken in the restricted basis. = J dt Re eith <G|fe—iEfGt/ﬁ|f>.<f|f|G>

We only consider expansions witd =M= M, here. We 3% Jo f

have found thaM = 12 is sufficient to converge the first few

two-particle states close to the band ed@gg. augmented

with the single-particle energies, is diagonalized, and the

two-particle absorption spectrum is obtained via E§sand A

(14). where the conventioid|G)=Eg|G)=0 remains in force.
This suggests the following proceduke) compute the vec-
tor [W')=7|G)=Zp(elf|h)|eh) in some basis(b) apply
the two-particle propagata "M% 0<t<t,,,,; (C) compute
and store the overla@(t) at each time,

8me?

_ - iot/ <7 a—iHUAR
= 30% fo dt Ree'“Y(G|r-e r|G), (25)

D. Real-time propagation

To compute the complete absorption spectrum and related C(t)=(G|r- e*iﬁt/ﬁﬂG);
properties such as the dielectric constant with the time-
independent method, it is necessary to know the efie and (d) Fourier transformC(t). This yieldse,(w), Eq. (8),

basis set. The dimension of the two-particle Hamiltonian ma- .
) . ) and hence the absorption spectrury, ~ . We
trix scales adN?, whereN is the number of atoms in the P P o)~ wexw)

. 3 . - can then obtain the static dielectric constant with the effect of
nanocluster. With thesp®s* parametrization, the largest

- pald the Coulomb interaction incorporated nonperturbatively,
crystallite that can be treated in this wayNs-41. For larger  f.om Egs.(15) and(25),

clusters the spectral properties can be studied by Fourier
transforming the real-time dipole-dipole correlation
function®” Starting from Eq. (8), and using p=(m,/
in)[r,H],

e’ (= N
fdt Im(G|F-e MV%F|G).  (26)
0

e=1—

30%
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In keeping with the single excitation approximation, a pro-where furtherO(dt?) corrections have been neglected. The
jection operatoP=3 . eh)(eh| is applied,H—PHP, so action of the binary evolution operatouson a two-particle
that the Hamiltonian does not scatter conduction and valencgtate in the site local basis is given exactly by
states into each other. N
The resolution of the spectrum is inversely proportional to Ucoul(i 7,1 y)|iv,i"y")
Iength of propagatlot\“ax,. and |§ set' aF 50 meV in this work. — cogWeou(i 7,1 ¥ )dUA][i v, ¥')
On this energy scale, spin-orbit splittings are unresolttg,

can be neglected, and singlet and triplet states are therefore —i siWeou(iy,i" Y )dUa]liy,i"y'),
decoupled. For simplicity, we also negledt,, whose con- e
tribution is typically less than 25% of the Coulomb interac- Uiy, i"y"s i Yy y')
tion, and seH=H,+Hyy. In Heoy We also neglect terms _ e Coir
L ) . . o =Cog T dt/f)|iy,i
We,(iy,i’y"), consistent with this level of approximation. T vy Nivi'y')
The two-particle vector|eh) is evolved in time using a —i Sin(T?,,y,,iydt/ﬁ)|i”y”,i’y’), (32)

series of short-time propagators,
ah(i!y!,ifl,y!/;i ,y)|| ,y,i!’y!>
(27 —cod T, dt/#)]iy.i'y')

iy’ y

—iPAPY, o/ — [ a—IPHPAUAN
e ! max _[e ! ] ,

—iPHPAU/A _ o—iPHoPAUA g—iPHgouPAUA | 2 i iv.i
e e e O(dt )' —1 SII"I(Th,/ it /dt/h)||7!|’,y,’>'

i"y"i’y

whereN=t,,,/dt is the Trotter partition numbér It is con- Each of these bi uti - | )
venient to propagate in the electron-hole orbital basis, ac _0 €se binary evolutions constitutes one elementary

{lio,i’o’)}. While Hgy mixes valence and conduction step In the hypgrcheck-bpard propagatiU.rgom(dt) is diag-
states, it only provides a weak perturbation in the stron nal in theliy,i |7> bazs's’ and sho proyldeﬁ onlyla phase
confinement regime, and the scattering between valence argctor, {0 be evaluateM” times, whereM is the total num-
conduction states should be small. For greater efficiency, a2ef Of orbital basis functions dAeLmed earlier. In contrast, mul-
will become clear below, it is advisable to neglect the actiorfiPlying fleh) by Ug(dt) and Ug(dt) are bothM* opera-

of the projection operatoré’ on K . 2243 The validity of tions. These therefore constitute the limiting steps in the

coul* . . . ~ . .
this approximation for Si nanosystems will be demonstrated/gorithm. An alternative basis setfieh)}. H is d|agoni;1|
below. Under the action of the approximate we have then in this basis, but computing co,/eh) now becomes ai
operation.(The same would apply to the action of the pro-
PAPlivi )= [T e jection operator® onH,,, which we have neglected heye.

