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Calculation of optical absorption spectra of hydrogenated Si clusters:
Bethe-Salpeter equation versus time-dependent local-density approximation
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We present calculations of the optical absorption spectra of clusters SiH4 , Si10H16, Si17H36, Si29H24, and
Si35H36, as determined from two different methods: the Bethe-Salpeter equation~BSE! with a model dielectric
function, and the time-dependent density-functional theory within the adiabatic local-density approximation
~TDLDA !. Single-particle states are obtained from local-density approximation~LDA ! calculations and, for the
BSE calculation, a quasiparticle gap correction is provided by quantum Monte Carlo calculations. We find that
the exchange-correlation kernel of the TDLDA has almost no effect on the calculated spectra, while the
corresponding attractive part of the electron-hole interaction of the BSE produces enhanced absorptive features
at low energies. For the smallest cluster SiH4, the two methods produce markedly different results, with the
TDLDA spectra appearing closer to the experimental result. The gross features of the TDLDA and BSE spectra
for larger clusters are however similar, due to the strong repulsive Coulomb kernel present in both treatments.
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I. INTRODUCTION

During the past few years, there has been much intere
the optical properties of hydrogen-terminated Si nanoc
ters, in part because of their connection to porous Si an
part because they are viewed increasingly as prototyp
quantum confined semiconductor systems. Experime
measurements of the optical gap as a function of cluster
have yielded widely differing results,1 and absorption spectr
on monodispersed samples over a broad frequency rang
practically nonexistent on all but the smallest of the
clusters.2 Theoretical treatments of optical properties ha
included many-body perturbation theory, based
tight-binding3 and density-functional4 single-particle descrip-
tions, and time-dependent density-functional-theo
~TDDFT! calculations within the adiabatic local-density a
proximation ~TDLDA ! ~Refs. 5 and 6! and beyond.7 The
major goal of these theoretical works has been to predict
dependence of optical properties~e.g., the optical gap! on
cluster size. Viewed from a semiconductor physics persp
tive, there are two distinct components of the optical gap:
quasiparticle~or band! gap, which is the difference betwee
the ionization energy and the electron affinity, and the ex
ton binding energy, which arises from the electron-hole
traction. Both are radically different from their bulk values
small nanoclusters due to quantum confinement. As clu
size decreases, the increase in the quasiparticle gap
shifts the absorption edge, while the increase in exciton b
ing energy partially redresses this and red shifts the edge
addition, inclusion of the electron-hole attraction greatly e
hances oscillator strength near the absorption edge.4,8 The
extent to which these various effects control the behavio
optical properties in these systems is not well understoo
0163-1829/2003/68~8!/085310~8!/$20.00 68 0853
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present. This is a result of the lack of direct comparisons
spectra between different calculational methods perform
on identical systems, as well as a general lack of experim
tal data.

In this work, we compute the optical absorption spectra
several hydrogenated Si clusters up to 1 nm in diameter
ing two related approaches: the Bethe-Salpeter equa
~BSE!, with a quasiparticle self-energy inferred from qua
tum Monte Carlo calculations,9 and the TDLDA. We find
that the results of both approaches are similar in certain
spects for clusters in the 1-nm-size range, though there
also important differences in the magnitudes of the opti
gaps and in the intensities of spectral features near the
sorption edge. For SiH4 however, there are drastic differ
ences in the intensity profile over a wide range in ener
Comparisons to gas-phase transmission measurements2 favor
the TDLDA SiH4 result over that of our approximate BS
treatment, although the TDLDA optical gap is less accur
than the one provided by the Monte Carlo calculation.4 We
discuss the manner in which these similarities and diff
ences may arise from the particulars of the underlying eq
tions and comment on the validity of these and other clos
related approaches.

