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First-principles calculations of optical properties: Application to silicon clusters
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We have developed anab initio method to calculate optical properties of crystals, clusters, and surfaces
starting from their fully relaxed atomic configurations. The approach allows dealing with systems consisting of
up to several hundred atoms per unit cell. We present results for silicon clusters consisting of 20, 60, and 70
atoms. We calculate the optical dielectric response function for clusters with different atomic structure. Quan-
tum molecular dynamics simulations were performed to find metastable and equilibrium~lowest-energy!
atomic configurations. We discuss the dependence of the optical properties of these silicon clusters on the
number of atoms as well as on the specific structural properties. Comparison with theoretical and experimental
results is also presented.@S0163-1829~97!01239-3#
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I. INTRODUCTION

The continuing development of materials growth a
nanostructure technologies makes evident the need for
tailed theoretical understanding of these systems. Sev
theoretical approximations have been developed to st
their basic properties. Most of these methods provide ex
lent information on the ground state, although theab initio
methods demand typically a substantial computational eff
These methods are then limited to study systems wit
somewhat small number of atoms, and only a few calcu
tions of excited properties have been performed.

The study of excitations in systems, such as those m
sured by optical experiments are even more difficult
achieve:~i! The computational effort is much larger, since
requires calculation of additional matrix elements, and~ii ! it
is absolutely necessary to have a goodmicroscopicdescrip-
tion of the single-particle-like electronic states; not only
the filled ‘‘valence’’ electronic states, but also of the emp
‘‘conduction’’ states near the main energy gap in semic
ductors and insulators. These two facts have contributed
great part, to limit such kind of calculations, and have li
ited even more the number of atoms per unit cell used in
description of these systems.

Here we present a method that employs a locali
pseudoatomic orbital basis set that allows one to calcu
optical properties of systems with as many as a few hund
atoms. The choice of this basis set results in calculations
are much more convenient than traditionalab initio methods,
based on plane-wave basis sets,1 in the study of semiconduc
tor clusters and surfaces. However, some attempts to ca
late optical properties of surfaces have been made.2,3 The use
of localized wave functions reduces the number of calcu
tions needed to compute, for example, the long-wavelen
dielectric function,e~v!, as we will describe below.

Typically, plane-wavesab initio methods have been use
to carry out quantum molecular dynamics~QMD! calcula-
tions. These methods, although powerful and versatile,
560163-1829/97/56~15!/9719~7!/$10.00
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quire thousands of plane waves to correctly compute the
lence and conduction bands of systems with a few tens
atoms. In our case, the localized basis set employs a num
of wave functions equal to the number of local set functio
times the total number of atoms per unit cell. For examp
while in the largest cluster studied here it is necessary
employ about 20 000 plane waves, in our method we
only 630 localized wave functions~5nine localized orbitals
per atom370 atoms!. We have applied this scheme to calc
late the electronic and optical properties of silicon clust
consisting of 20, 60, and 70 atoms. We will discuss bel
the results of these calculations.

Silicon clusters of small and intermediate size have
ceived a great deal of attention.4–8 One of the reasons, apa
from possible future technological applications in optoele
tronics, is perhaps that silicon clusters do not show equi
rium symmetric fullerene structures like carbon, but rath
exhibit more compact geometries which favor fourfold bon
ings. This behavior has been attributed to the different co
petition between structure~strains! and electronic properties
~bonding! involved in the equilibration process. Moreove
silicon clusters may be important in understanding the bri
photoluminescence properties found in porous silicon. N
mally, photoluminescence from bulk Si is quite weak due
the indirect nature of the fundamental gap. The ‘‘anom
lous’’ behavior seen in porous Si has been attributed to qu
tum confinement of electrons and/or surface effects. Ho
ever, the role played by size confinement and surfaces w
dangling bond effects is not completely understood.9 On the
other hand, some resemblance between porous silicon
small and intermediate clusters has been found.6