PHoPliyi"y >_i,, Ty 177177 The orbital basis set is therefore more efficient.
Y

h Y )
—Tingriry i7" Y] (28 Ill. RESULTS

~ . . . A. Full absorption spectra: real-time calculation
Hcoul||71',7,>:Wcoul(|')’u|,'y,)||7a|"yl>a (29 ] ) ] )
Figures 1-8) show the real-time two-particle absorption

where spectrae,(w) for N=41-, 83-, and 147-atom nanocrystals.
The nanocrystals are constructed by sequentially adding
T . = Ei"y|e)eliv) shells about a central atom, and therefore have tetrahedral
vty e ' symmetry. These crystallites have thgfs* parametrization
(30 of Ref. 18 and have truncated surfaces, i.e., dangling orbitals
N _ _ are eliminated from the basis. A 30-meV half-width filter has
T = ; En(i”y"[h)Ch[i"y"). been applied. Figure(d) also plots the two-particle spectrum
obtained from diagonalizing the entire 41-atom, two-particle
The single-particle eigenstates and eigenenergies are needdamiltonian(Sec. 11 Q, the largest such Hamiltonian which
as input in this formulation. They are obtained here fromcan be fully diagonalized. The real-time propagation and di-
diagonalizing the tight-binding Hamiltonian. Using a agonalization results are in very good agreement, demon-
“hyper-checkerboard” decompositidiiwhich is a generali- strating that one can with validity negletin the short-time
zation of the standard checkerboard decompositiam full propagator in Eqs(29) and(31) for these Si nanocrystals.

matrices, the short-time propagator becomes The lowest-energy structure is the exciton peak. It is pro-
X gressively redshifted as the cluster size increases and quan-
e iHAVA Og(dt)og(dt)ocou(dt), tum confinement effect decreases. The timdependental-

culation (Sec. Il B) predicts first peaks at frequencies 3.05,
2.58, and 2.24 eV for the 41-, 83-, and 147-atom nanocrys-
(31 tals respectively. They compare well with the first peak at
~h s 3.06 eV in Fig. 1, and the first shoulder at 2.60 eV in Fig. 2,
Uo(dt) =ITiryny<(imymyig (1" y 1"y 1), respectively. The first exciton structure of the 147-atom clus-
. ter is not resolved. The single-particle absorption spectra are
Ucoul(dt) =TTy iy Ucoui 720" ¥'), shown in Figs. 1-®). The lowest non-interacting two-

Ug(dt) =TIy <(inyry:ir Uiy, "y"5i"y"),
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FIG. 1. e,(w) for the 41-atom(5.8-A radiug Si nanocrystal
with truncated surface, in arbitary unit® With Coulomb interac-
tion. Solid line—real-time calculation; dotted line—diagonalization
of two-particle Hamiltonian. The arrow indicates the exciton peak.
(b) Without Coulomb interactiorti.e., diagonalization of a single-
particle Hamiltonian The arrows indicate the indirect and direct
bulk band gap, 1.17 and 3.43 eV, respectively. 0.8

FIG. 2. e,(w) for the 83-atom(7.35-A radiu$ Si nanocrystal
with truncated surfacga) With Coulomb interaction(b) No Cou-
lomb interaction. The symbols are as in Fig. 1.