II. THEORY AND COMPUTATION

In order to include the effects of the electron-hole inte
action on the absorption spectrum, it is necessary to appe
a theory which mixes single-particle configurations. Tw
such theories are the TDDFT and the many-body pertur
tion theory involving the BSE. Both describeparticle-hole
pair states,(ehc(e,h)ue,h&, where ue,h& denotes a~prop-
erly antisymmetrized! product state containing an electron
©2003 The American Physical Society10-1
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TABLE I. LDA HOMO-LUMO gaps EHOMO-LUMO , time-dependent LDA~TDLDA ! and diffusion quan-
tum Monte Carlo~DMC! optical gapsEopt, and DMC and Bethe-Salpeter equation~BSE! ~with Hybertsen-
Levine-Louie model screening! exciton binding energiesEex. All energies are in eV.

Cluster LDAEHOMO-LUMO TDLDA Eopt DMC Eopt DMC Eex BSE Eex

SiH4 7.9 8.2 9.2 3.8 3.8
Si5H12 5.7 5.8 6.8 4.3 3.9
Si10H16 4.6 4.8 6.0 3.6 3.1
Si17H36 4.1 4.3 5.6 3.0 2.4
Si29H24 2.8 2.9 3.6 2.6 2.4
Si35H36 3.4 3.5 5.1 2.6 1.5
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bande and a hole in bandh. For an excited state with energ
E, the relative admixture@given by thec(e,h)] of each con-
figuration can be determined by solving the equation of m
tion for the particle-hole pair,8,10,11

@~Ee2Eh!2E#c~e,h!1 (
e8h8

K~eh;e8h8!c~e8,h8!50,

~1!

whereEe andEh are single-particle energies for the electr
and the hole, respectively, andK is the electron-hole interac
tion kernel. In the BSE treatment,K(eh;e8h8)
5KCoul(eh;e8h8)1Kdir(eh;e8h8), where

KCoul~eh;e8h8!

52E dr1dr2fe* ~r1!fh~r1!
e2

ur12r2u
fe8~r2!fh8

* ~r2!

is the repulsive Coulomb kernel~also known as the exchang
kernel8,10! and

Kdir~eh;e8h8!5E dr1dr2fe* ~r1!fh~r2!

3
2e2

e~r1 ,r2!ur12r2u
fe8~r1!fh8

* ~r2!

is the attractive screened direct kernel. Thef~r ! are single-
particle wave functions. Note that the roles ofr1 and r2 are
different in KCoul and Kdir . In the TDLDA, K(eh;e8h8)
5KCoul(eh;e8h8)1Kxc(eh;e8h8), where

Kxc~r1 ,r2 ;t,t8!5d~ t2t8!
d2Exc

dr~r1!dr~r2!

is the exchange-correlation kernel,12 r~r ! is the ground state
charge density, andExc is the LDA exchange-correlation en
ergy functional. The locality ofExc in space causesKxc to be
a single integral overr . After E andc of Eq. ~1! have been
determined, the absorption spectrum can be calculated
either a sum-over-states expression4 or an equivalent itera-
tive approach.8

In addition to the different choice ofK, the TDLDA and
BSE methods differ in their choice of single-particle stat
In the TDLDA, theEe,Eh and fe,fh , which enter Eq.~1!
refer to LDA single-particle states, while for the BSE th
should refer toquasiparticlestates, as determined from, sa
08531
-

ith
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a GW calculation.13 Thus, the BSE determines excitations
the N-electron system by first making reference to theN
11) and (N21)-electron systems, while the TDLDA dea
directly with the N-electron system. Because the sing
particle gap of the LDA is known to be small relative to bo
the quasiparticle gap and the optical gap of semiconduct
the TDLDA interaction kernelK must contain both the phys
ics of quasiparticle self-energies and electron-hole bindin
the resulting absorption spectrum is to agree with exp
ment. In the BSE approach, the single-particle states are
rected first to include the quasiparticle self-energies and
interaction kernel then serves to couple the quasielectron
quasihole together to form an exciton. We will show th
these methodological differences have important pract
consequences when computing the spectra of hydrogen
Si clusters.