A few theoretical efforts to understand silicon cluste
have been reported, where equilibrium structures of th
systems have been carefully studied.4,5 However, the compu-
tational limitations mentioned above have perhaps hampe
the theoretical study of optical properties in these cluste
On the other hand, experimental characterization using tr
tional techniques, such as x rays, is difficult to perform d
9719 © 1997 The American Physical Society
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to the small size of these systems, suggesting as an impo
alternative the use of optical techniques. However, the de
mination of optical properties of clusters from first-principl
calculations is needed, if one is to compare with expe
ments. It is to this end that we have focused our efforts.
should note, however, that recent interesting developmen
the theoretical determination of optical properties of surfa
starting from structures obtained using plane-waves
proaches have also appeared in the literature.10

We present here a first-principles computational sche
to calculate the optical properties of clusters and other s
tems. We apply this scheme to calculate the electronic
optical properties of silicon clusters with small and interm
diate sizes. The approach presented here not only provid
method to calculate optical properties, but also answers s
fundamental questions about the overall behavior of silic
nanostructures. We find that as the number of atoms in
cluster increases, the energy~optical! gap decreases, du
mostly to the decreasing influence of quantum confinem
on the electronic states. We find, moreover, that the ge
etry and consequent electronic levels of a cluster have
portant consequences on the optical properties. Despite
ferent number of atoms, the observed optical respons
fairly isotropic, with some exceptions. These general res
prove that one should be able to correlate the observed
cal absorption spectrum with the calculated atomic struct
This is especially true if different metastable configuratio
are allowed during the fabrication stages of clusters. T
calculated geometry and optical absorption spectra sh
aid the identification of such cluster systems, when ot
traditional characterization techniques are not applicable
hard to implement.

This manuscript has been organized as follows. In Sec
we explain the computational details and approximatio
used to calculate the optical properties. In Sec. III, we
plain the atomic models of clusters, and discuss the ca
lated electronic and optical responses. The discussio
made in terms of the number of atoms, and the differ
stable and metastable structures. Finally, our conclusions
presented in Sec. IV.

II. METHODOLOGY

This section has been divided in two. We first brie
explain the computational method used to perform the QM
calculation. In the second part, we explain the method
approximations used to calculate the optical proper
within our QMD scheme.

A. Computational method

The approach used here is a QMD based in a fi
principles method developed by Sankey and Niklewsk11

This scheme is based on density functional theory in
local density approximation~LDA !, using Harris functionals
the Hamann-Schlu¨ter-Chiang pseudopotentials,12 and a mini-
mal sp3 basis representation. A comprehensive discussio
this scheme, approximations used, and a description of v
ous tests can be found in Ref. 13.

In particular, this method has been shown to be very u
ful in the description of small and large silicon systems,
cluding thep-bonded (231) reconstruction of the~111! sur-
ant
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face, the 231, p(232), andc(432) phases of the~100!
surfaces, the 535 reconstruction of Si~111!, as well as ki-
netic processes like the hydrogenation of the la
737-(111) surface.13–15 This computational technique doe
not involve fitting parameters like semiempirical approach
and yields very accurate results. It has been shown to
quite reliable and its execution time is moderate compa
with other ab initio methods. Moreover, the use of a loca
ized basis set is more convenient to study clusters than o
methods using plane-wave basis sets.

Initial and relaxed atomic geometries.Our starting point
for the QMD are the ideal cluster structures that resemble
corresponding carbon fullerenes Cn ~n520, 60, and 70!, but
are properly scaled to the Si-Si bonding environment~i.e.,
the bond length in each structure is chosen to minimize
total energy, while keeping the fullerene geometry!. We
study then the metastable and equilibrium geometries of
con clusters that are obtained after annealing and quenc
such ideal clusters.5,11 In annealing, the cluster is subjecte
to large temperatures~few thousands Kelvins! and then the
cluster is relaxed for a long period of time~about five pico-
seconds! to achieve typically a highly disordered structur
Then, the structure is ‘‘frozen’’ or quenched by removing t
kinetic energy of the atoms, and further allowed to follow t
dynamics dictated by the calculated forces. The repea
quenching stages lead the system to a lower-energy con
ration on each step, yielding either metastable structures
even lower energy or ‘‘equilibrium’’ configurations. A de
tailed description of the procedure employed to calculate
Sin atomic configurations used here, as well as their ato
and vibrational characteristic properties, was presented
Songet al. in Ref. 5.