particle energy levels are at 3.36, 2.79, and 2.41 eV, respec- @
tively, for the three sizes. The Coulomb corrections to the
exciton energy are therefore approximately 0.33, 0.20, and
0.17 eV. These corrections were shown previously to be in 3
good agreement with perturbative estimat=¥ They in- :~0'4
crease with decreasing nanocrystal size, due to the increase:
overlap between the electron and hole wave functions.
Compared to the single-particle results, the two-particle
spectra are almost uniformly redshifted by the Coulomb cor- 1
rections to the band edge energy, i.e., by roughly 0.3, 0.2, ¢.o Ao
and 0.15 eV over the whole energy range. This implies that ¢
the Coulomb interaction is perturbative over most of the
spectrum. The strong peak at 4-5 eV is the exception. Large
changes in the spectral envelope are observed, with absorp
tion intensities shifting to lower frequencies by up to 1 eV.
The zeroth-order states are extensively mixed in this high
density-of-states regime, and perturbation theory is no Ionger% 041
valid. Oscillator strengths are large among electron and hole
wave functions that exhibit large overlap. Not coincidentally,
it is these states that also experience the strongest Coulomt
interactions. This explains the qualitative changes in spectral
line shape in this region. 0.0 : , ;
The two-particle spectra for the three sizes have similar 00 | T 50 10.0 15.0 200
shapes, indicating that a convergence to bulklike behavior is @V
rapidly obtained even for clusters of 41-147 atoms. High- F|G. 3. e,(w) for the 147-atom(8.9-A radiug Si nanocrystal
energy absorption spectrav>3 eV) for small crystallites  with truncated surfacea) With Coulomb interaction(b) No Cou-
have been reported, and this rapid convergence is also iBmb interaction. The symbols are as in Fig. 1. In paf®) the
evidence in that experimental wofk.As silicon is an exciton peakarrow) is not resolved.

T VRN WU
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TABLE |. Static dielectric constants fosp’s* parametrized 1000
nanocrystalseS : surface-truncated crystallites with Coulomb inter-
action, Eq.(26); eg: surface-truncated crystallites, without Coulomb
interaction, Eq(15); eg': hydrogen-terminated crystallites, without
Coulomb interaction, Eq15).

Cluster radiugA) 5.8 7.35 8.9

€ 7.64 8.28 9.54 100 -

e 6.86 7.57 8.63

S

el 8.89 9.39 10.28

indirect-gap material, ai=0 there is no bulk absorption at
the band gap energy of 1.17 eV, and the onset of bulk ab-
sorption is at the direct-band gap value of 3.43 eV. However,
in the finite-size crystallites there is absorption below 2 eV
because of the quantum confinement induced overlap of the logn
electron and hole wave functions in reciprocal spaé8The N
spectral shift due to the Coulomb correcti@mompare Figs. AN
1(a) and Fig. 1b)] clearly enhances this increase in absorp-
tion. Thus, despite being perturbative in magnitude, the Cou-
Iomb'term has a significant effect on the sub-direct-gap ab- o 00 50 20.0
sorption. radius (A)

Table | tabulates the values of the static dielectric con-
stantse obtained for crystallites with and without the Cou- ~ FIG. 4. Coulomb and exchange energies for two tight-binding
lomb interaction included, and with various surface termina<cluster models. Crossessp’s* parameters with truncated surface;
tions. () Eg: surface-truncated crystallites with Coulomb circles—sp®s* parameters with a hydrogen-terminated surface. The

interactions, computed via Eq(26): (b) eg: surface-  UPper sets of data are Coulomb energies, while the lower sets per-

. . : . tain to exchange. The solid and dashed lines are the Coulomb and
truncated crystallites, without Coulomb interactions, com exchange interactions calculated with multiband EMA in Ref. 4.

; . H. ;
puted via Eq(15), and(c) e ._hydrog_en-termlnated crystal- Pluses refer to pseudopotential perturbative results of Ref. 3. Inset:
lites, also without Coulomb interactions, computed via Ed-exchange energies; in meV) vs a3, wherea is the radius on a
(15. The general trend of decreasirg with decreasing pase 10 logarithmic scale. Symbols and dashed line as in the main

cluster size already noted in Ref. 3, and expected from thganel. The solid line shows the strong confinement scaling behavior
simple consideration of the effect of finite-size confinement;«a-2 predicted by simple EMA.