In our BSE calculations for Si clusters, we take the qu
siparticle wave functions to be equal to the LDA wave fun
tions, as is often done in quasiparticle calculations usin
LDA1GWapproach.4,13 Due to the demanding nature of th
GW self-energy calculation, we apply a simple scisso
correction14,15 to the conduction state energies to shift t
absorption edge to the correct optical gap energy.16 While
this works well for bulk Si, we expect the quasiparticle se
energy corrections to be quite state dependent in small c
ters. This may undermine the accuracy of our appro
somewhat, yet it will be shown that this added approxim
tion facilitates the comparison between the BSE and
TDLDA. Application of the scissors correction requires th
the optical gap be known. We determine both the optical a
quasiparticle gaps of each cluster with a highly efficient d
fusion quantum Monte Carlo~DMC! technique reported
elsewhere.17,18 Our results for the optical gaps o
SiH4-Si10H16 ~see the third column of Table I! agree to
within a few tenths of an eV of the values obtained by anab
initio GW1BSE approach.4 In addition, we obtain the optica
gap of bulk Si to within the statistical error of th
method,17,19so we expect our gap calculations to be accur
for a cluster of any size.

One remaining ingredient to the BSE calculation is t
dielectric functione(r1 ,r2) used in the evaluation ofKdir .
The proper dielectric function to use for this level of theo
is the one determined by the random-phase approxima
~RPA!.20 Unfortunately, the poor scaling of the RPA comp
tation with a number of atoms prevents us from doing t
0-2
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CALCULATION OF OPTICAL ABSORPTION SPECTRA OF . . . PHYSICAL REVIEW B 68, 085310 ~2003!
calculation for these systems. Instead, we use a model
approximates the behavior of the RPA dielectric functio
namely, the Hybertsen-Levine-Louie model~HLL !.21 There
are two inputs to this model: the position-dependent elec
charge densityr~r ! and the~position-dependent! dielectric
constante` . We determiner~r ! from the LDA calculation.
For the dielectric constant, we define a sphere of radiuR
around the cluster center, and takee`(r )5edot if r,R and
e`(r )51 if r.R. edot is computed from a Penn-like mode

edot511~ebulk21!FEbulk
QP 1D

Edot
QP1D

G 2

,

whereEbulk
QP and Edot

QP are the quasiparticle gaps of bulk S
and the Si dot, respectively, andD is the difference between
the energy of theE2 peak of the bulk Si absorption spectru
and thedirect gap~54.2 eV22.5 eV51.7 eV!.22 We take the
radius of the cluster,R, to be the distance from the cluste
center to the outermost Si atoms.23 While the HLL model’s
approximate inclusion of local-field effects may not fully a
count for the polarization terms discussed by previo
authors,24 we show below that exciton binding energies o
tained by solving the BSE with this screening model rep
duce the qualitative trends in DMC binding energies of the
clusters quite well.

It should be noted that our BSE approach@LDA plus scis-
sors shift of conduction states computed by DMC plus so
tion of Eq. ~1! with HLL screening model# reproduces the
absorption spectrum of bulk Si remarkably well, produci
results essentially indistinguishable from those of the fu
ab initio GW1BSE calculation.8 This can be seen in Fig
1~a!, where the imaginary part of the long-wavelength
electric functione2(q→0,v) is compared to the experimen
tal result.25 Though accurate treatment of the bulk is not t
goal of the present study, it should be noted that this ag
ment isnot achieved in the case of the TDLDA. It has be
shown that the absorption spectrum of a bulk system c
puted within the TDLDA is essentially equal to that dete
mined with the LDA alone,26 so the optical gap of bulk Si is
underestimated by;0.5 eV. Comparison of the TDLDA S
spectrum to the experimental result appears in Fig. 1~b!.
Note that the intensity well above the absorption edge
rather more discrepant than in the BSE case.27