B. Linear optical calculations

Once the metastable and equilibrium atomic configu
tions of the Si20, Si60, and Si70 clusters are found, we con
sider their electronic configurations to calculate the cor
sponding optical properties. In the calculation of the clus
dielectric functione~v!, electronic transitions between fille
and empty states must be taken into account. In orde
describe as well as possible the valence~v, filled! and con-
duction ~c, empty! bands or levels, we improve the ele
tronic states by performing the first-principles calculatio
described above but now using an extended basis, where
d atomiclike localized orbitals are included. This extend
basis (sp3d5) has shown to be very accurate, and compa
very well with conventionalab initio methods in describing
valence and conduction bands of a variety of systems.16,17

The imaginary part ofe~v! is calculated within the ran-
dom phase approximation according to the well-kno
relation18

Im@e j j ~v!#5
e2\2

pm2v2 (
v,c

z^ccuêj•pucv& z2d~Ec2Ev2\v!,

~1!

whereêj is a unitary vector along the direction of the exte
nal electromagnetic field of energy\v, p is the momentum
operator,e andm are the charge and mass of the bare el
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56 9721FIRST-PRINCIPLES CALCULATIONS OF OPTICAL . . .
tron, cc andcv are the empty and filled state eigenfunctio
of the system, respectively, andEc andEv their correspond-
ing energies.

To calculate the optical matrix elements of Eq.~1!,
^ccuêj•pucv&, we use the commutation relation betwe
Hamiltonian and position operator,

p5
im

\
@H,r #5

im

\
~Hr2rH !. ~2!

Using this relation, the matrix elements of the moment
operator between eigenstates are obtained in terms of t
between localized orbitalsfnR(r ), as18

^fnRupj ufn8R8&5
im

\ (
n9

$^fnRuHufn9R9&^fn9R9ur j ufn8R8&

2^fnRur j ufn9R9&^fn9R9uHufn8R8&%. ~3!

Here,pj[êj•p, andr j[êj•r , n denotes the local orbital~or
‘‘momentum’’! index, andR andR8 are the atomic positions
about which the atomiclike orbitals are localized. Finally, w
rewrite the matrix elements of the position operator of E
~3!, such that

^fnRur j ufn8R8&5 1
2 ~Rj1Rj8!^fnRufn8R8&

1^fnRu@r j2
1
2 ~Rj1Rj8!#ufn8R8&. ~4!

Notice that the second term on the right-hand side of Eq.~4!
is usually assumed small and neglected, and the nonorth
nality of the basis is ignored. In that case, the usual exp
sion for the dipole matrix element is found,

^fnRupj ufn8R8&'
im

\
~Rj82Rj !^fnRuHufn8R8&. ~5!

Here, we perform calculations taking into account the n
orthogonality of the basis, and the second term on the rig
hand side of Eq.~4! was approximated by considering on
intra-atomic transitions—the so-calledsp and pd dipoles.
Notice that these latter terms become more important w
the system studied has dangling bonds, as it is expecte
clusters. We have indeed found that the difference betw
the dipole moment calculated with Eq.~5! and the full equa-
tion ~3!, as described, can be significant in some cases.

To test our method, we first calculatee~v! for bulk
silicon.19 In this case, we have employed the scissors op
tor to roughly correct the typically underestimated LDA e
ergy gap. This rigidly opens the gap while leaving the wa
functions unchanged.20 The imaginary part ofe~v! was cal-
culated using a relation similar to Eq.~1!,21 where the sum
over valence and conduction states was averaged over
special points in the irreducible part of the Brillouin zone22

Electron transitions up to 10 eV were taken into account
ensure that the real part ofe~v!, obtained by using the
Kramers-Kronig relation, be valid up to about 5 eV. T
calculated value of the static dielectric consta
e(0)511.76, is in excellent agreement with the experime
tal result of 11.8. The imaginary part ofe~v! exhibits elec-
tronic transitions starting at about 3 eV, with two main pea
at 3.6 and 4.2 eV. These transitions correspond well to th
observed in experiments at 3.4 and 4.5 eV, respectively.
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calculated real part ofe~v! also resembles the experiment
one, where a broad maximum is found at 3.3 eV and a m
mum at 4.3 eV.23 A plot of e~v! for the bulk material has
been already presented and discussed in Ref. 19.