on a distance-dependent dielectric function discussed above

(_Sec. I'and Ref. 30 is evident in all three mstance%. Addi- manifolds, respectively. The Coulomb energy is defined as
tional trends are also apparent here. We seedhaties~1, o ifference between the lowest triplet two-particle state
but that € is systematically larger by-10%. Thus the and the single-particle band gap, white the exchange en-
electron-hole attraction, neglected éf, gives rise to a no-  ergy, is the splitting between the lowest singlet and triplet
ticeable increase irs. A similar effect was seen for very |evels. Two sets of data are shown, corresponding to two
small crystallites in the EMA calculations of Ref. 4, but here different surface terminationga) Sp3s* with truncated sur-
it is evident even for the 8.9-A-radius crystallite. The SeCOﬂC*ace (CrOSSES and (b) Sp3s* with hydrogen_terminated sur-
systematic feature is thaty— e2~2. This is of the same face (circles. The Si-H parameters are taken from Ref. 16.
order as the surface contribution estimated in Ref. 3 forrhese results were obtained with nearest-neighbor exchange
spherical clusters of similar size, and demonstrates that th@rms in the local orbital basis included. Also shown are the
surface termination can strongly affect the screening, alEMA estimates of Ref. 4solid and dashed lingsand the
though the main contribution to the reductioneipbelow its  empirical pseudopotential results from Ref. (Buses.
bulk value (e,=11.4) does come from the confinement. In  We first discuss the Coulomb energies. These are rela-
addition to recognizing the size dependence of dielectrigively insensitive to the incorporation of nearest-neighbor ex-
screening in nanocrystals, it is clearly important to realizechange terms in the local orbital basis: only a 2% or less
also that values ok, computed using different approxima- change results from adding these terms to the calculation.
tions are strongly parametrization dependent. The Coulomb energies computed here are 35% smaller than
those derived from the multiband EMA treatmesolid
line).* A significant overestimation of Coulomb energies by
simple(single bangl EMA has been noted recently in a com-
In the absence of spin-orbit coupling, the Hamiltonianparison of perturbative estimates between EMA and pseudo-
matrix in Eq. (24) is block diagonal, and the two-particle potential calculation® where the difference was assigned to
states are unambiguously singlets and triplets. Figure 4 plowrrors in the EMA wave functions, both at the local and
the Coulomb and exchange energies which are obtained withnvelope-function level. Given this, the similarity evident in
a restricted basis diagonalization of the singlet and tripleFig. 4 between the perturbative pseudopotential results of

25

coulomb/exchange energies (meV)
>

B. Fine structure near band edge: time-independent calculation
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Ref. 19 with the multiband EMA results of Ref. 4 is very 6.0
interesting. Since the two calculations appear to use the same (a)
size-dependent dielectric constant, this agreement, which _ 4, | |
was not noted in Ref. 19, would appear to derive from the
multiband nature of Ref. 4. Now comparing our current
tight-binding results with these prior calculations, we note 201 |Hl I

log (1/7)

first that the Coulomb energies do not appear to be sensitive

to the small differences in effective dielectric constant for the 0.0
two different surface terminations) and (b) (see Table)), 1.0
and thus the smaller Coulomb energy obtained here is prob- (b) x*
ably not attributable to the use of the dielectric function
rather than the simpler dielectric constant description of
Refs. 4 and 19. The lower values we find appear to derive -
rather from the use of the Ohno formula to approximate off-
site Coulomb integrals, rather than a point-charge approxi-
mation as was used in Ref. 12e the Appendjx The latter 00 _— Wﬁ% % %
gives systematically larger values of all off-site Coulomb
integrals, and therefore results in a larger Coulomb energy,
since this is dominated by the Coulomb integr@islike the
exchange energy, as discussed in the Appendix

% singlet

©

The exchange energies of the truncaf@dand hydrogen- g
terminated(b) nanocrystals differ somewhat more than the
Coulomb energies, by approximately 10—-40%, but the dif-
ference is not systematic. It appears to arise from subtle dif- ‘ AN ,
ferences in the confinement of the electron and hole wave -0.02 0.00 0.02 0.04 0.06 0.08
functions to which the exchange energy is more sensitive o0, (V)

than the Coulomb energy. While not excessively large, this
nevertheless indicates that the surface has a noticeable eff%ct . . .

; - . teérminated Si nanocrystal. From top to bottota) logarithm of
on the exciton fine structure, even for nanocrystals of radluT?,a

. . diative recombination rate, 4/ (b) percent singlet characte(t)
15 A, despite the fact that the band-edge wave funCtlonsEZ(w) (arbitrary unitg. Shorter-lived states have larger values of

have virtually no population in the hydrogen ligand orbitals|og(1/7)_ The line spectrum inc) has been broadened with a

themselves. At nanocrystal radius12-14 A, ‘the tight  Gaussian function of half-width 2.5 meV. Frequencies are measured
binding configuration interaction energies are in reasonablgjith respect to the lowest two-particle level, i.e1,=1.907 eV.