In our work, pseudopotential LDA calculations were pe
formed with theGP and ABINIT codes.28,29 The GP quantum
molecular-dynamics code was used to relax the geome
of the ideal structures.30ABINIT was used to calculate single
particle states at a fixed geometry. A 35-Ry-energy cu
was used for all LDA calculations and between 100 and 2
conduction states were computed, depending on the clu
size. The clusters were placed at the center of a cubic
cell with periodic boundary conditions. For SiH4 , Si5H12,
and Si10H16 clusters the side length of the cube was 29 a
while for Si17H36, Si29H24, and Si35H36 it was taken to be 35
a.u. TDLDA calculations were performed with theABINIT

code ~which follows the prescription outlined in Ref. 29!.
BSE calculations were performed with the method descri
in Ref. 8, in which matrix elements ofKdir are computed by
transforming particle-hole pair states from a single-parti
08531
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eigenstate basis (e,h) to real space (r1 ,r2): F(r1 ,r2)
5(ehfe(r1)fh* (r2)c(e,h). The r points were chosen to lie
on a uniform cubic mesh of spacing 1.5 a.u.~which we
deemed to be the sufficient resolution for obtaining a c
verged spectrum!.31 By transforming first from (e,h)
→(r1 ,h) and then from (r1 ,h)→(r1 ,r2), the number of op-
erations in the transformation can be made to scale
Nr

2Nbands}Natom
3 . Since this is the dominant time consum

in the calculation of the spectrum,8 our BSE calculations as
outlined above are made to scale asNatom

3 .

III. RESULTS AND DISCUSSION

Figure 2 shows the results of the TDLDA calculation
the absorption spectrum of Si10H16.32 The solid line indi-
cates the LDA result, obtained by setting the interaction k
nel K50. After a small peak at 4.6 eV@the LDA HOMO-
LUMO ~highest occupied molecular orbital–lowe
unoccupied molecular orbital! gap#, the LDA result exhibits
a number of prominent peaks between 5 eV and 9 eV. T
TDLDA result shows peaks with much smaller oscillat
strength in this energy range. This is a result of the repuls

FIG. 1. ~a! Solid line: our BSE result for bulk Si@including a
scissors shift of conduction states as determined from performin
GW calculation~Ref. 8! and screening of the direct term provide
by the HLL model#. Dashed line: experimental result of Ref. 25.~b!
Solid line: our TDLDA result~without Kxc , see text! for bulk Si.
Dashed line: experiment.
0-3
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LORIN X. BENEDICT et al. PHYSICAL REVIEW B 68, 085310 ~2003!
Coulomb kernel, which enhances the oscillator strength
higher-energy excitations, leaving less strength near
edge. Note that we obtain almost the same result by neg
ing the exchange-correlation kernel in the TDLDA calcu
tion ~see dot-dashed curve!. Thus, the TDLDA computation
appears to be practically identical to a time-dependent H
tree calculation33 in that the time-dependent many-body e
fects going beyond mean-field are absent, or at least un
portant in this treatment. Though it seems from Fig. 2~a! that
the TDLDA absorption edge has been pushed to higher
ergy byKCoul , Fig. 2~b! shows that the edge, though grea
reduced in intensity, is at roughlythe same energyas the
LDA edge ~which is fixed at the LDA HOMO-LUMO gap!.
These same statements apply to all of the hydrogenate
clusters we have studied~see the first and second columns
Table I!.

Before proceeding to the BSE results for the absorpt
spectra, we discuss the validity of the HLL screening a
proach. The proper way to assess validity or lack thereof i
compare the results of our BSE calculations to those us
the full RPA dielectric function. Though calculations of th
type have not yet been performed for the three largest c
ters in our study, they have been carried out for SiH4-Si14H20
by Rohlfinget al.4 Unfortunately, the use of different single
particle energies~state-dependentGW self-energy calcula-
tion versus our scissors shift of conduction states! makes a
detailed comparison with these results difficult. While we
obtain a qualitative agreement with the Rohlfinget al. re-
sults, it is not possible to draw quantitative conclusions
garding the extent to which the local-field effects are pro
erly accounted for in the HLL model. However, we are ab