We have developed then a method to calculate opt
properties starting from first-principles calculations. As t
method is applied to calculate the dielectric function of bu
Si, good agreement is obtained between our values and
results available in the literature.24 In the following section,
we discuss the results of applying this method to study
optical properties of silicon clusters.

III. RESULTS AND DISCUSSION

We have calculated the electronic and optical proper
of silicon clusters of 20, 60, and 70 atoms, with geome
configurations calculated in Ref. 5, and as briefly review
above. In Fig. 1, we show ideal~left!, metastable~center!,
and equilibrium ~right! configurations of Si20, Si60, and
Si70, respectively. Notice that the Si20 cluster does not have
a fullerenelike metastable structure, and the equilibrium c
figuration is of a compact, closed-network type, which
0.46 eV/atom more stable than the ideal fullerene geome
On the other hand, it is found that metastable configurati
of Si60 and Si70 do exist; these are fullerenelike, with warpe
bonding environments, but still retaining a hollow spheric
shape. Notice, nevertheless, that the corresponding equ
rium geometries are of the network~compact! type.5 The Si60
(Si70! equilibrium network is 0.33~0.27! eV/atom more
stable than the metastable fullerenelike configuration.

In the center column of Fig. 1 we can observe that me
stable structures of Si60 and Si70 show the same atomic co
ordination as the corresponding ideal clusters~left column!,
composed by hexagons and pentagons. However, the m
stable geometry is strongly distorted from the ideal config
ration. In the right column of the figure one can see t
increase on atomic coordination, resulting in the stabilizat
of dangling bonds introduced by the surface strains on id

FIG. 1. Atomic structure of ideal, metastable, and equilibriu
~lowest energy found! configurations of Si20, Si60, and Si70.
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9722 56CECILIA NOGUEZ AND SERGIO E. ULLOA
and metastable configurations. The fully relaxed~or an-
nealed! silicon clusters do prefer a fourfoldsp3-like coordi-
nation environment, although the finite size of the clus
results in even slight overcoordination ('5) of the central
atoms. Similar structural findings were reported in Ref.
for other cluster sizes.

A. Electronic structure

The vast structural differences among the various clust
according to the number of atoms and energy, are dire
reflected in their electronic and optical response. In Fig
we show the electronic density of states~EDOS! correspond-
ing to ~a! the ideal Si20, ~b! network Si20, ~c! metastable
Si60, ~d! network Si60, ~e! metastable Si70, and~f! network
Si70 clusters. The Fermi energy is at 0 eV and the cur
have a level broadening of 0.08 eV. Notice that in the el
tronic levels shown for these clusters, we have not inclu
LDA gap corrections as those used in the bulk crystal ca
Therefore, the electronic gap of these systems is likely
derestimated by about 0.6 eV.26

In Fig. 2~a! for ideal Si20, we observe a ‘‘metallic’’ be-
havior of the system, since electronic states are found righ
the Fermi level~0 eV!. On the other hand, a gap of about 1
eV is found for the equilibrium compact network structur
The EDOS of ideal Si20 is more sparse than the one found f
the equilibrium configuration, as can be observed in F
2~b!. This fact might be attributed to the higher symmetry
ideal Si20 and, therefore, to the high degeneracy of the el

FIG. 2. EDOS of~a! ideal and~b! equilibrium configurations of
Si20; ~c! metastable and~d! equilibrium configurations of Si60; and
~e! metastable and~f! equilibrium configurations of Si70. The zero
of EDOS corresponds to the calculated Fermi level, and a le
broadening of 0.08 eV was used.
r
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tronic states. Then, one would expect an optical spectrum
the ideal structure with features~peaks! associated with elec
tron transitions that are more separated than for the spec
of network Si20.

In Figs. 2~c! and 2~d!, we show the EDOS for metastab
and equilibrium Si60, respectively. We observe that th
metastable structure has a larger gap~0.9 eV! than the cor-
responding one in the fully relaxed~annealed! ‘‘equilib-
rium’’ configuration ~0.6 eV!. Notice, moreover, that the
density of empty states~those above 0 eV! for the equilib-
rium structure is larger at low energies than the density
the metastable one at such energies. This fact will also
reflected in the optical response, where one would expe
smoother profile of the dielectric function for the equilibriu
structure than the one for the metastable configurat
Again, this behavior is expected since the symmetry of
metastable configuration is higher than the one of the e
librium structure.