agreement with the multiband EMA results of Ref. 4. At ;,—0.050 eV(arrow) for this nanocrystal.
smaller sizes the EMA exchange energies are markedly

larger. When the crystallite radius drops below 5 A, theharen=2.6 is the bulk refractive index, ardis the speed
EMA erroneous]y predicts that exchange energies exceed thg light. The radiative lifetimes;, is thus inversely propor-
Coulomb energies. Therefore such treatment is not adequajfy | 1o the oscillator strength. The density of states is quite
for small crystallites. In §he inset of Fig. 4 we show @ cOM-¢omplex with many states lying extremely close to each
parison with the p<a~ scaling behavior predicted by qher, their degeneracies now lifted by the small spin-orbit
simple EMA in strong confinement, whege is the linear o hjings. Nevertheless, in all cases, the first few levels are
dimension of the nanocrystals. While the tight-binding re-4ark and predominantly triplets. States with appreciable sin-
sults show this scaling to be valid to a good approxmjgtlongmt character are blueshifted with respect to the band edge
the multiband EMA results of Ref. 4 do not shog-a by roughly 7, which therefore retains its significance as an
scaling at all over the size range shown in Fig. 4. As menychange splitting. This is particularly apparent in the broad-
tioned above, the data shown in Fig. 4 were computed withyheq apsorption spectra, which exhibit first peaks or shoul-
both on-site and nearest-neighbor exchange integrals. Thg, g betweenw,+0.57 and w,+ 7. These results contrast
resulting exchange spllitt.ings agree vyith the pe_rtl_erative Teuith Ref. 12, which finds that, for high-symmetry crystal-
sults of Ref. 19 to within 25-40%Fig. 4. Omitting the  jias pure triplet states are completely destroyed by spin-
nearest-neighbor exchange integrals decreases the bare @pit coupling. We attribute the difference to the fact that,
change interactions by roughly a factor of 2. unlike Ref. 12, we do not screen the electron-hole exchange
_Spin-orbit coupling mixes singlet and triplet states. Njneractiont (see the Appendix and that we also incorporate
Figs. 5;8 we plot the fractional singlet character, defined age contributions from nearest-neighbor exchange integrals.
(f|00)|%, for each exciton statéf) of hydrogen-coated ag 5 result, we obtain larger values ef which helps pre-
nanocrystals with the p°s* parameterization, containing Up gerve the triplet character of band-edge states. Note that be-
to N=1285 atoms. Also shown are the radiative recombinazayse of the mixing due to spin-orbit coupling, the first state
tion rates for each stafé, with appreciable oscillator strength does not lie at exactly
wyt+ 7, in contrast to the assumption implicit in the pertur-
bative treatment of Ref. 19, which omitted the spin-orbit
(33) coupling.
The line spectra in Figs. 5& show that the band-edge

FIG. 5. Fine structure for the 147-atdi®.9-A radiug hydrogen-

Ane’Efg|ricl®
Vre= gz
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FIG. 6. Fine structure for the 363-atorfl2.0-A radius FIG. 7. Fine structure for the 729-atorfl5.2-A radius

hydrogen-terminated Si nanocrystal. Symbols are the same as @’dfggesn'terpm'”g‘jd 3' fr_1a_n_ocrystill.1 i¥2mb$)s a(;e_thoeoslzim?/ as in
Fig. 5. See Fig. 5 for definitionse,=1.627 eV andy=0.023 eV Ig. 5. See Fig. 5 for definitionsyo=1. eV anty=0. €

for this nanocrystal. for this nanocrystal.

triplets have lifetimesr;g which are roughly 1-3 orders of Compa“;&g ber':ween OIF”_ theforeti%al hagd the
magnitude larger than those of the bright states. This indi_expe_rlment exchange sp |tt_|ngs_ or the “hydrogen-
cates that a twofor in some cases, threestate modél is termma_ted crystallites S made In '.:'g' @D _and b_etwe_en
adequate, even for “spherical” crystallites. The radiative tN€oretical and experimentaradiative lifetimes in Fig.
lifetimes for the low lying bright states at the band edge arelo(b)' The exchange Sp"t“_”gs fo‘r‘ crystallltes with ,radu
10762103 s. In Fig. 9a), we further analyze the lifetimes = 59 A are seen to agree with the “variable temperatifre
by calculating the recombination rateﬁ;l for two or three estimates of Ref. 8. The latter are obtained by fitting the

prominent, well-separated peaks or shoulders, at frequencigé(change splitting ngeded to rgproduce the temperature de-
(©—w,) less than or of order. These are categorized as pendence of the radiative lifetimes to a two-level mddel.
o :

“bright” or “dark” states, depending on whether their en- Tagtsoelue;’::]rggéee‘:’]?ée Iriregaesrutrhearlr?etrrztinssgkerisglsffﬁeontq)z;;\s/ed n
ergies are at least 0.4 above the band edge or not. The P

plots verify that the lifetimes of these two categories lie in Figure 1@b) shows that, for this size range, our calculated