FIG. 2. ~a! Absorption cross section~in units of 10216 cm2) of
Si10H16 calculated with LDA~solid line!, TDLDA ~dashed line!, and
TDLDA without the exchange-correlation kernelKxc ~dot-dashed
line!. ~b! Same spectra near the optical gap region.
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to compare ourexciton binding energyto that computed
within the DMC~see the fourth and fifth columns of Table I!.
We define the binding energy to be the difference betw
the quasiparticle gap and the lowest optical excitation
which there is anonzerotransition dipole matrix element
This binding energy is independent of the scissors shift p
vided by the DMC, because adding a constant to the quan
in the square brackets of Eq.~1! does not change the form o
the solution. Figure 3 shows our computed exciton bind
energies as a function of cluster size, indicated by the nu
ber of Si atoms. The solid lines connect DMC results, wh
we view to be correct to within an error~statistical plus
nodal! of 0.5 eV. The dashed lines connect our BSE resu
with the HLL screening. Differences are typically no mo
than ;0.5 eV for binding energies of a few eV,34 though
there is a deviation of;1.0 eV for Si35H36. The dot-dashed
lines connect BSE results withno screening ore51. Such a
calculation is equivalent to performing a singles-excitati
configuration-interaction calculation with LDA single
particle states~CIS-LDA!. Note that these binding energie
are considerably higher than those for which screening
included,even for SiH4. Thus, we argue that screening
Kdir is important even for the smallest Si clusters, and t
the HLL model is at least sufficient for reproducing th
qualitative trends in exciton binding energies.

While our primary interest is in clusters of;1 nm diam-
eter, accurate experimental absorption spectra are curre
available only for the smallest clusters.2 Thus, we consider
SiH4 in some detail. Figure 4 shows the results of our cal
lations for the photoabsorption cross section of SiH4 as a
function of photon wavelength, together with the experime
tal result of Itohet al.2 Three calculational results are show
the BSE ~with a scissors shift gap correction from Mon
Carlo and screening of the direct term provided by the H
model!, the TDLDA, and the LDA. Note that the TDLDA

FIG. 3. Exciton binding energies of hydrogenated Si clust
computed with DMC~solid line!, BSE with the HLL screening
model ~dashed line!, and CIS-LDA~dot-dashed line! as a function
of the number of Si atoms. Clusters included are SiH4 , Si5H12,
Si10H16, Si17H36, Si29H24, and Si35H36.
0-4
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result is quite close to the measured spectrum, both in ove
magnitude and in the relative intensities of spect
features.32 In particular, the experimental curve posses
three prominent peaks in this region with intensities wh
decrease with wavelength. The TDLDA result also has t
structure, though the low-energy peaks are too low in ene
relative to experiment, a manifestation of the fact that
TDLDA underpredicts the optical gap of this system. Wh
the BSE result exhibits a low-energy~high-wavelength! on-
set which is closer to experiment~simply a result of having
shifted the spectrum to agree with the DMC optical gap!, the
distribution of intensity is considerably more different fro
the experiment than that of the TDLDA. The bare LDA res
is similarly discrepant, though now with the same incorr
onset as that of the TDLDA calculation.

Since our BSE calculations were performed using a nu
ber of approximations beyond just the use of the BSE its
it is possible that some or all of these approximations
responsible for the rather poor agreement with experim
First, our use of a state-independent scissors correction to
LDA energies may be insufficient for such a small clust
Also, the HLL screening model, meant for inhomogeneo
but extended systems, may be inaccurate for treating S4.
However, it can be seen that our approximate BSE results
grossly similar to those of Rohlfing and Louie,4 who used the
BSE without these approximations. Although there are d
ferences between our results and theirs, the experimenta
nature of the three main peaks with intensities that incre
with energy is missing in both BSE results. Because our B
result possesses too much oscillator strength at low en
relative to experiment, it is natural to assume that the scre
ing of the direct term of the interaction is not sufficien
Indeed, if the direct term were screened out completely,
result would be almost identical to that of the TDLDA~recall
that the TDLDA does not have a direct term and theKxc term
present instead is of little consequence for these syste!.
However, recent work by Ogutet al.35 suggests that for
SiH4, the dielectric function is rather small. Furthermore,
we take an unphysically largee` of 3.0 and anR5`

FIG. 4. Absorption cross section~in units of 10216 cm2) for the
SiH4 cluster as a function of wavelength. Experimental data~bold,
short-dashed curve! as taken from Ref. 2.
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~thereby filling all space with a dielectric medium ofe53!,
the disagreement with experiment still persists.