In Figs. 2~e! and 2~f!, we show the EDOS for metastab
and equilibrium Si70 clusters, respectively. We find the sam
behavior of the EDOS for the metastable and equilibriu
configuration as that observed for the corresponding S60
structures described above. However, the observed gap
both configurations, metastable and equilibrium, show a
duction when the number of atoms increases from 60 to
For the metastable Si70 structure the gap is about 0.45 eV
while for the equilibrium one, the gap is slightly smaller
about 0.4 eV.

In general, we observe that the gap of the equilibrium
network structures is reduced as the number of atoms in
cluster increases. For the clusters with 60 and 70 atoms
also observe that the gap of the metastable structures is la
than for the equilibrium configurations. It is also observ
that the distribution of electronic states is more ‘‘spars
when the system shows larger symmetry, as expected f
the symmetry-induced degeneracies.

B. Optical spectra

The imaginary part of the dielectric function for thes
clusters was calculated according to Eq.~1!. In Figs. 3, 4,
and 5, we show the imaginary part ofe~v! of Si20 for the ~a!
ideal and~b! equilibrium configurations; and of Si60 and Si70
for the ~a! metastable and~b! equilibrium configurations, re-
spectively. In all figures, the dielectric response is shown
three different orthogonal polarizations~dot-dot, dash-dash
and dot-dash lines!, and for their corresponding averag
~solid line!. Notice also that a transition broadening of 0.
eV has been added to smooth out the curves.

In Fig. 3~a!, we observe the metallic behavior of the ide
Si20 cluster, since for small frequencies,v'0, the intensity
of Im@e(v)# is very large compared with the rest of the spe
trum. As pointed out above, the spectrum show peaks
are separated between them, given by the discreteness o
electronic states. For example, the first two peaks corresp
to electron transitions between states that are right below
Fermi level~around 0 eV! and the double structure above th
Fermi level at about 1.6–1.8 eV. In this case, it is easy
identify the origin of the electronic transitions involved. On
important characteristic of this optical spectra is that the

el
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56 9723FIRST-PRINCIPLES CALCULATIONS OF OPTICAL . . .
sponse along three different orthogonal directions is simi
varying only in intensity, and related to their overall isotr
pic geometry.

In Fig. 3~b!, we show Im@e(v)# for the fully relaxed
~‘‘equilibrium’’ ! Si20 cluster. The large geometric differenc
between equilibrium and ideal configurations, is dramatica
reflected ine~v!. While the ideal configuration shows a m
talliclike behavior, a gap in the absorption spectra of ab
1.2 eV is found for the equilibrium structure. It is remarkab
that even after the equilibration process, the optical spe
are still nearly isotropic, varying only slightly in intensity
Moreover, the spectrum for the fully relaxed geometry lac
prominent peaks in the overall optical response, and
smoother and intense profile is found. We can clearly c
clude that the relaxation process is accompanied by a br
ing of electron degeneracies that are dramatically reflecte
the optical response of the final structure. One would ant
pate this to be a general result, from which the theoret
calculations would provide invaluable insights in comparis
with experiments.

In Fig. 4, we show Im@e(v)# of ~a! metastable, and~b!
fully relaxed Si60 clusters. The optical gap of 0.6 eV corr
sponding to the relaxed structure is two thirds that of
metastable configuration of 0.9 eV. In general, both spe
in Fig. 4 show a similar line shape, although the spectrum
the relaxed Si60 looks softer than the one for the metastab
structure. However, the different atomic coordination of t
equilibrium cluster leads to two new transitions at about
eV and 0.8 eV that do not appear in the metastable struc

FIG. 3. Imaginary part ofe~v! for ~a! ideal and~b! equilibrium
configurations of Si20. The solid line represents the average ov
three different light polarizations alongx ~dot-dot!, y ~dash-dash!,
andz ~dot-dash! directions.
r,
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r
FIG. 4. Imaginary part ofe~v! for ~a! metastable, and~b! equi-

librium configurations of Si60. The solid line represents the averag
over three different light polarizations alongx ~dot-dot!, y ~dash-
dash!, andz ~dot-dash! directions.

FIG. 5. Same as in Fig. 4 but for Si70.
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The presence of these strong features clearly differenti
the clusters. One important fact is that the optical respons
both cases is still fairly isotropic, indicative of the overa
symmetry of this cluster.