WO separate bands. and are separated by factor<eflb radiative lifetimes for both bright and dark bands are gener-
=P R 1. parated Dy factor ) ally within an order of magnitude of the experimental values.
Our bimodal distribution of; is qualitatively similar to the

. The improved agreement relative to the prior tight-binding
results of Ref. 12 fomonsphericalnanocrystals. However study which found lifetimes between 4@nd 18 times that
the decay rates obtained in Ref. 12 are consistently sm_alleg),f the experimental valuésis assigned to the improved
and th_e I|fet|me§ correspondingly longesee also compari- treatment of exchange. For the smaller crystallites, oscillator
;on with expenment below The pands yvogld collapse strengths of the band-edge states can become strongly depen-
into one if the exchange interactionHe, Were  genton crystallite size and shapes, yielding a large scatter in
omitted. The line spectra for surface-truncated crystallitegagiative lifetime<*® Quantitative comparisons should
(not shown are qualitatively similar. However, for large therefore not be made in the present context.
(>12 A radiug crystallites, the radiative lifetimes for

surface-truncated crystallites are about ten times larger than
their hydrogen-coated counterpaftsee Fig. %)—7 1! is

systematically smallér and the demarcation into bright and  In this paper, we have demonstrated that the real-time
dark bands is less obvious. For both surface terminations, thgropagation method previously used to study the density of
oscillator strengths generally decrease as the nanocrystal istates and exciton binding in nanocrystaid”?® can be

creases in size, in agreement with the predictions of EMAadapted to compute the entire absorption spectrum and re-
and with experiments?# lated properties such as the static dielectric constant. Non-

V. CONCLUSION
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FIG. 9. Radiative decay rate@nverse lifetime$ of selected
1 Il

band-edge states, with tlsg@®s* tight-binding parameterizatiofa)

Hydrogen-terminated crystallite&h) Surface-truncated crystallites.

Crosses—bright band; circles—dark band. The demarcation of the
FIG. 8. Fine-structure calculation for the 1285-at¢i8.3-A bands, indicated by the dashed lines, is approximate, and states with

radiug hydrogen-terminated Si nanocrystal. Symbols are the sambfetimes larger than one second are not shown.

as in Fig. 5. See Fig. 5 for definitionsw,=1.374 eV and

7=0.0075 eV for this nanocrystal. crystallites exhibit radiative lifetimes somewhat larger than

their hydrogen-terminated counterparts. Other effects that

perturbative features are successfully treated with thign@y affect the optical properties of silicon nanocrystal exci-
method, although it is not optimal for studying fine-structure{Ons aré phonon-induced Stokes stftthe possible exis-

effects. Using a restricted subspace diagonalization, we haJgNce Of luminescent surface stéteand finite-size correc-
then analyzed all the fine-structure effects, including Couflons to the d|el_ectr|c functiowhich appear to be small for
lomb, exchange, and spin-orbit contributions. The currenpanocrystal radius larger than 6%

calculation differs from previous tight-binding studies in the

incorporation of nearest-neighbor exchange contributions, ACKNOWLEDGMENTS

and in distinguishing the screened the electron-hole Coulomb ] ) ]
terms from the unscreened electron-hole exchange terms. This work was supported by a grant from Sandia National

The size dependence of the Coulomb and exchange interag@Poratories, Contract No. AR-9600, and by the Materials
tions in silicon nanocrystals is shown to agree qualitativelyPeSign Initiative at Lawrence Berkeley National Laboratory,
with EMA estimates, although they differ in detalil, espe_under ONR Contract No. NQ001495F0099. K.B.W. thanks
cially at small sizes. Unlike EMA, the current results showthe A. von Humboldt Foundation for financial support. Com-
that the exchange splitting scales @s® over a large size Putations were perform.ed at the San Diego Supercomputer
range. For nanocrystals of diameters up-t86 A, the spin- Center under an allocation of computer time on the C90 from
orbit effects are small compared to exchange splittings, anf'® NSF Supercomputer Center.