One remaining possiblilty is that the LDA states are ina
curate in some sense. It has been shown that the L
LUMO for SiH4 is localized quite close to the molecule,
contradiction to the more accurate theoretical results wh
suggest it to be rather delocalized,4 a finding borne out by the
experimental observation that SiH4 has a negative electro
affinity. Two fixes have been proposed to remedy this pr
lem: Grossmanet al.4 computed the quasiparticle wave fun
tions in theGW approximation when calculating the sel
energy correction, rather than simply taking them to be eq
to the LDA wave functions~this amounts to considering th
off-diagonal elements of the self-energy operator!. They
found that the SiH4 LUMO was then considerably less boun
and demonstrated better agreement with the DMC opt
gap. Corrections to the resulting absorption spectrum w
not reported, however. Vasiliev36 took a density-functional-
based approach in which the exchange-correlation pote
was systematically corrected to produce the correct lo
range behavior for a finite system. He demonstrated that
SiH4 HOMO-LUMO transition energy was then above th
ionization threshold, and the resulting spectrum seemed t
in an even better agreement with experiment than the s
dard TDLDA provides. It was also shown that the effect
this modified exchange-correlation potential on the TDLD
absorption spectrum is smaller for the larger clusters, an
practically negligible for clusters in the 1-nm-size range.
we will demonstrate below, this is the range in which o
BSE and TDLDA results produce grossly similar spect
Thus, while a good description of the SiH4 spectrum within
our BSE treatment is still lacking, we suspect that larg
clusters will be better described by the method, though
curate experimental data for these clusters is not yet av
able ~recall that for the case of bulk Si, our BSE treatme
works very well, producing results in far better agreeme
with the experiment than does the TDLDA!.

Figure 5 shows our calculated BSE absorption spe
~solid curves! together with the TDLDA spectra~dashed
curves! for Si10H16, Si17H36 Si29H24, and Si35H36 clusters.
Note that gross features, such as the rates of increas
intensity with energy, are very similar for the results of t
two methods. This can be understood as follows: sinceKxc
has little or no effect on the TDLDA results,KCoul is respon-
sible for the redistribution of oscillator strength resulting
the slow rise of intensity with energy~compare the Si10H16
results here with the LDA result of Fig. 2!. This kernel is
present in both TDLDA and BSE, so it affects both. T
additional electron-hole interaction term of the BSE,Kdir ,
has the effect of moving oscillator strength to lower ener
without changing the shape of the spectrum dramaticall37

This movement is partly canceled, however, by the~scissors!
self-energy correction which widens the gap, and is
present in the TDLDA~recall that our TDLDA optical gaps
are very close to the LDA band gaps!. Thus, we can say tha
the TDLDA benefits from a partial cancellation between t
quasiparticle self-energy correction and the electron-hole
traction. Two points must be stressed however:~1! With the
exception of Si29H24, the TDLDA optical gaps are still an eV
0-5
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LORIN X. BENEDICT et al. PHYSICAL REVIEW B 68, 085310 ~2003!
or more lower than the optical gaps computed with DM
~see the second and third columns in Table I!. While this is
hardly apparent in Fig. 5, due to the small oscillator stren
of these low-energy peaks, it is expected that these dif
ences could be observed in photoluminescence experim
~2! The BSE results exhibit considerably stronger feature
this energy range as compared to the TDLDA results. S
e.g., the large peak at 7.6 eV for Si10H16 and the peaks be
tween 5 eV and 6 eV for Si29H24. While we know of no
experimental results on the absorption spectra of these
cific clusters in the energy ranges of interest at present,
submit that measurements should be able to distinguish
ferences of this magnitude. Finally, we point out that t
partial cancellation in the TDLDA calculation mentione
above cannot persist to larger cluster sizes; in the bulk lim
the quasiparticle self-energy correction is;0.5 eV, while the
exciton binding energy is a mere;20 meV.