The energetic, as well as the electronic and optical pr
erties of metastable and equilibrium configurations of S70
appear, on a first look, to be similar to those described ab
for Si60. In Fig. 5 we show Im@e(v)# of ~a! metastable, and
~b! fully relaxed Si70 clusters. The gap of the metastable a
equilibrium configurations are 0.45 eV and 0.40 eV, resp
tively. Like for the other clusters, the gap of equilibrium Si70
cluster is slightly smaller compared with the correspond
metastable Si70. However, the difference in gap~and low-
frequency excitations! between these two configurations
not as pronounced as in the previous examples. One im
tant thing to notice in Fig. 5 is that the optical response of
equilibrium configuration is no longer isotropic. Notice,
particular, that at about 0.7 eV there is an electronic tran
tion along one of the orthogonal directions~z, dot-dashed
curve! that is more intense than in the rest of the spec
This transition is basically absent in the spectra along
other two orthogonal directions, and especially alongx ~dot-
ted curve!. However, the rest of the spectra for the thr
orthogonal directions are still similar in shape, although n
in intensity. This fact reflects a fundamental change due
the relaxation process, not only on the atomic configurat
and coordination, but on the electronic structure as well.
also observe that, as for Si60, the intensity of Im@e(v)# for
the equilibrium Si70 is larger than the one of the metastab
structure at low energies. This is the result of an increa
joint density of states for low excitations, as well as t
smaller energy gap, produced by the massive level rearra
ment accompanying the cluster relaxation.

IV. CONCLUSION

We have developed a first-principles method to calcul
the optical properties of solids. This approach is not
stricted to dealing with highly symmetric systems. Th
method allows one to study the optical properties of syste
with large number of atoms~either total or per unit cell!.
Therefore, it is possible to study not only bulk structures, b
other systems such as surfaces and large clusters as
This is possible, in great measure, due to the fact that
method is based on a local-orbital basis set. As a first ill
tration of this method, we have calculated the electronic a
optical properties of Si20, Si60, and Si70 clusters with differ-
ent atomic configurations.

We have found that ideal, metastable, and fully relax
geometries have different optical response that strongly
pends on the atomic size of the cluster. We observe that
ideal Si20 configuration shows a metalliclike optical re
sponse, while the others show a gap in the excitation sp
tes
in
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trum. The optical spectra for all metastable and relaxed c
ter configurations show a gap of at least 0.4 eV. The gap
the relaxed structures decreases as the number of atom
the cluster increases, perhaps the stronger remnant of q
tum confinement of the electronic states for the smaller cl
ters. For energies below 5 eV, the intensity of Im@e(v)# is
larger for the relaxed structures than for metastable ones,
to the closing of the gap and accompanying level rearran
ment. The profile of Im@e(v)# in the equilibrium structures is
‘‘softer’’ than the one for ideal and metastable configur
tions, due to the breaking of structural symmetry. The opti
response is nearly isotropic, indicating that the structural p
file is similar for the three different orthogonal polarization
of light. Only for the largest cluster (n570), this isotropic
response is broken, and some anisotropy is found at
energies. We can observe that the relaxation process in
these clusters shows a dramatic change in the atomic c
dination that is accompanied by a breaking of electron
generacies for all the cluster structures.

The results presented here are in general agreement
experimental7 and theoretical8 observations of optical spectr
for chains of silicon atoms. It has been found that the lig
absorption on these chains consisting of a small number o
atoms (n<20), occurs at larger energies than those w
more atoms. When the number of atoms in the chains
creases the energy absorption tends to a constant v
(n>80).7 Here, we find the same qualitative behavior
Im@e(v)#. The optical gap of the equilibrium Si20 cluster is
about 0.6 eV larger than the one for Si60, while this latter is
only 0.1 eV larger than the gap of the relaxed Si70 cluster.

The inclusion of local field corrections~important in
dense materials!, as well as quasiparticle effects~which
should be important in providing a detailed description
surface-localized states in solid surfaces!, are the subject of
our current efforts and will be presented elsewhere.24 How-
ever, one would expect these effects to not be important
the clusters discussed here, and/or not affect our conclus
qualitatively.
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