the singlet-triplet character profiles and radiative lifetimes

computed in this work are qualitatively consistent with the AppENDIX: COULOMB AND EXCHANGE INTEGRALS
two-state(triplet-single} model explanation of luminescence AND SCREENING

experiments in porous silicon. This indicates that nonspheri-

cal shapes may not be necessary for explaining the lumines- The tight-binding calculation is cast in the|f’)*-s* ba-
cence lifetimes in porous silicon, which consists of nanosizeis. The Coulomb and exchange integrals in this local orbital
domains of up to~31 A in diametef® Comparison with basis, Eqs.(19) and (20), are (sppsp3l(1/r)|spyspy) and
experiment shows that reasonable radiative lifetimes are ol{spysp3|(1/r)|spispy), wherep andg label the four hybrid-
tained for the hydrogen-coated crystallites, although a quarized orbitals. These matrix elements are most conveniently
titative computation would require that phonon-assistectalculated in the{3s,3p,,3p,,3p,,4s} Cartesian basis,
pathways also be examinédiThe improved agreement ob- which we compute using the Slater-Koster orbital wave
tained relative to previous tight-binding results is assigned tdunctions for silicor?* The interactions between hybridized
the improved treatment of exchange here. Surface-truncateatbitals are then expressed in terms of these Slater-derived

-0.01 0.00 0.01 0.02 0.03
-0, (eV)
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TABLE Il. On-site Coulomb integrals(unscreened in the

' ' ' X sp’s* orbital basis, in units of eV. The four hybridizeg® orbitals
400 | | are [sp)=3(Is)+Ipo+Ipy)+ [P, [sB)=3(I)+Ipo—py)
< =[P, Isp)=z(s) =[P +Ipy—Ip,), and [spy=3(Is)
s A =[P =Ipy)+1p2)), respectively.
° ®
g 20.0 - X A A 4 i Spg Spg Spg Spg s*
:.)' . X AA @
x JaA Y M sp 11.91 9.00 9.00 9.00 1.12
xxan sl o s 0l spd 9.00  11.91 9.00 9.00  1.12
X Spg 9.00 9.00 11.91 9.00 1.12
0.0 spp 9.00 9.00 900  11.91 112
10° . ; . s* 1.12 1.12 1.12 1.12 0.95
A A
A
i A A AA |
AAAA A % x Coulomb integrals which are centered on two different
100 | XA x | atoms are estimated using the Ohno forrfitifa
T x x X o)
2 . .
T L ] Weoul(iy,i"y")
X . ®
| Oeeeeee e ge *.° | _ 1 14.397eV)
°© 9 o e(Jri—rj)) 14397 \? ks
‘ ‘ ‘ . ‘ | T(ri—ry
13 15 1.7 19 2.1 23 25 Weou1717")
photon energy (eV) ( A 2)

FIG. 10. Comparison of exchange splittings and radiative Iife-SinCe the only orbital dependence here derives from the on-
times derived from the tight-binding theory and from resonantlysite termwiy,(i7,i’7') which is the same for all pairs of
excited photoluminescence spectRef. 8. (a) Exchange splitting. sp3-hybridi§0eud or,bitals Eq(A2) implies an orientation av-
Crosses—theory (hydrogen-terminated crystallites triangles— erage over the ! two-centered  integrals  between

variable temperature measuremensee texk, filled circles—onset 2 e . . .
measurementb) Radiative lifetimes. Crossétheory and triangles P -hybridized orbitals on different atomgNote that this
(Ref. §—bright band: circlegtheory and filled circles(Ref. §— description results in a distinction between off-site Coulomb
dark band. ’ terms involvingsp® ands* orbitals, which is absent in the
simpler point charge approximation made in Ref. 12. Since
integrals, after discarding terms that involve more than twdn thesps* model the conduction states near the band edge
distinct atomic orbitals. have relatively larges* character 35%s*) the resulting
Coulomb and exchange matrix elements both contain &oulomb energies are lower than would be obtained with a
mixture of Coulomb and exchange integrals. Screening ofiniform (sp®) value for the off-site Coulomb integrals. We
the electron-hole interaction arises from polarization of thenote also that for a given dielectric function, the magnitude
remaining electrons in the valence band by the electron-holef the off-site Coulomb integrals resulting from Ea#2) is
pair. Following Ref. 4, only the Coulomb matrix elements less than the value obtained with a point charge approxima-
(e'h'|Heouleh) are screened; the exchange matrix elementéion (by 10-30%.] For unscreened exchange integrals cen-
(e’h’|l:| leh) are unrenormalizedRef. 4; and see discus- tered on two different atoms, a multidimensional Fourier
exl . ’ . .
sion below. Screening is accounted for here using a dieleciransform is applied to the produ,(r) ¢;.,.(r), and then
tric function e(r) taken from Ref. 27. For integrals contrib- the €xchange integral is evaluated in Fourier space, in a man-

uting to the exchange matrix elemel(le’h’lﬁe)Jeh>, (1) ner similar to the calculation of on-site Coulomb integrals in

is then replaced by unity Ref. 12. The largest contributions come from integrals that
On-site Coulomb and. exchange integrals are calculateinv.OIVe thes orbita_l and/or thep orbital along the bonding

directly if no screening is required. When screening is 1o 2XIS, and all other interactions are therefore neglected. When
quired, the on-site integrals can Be evaluated by Fourie?UCh exchange integrals occur in Coulomb matrix elements,

transforms. Thus, for example, Fourier transformation of Z(éroeveenlng Is applied via the on-site rescaling factor alluded to