In the BSE approach, the attractive term of the electr
hole interaction (Kdir) involves the screened Coulomb inte
action, but the repulsive termKCoul involves the bare inter-
action. While we have adopted this strategy here, there
other approaches that treat screening differently. In the w
of Franceschettiet al.24 on quantum dots containing in ex
cess of 104 atoms, both direct and Coulomb terms a
screened with the same dielectric function. This appro
can be shown to be appropriate for their study, in which o
absorption within the first few tenths of an eV of the edge
studied.38 In another work,39 the absorption spectrum o
Si29H24 is computed with a singles-only configuratio
interaction~CIS! approach. In CIS, neither direct nor Co
lomb terms are screened, and the single-particle states

FIG. 5. Absorption cross sections~in units of 10216 cm2) for
Si10H16, Si17H36, Si29H24, and Si35H36 computed with our BSE
method~solid lines!, and TDLDA ~dashed lines!.
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those of Hartree-Fock40. We argue that the lack of screenin
in that calculation is insufficient, in that the exciton bindin
energy would be greatly overpredicted.41 Consequently, our
CIS-LDA calculation for Si29H24, in which we takee51,
produces markedly different results from our BS
calculation.42 As mentioned above in connection with th
exciton binding energies, we find that screening of the attr
tive part of the electron-hole interaction is crucial for all th
clusters of our study.

Our results for the clusters of this study reinforce the vi
~expressed variously by many researchers11! that the TDLDA
works better for smaller systems. The absorption spectrum
SiH4 determined with the TDLDA is in reasonably goo
agreement with experiment, even in the absolute magnit
of intensities~see Fig. 4!. As mentioned above, this agree
ment would likely improve even further if the theory is co
rected in a way such as to bring the ionization thresh
below the HOMO-LUMO transition energy.36 It must be em-
phasized that at least in the simplest approach we presen
TDLDA is essentially equivalent to a time-dependent Hart
calculation for these systems, since theKxc term is practi-
cally negligible here. The more involved BSE calculatio
yields notably worse results for SiH4, though we know it to
be a far better theory for the description of bulk optic
properties.8 It remains to be seen if a description in the BS
framework can yield an absorption spectrum for SiH4 of ac-
curacy comparable to that of the TDLDA as far as the ove
distribution of intensity is concerned~as stated above, ou
hybrid BSE-DMC approach does produce an optical g
which is in better agreement with the experiment than d
the TDLDA!. The main deficiency may indeed be an im
proper description of the localization, or lack thereof, of t
low-lying single-particle states.43 The fact that our TDLDA
and BSE calculations of the absorption spectra of
;1-nm-sized clusters produce broadly similar features s
gests that this size range may be better described. It b
repeating, however, that even in this regime, the BSE p
duces more dramatic absorptive features at low energies
await accurate measurements on monodispersed sampl
support or deny these claims.

IV. CONCLUSIONS

We have computed the optical absorption spectra of c
ters SiH4 , Si10H16, Si17H36, Si29H24, and Si35H36 with two
different, but related, computational approaches: The Be
Salpeter equation with screening determined from
Hybertsen-Levine-Louie model and an optical gap compu
with diffusion quantum Monte Carlo, and time-depende
density-functional theory in the adiabatic local-density a
proximation. When comparing the results of the two me
ods, we find that gross features are similar for the lar
clusters, due to the important role played by the Coulo
kernel in both treatments, but there are notable difference
the optical gaps and in the intensities of peaks within sev
eV of the absorption edge. For SiH4, we find that TDLDA
produces a spectrum in remarkably good agreement with
periment, while our BSE approach concentrates oscilla
strength too low in energy. Finally, when adopting an a
proach that involves mixing of configurations~such as those
0-6
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presented here!, we find that screening of the direct term
crucial if only singly-excited configurations are considere
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