The resulting unscreened on-site Coulomb and exchange
(A1) integrals in thesp®s* basis are listed in Tables Il and Tables
[ra=r2l)lra=r| Il, respectively, and the unscreened nearest-neighbor ex-
yields a one-dimensional integral in the reciprocal spacechange integrals are listed in Table IV. The electron-hole
Since the precise magnitude of the on-site screening is n@oulomb matrix elementé&’h’|H,,/eh) are dominated by
crucial to the results, for simplicity we therefore use thethe on-site and off-site Coulomb integrals. Exchange contri-
same approximation employed in Ref. 12, and scale all théutions to the electron-hole Coulomb matrix elements are
screened on-site integrals Wy (i 3s,i 35)/Wgy,(i3s,i3s) negligible in comparison. The electron-hole exchange matrix
~0.2 in (e'h’|Hculeh), wherewg,,(i3s,i3s) is the un- elementge’h’'|H.eh) are dominated by the exchange con-
screened 8- 3s integral. tributions in Tables Il and IV, and by some on-site Coulomb

P3s(r1)pas(ra)

Wc0u|(i3S,i3S)=f dr,dr, o
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TABLE Ill. On-site exchange integral§unscreened in the TABLE IV. Nearest-neighbor exchange integréisiscreened

sp’s* orbitals basis, in units of eV. The fosp®-hybridized orbit-  for the sp® orbitals in units of eV.

als have been defined in the captions of Table II.

Atom 1: bonding  Atom 1: nonbonding

3 3 3 3 *
SPs Sh SPe Sha ° atom 2: bonding 2.120 0.617
sps 11.91 0.73 0.73 0.73 0.00  atom 2: nonbonding 0.617 0.174
Spg 0.73 11.91 0.73 0.703 0.00
spg 0.73 0.73 11.91 0.73 0.00
spi 0.73 0.73 0.73 1191 0.00  actually be screened just like the Coulomb matrix ele-
s* 0.00 0.00 0.00 0.00 0.95  ments>?°>°%|n Ref. 4, a subset of the long-range nonanalyti-

cal exchange vanishes identically due to the symmetry of the
spherical nanocrystals considered therein. We have found
integrals. We note that the precise magnitudes of these inté¢hat, for large crystallites, screening the long-ranged terms in
grals may depend on the orbital basis employed to evaluatéq. (22) modifies the bare exchange splitting by less than
them, here the Slater orbitals. 10%. The correction is nonsystematic, varies in sign, and
The issue of screening for the exchange interactions istrongly depends on the size of the “core” region where
actually quite complex. In the bulk, when expanded in Blochscreening is excluded. The splitting between the first bright
functions, the exchange interactions can be subdivided intand first dark states in the presence of spin-orbit coupling,
analytic and nonanalytic contributions, which correspond apéepicted in Figs. 5-8, is less affected, and there is essentially
proximately to the short and long-range component respeaio effect on the radiative lifetimgSec. 11l B). The effect of
tively, of an expansion in Wannier functiofsThe short- this screening on crystallites of less than 100 atoms is more
range (“analytic” ) part of the exchange matrix elements significant. Since the effect of this long-range screening is
should be unscreengt(see, however, Ref. 34(A minor  small for the cluster sizes of concern here, we have left all
point here is that, strictly speaking, this requires that thecontributions to the exchange matrix elements unscreened.
“electron” and “hole” states be eigenstates of the single- Another issue for the exchange interaction is the contri-
particle Hamiltonian. The perturbative treatment of the spin-bution of the “dipole”-like terms that arise from going be-
orbit coupling introduces an inconsistency here in principleyond the pairwise overlap approximation in E82). Such
but as noted earlier the effect of the perturbation is weakdipole interactions allow the exciton to propagate in bulk
enough that this may be neglecteHowever, the “nonana- crystals?® These terms contribute less than 0.5 meV for the
lytical” portion, which includes the long-ranged term in small crystallites studied herein even when unscreened, and
Eqg. (22) minus contributions from a “core region,” should decreases with crystallite sizes.
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