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Assessment of exchange-correlation functionals for the calculation
of dynamical properties of small clusters in time-dependent density
functional theory
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We present a detailed study of different exchange-correlation~xc! functionals in describing the
dynamical properties of finite systems. For that purpose, we calculated the static polarizabilities,
ionization potentials, and optical absorption spectrum of four small clusters, Na2, Na4, SiH4, and
Si2H6, using a real-space, real-time technique. The computed static polarizabilities and ionization
potentials seem to be in rather good agreement with the available experimental data, once the proper
asymptotics of the potential are taken into account. The same conclusion holds for the absorption
spectra, although the xc kernels in use do not provide a sufficiently strong attractive interaction
between electrons and holes, leading to spectra slightly shifted towards higher energies. This
deficiency is traced back to the insufficient description of dynamical effects in the correlation
functional. Furthermore, it is shown that the xc potential used to obtain the ground state is the key
factor to get reasonable spectra, whereas the choice of the xc kernel just amounts to small, although
important, quantitative changes. ©2001 American Institute of Physics.
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I. INTRODUCTION

Density functional theory~DFT!1 became, in the two las
decades, the method of election for theab initio calculation
of material properties. Systems with a couple of thousa
atoms are now routinely investigated, and the calculated
ergies, geometries, etc., very often agree spectacularly
the experimental data. This success, however, was not im
diate: More than 20 years of research were necessary to
tain an exchange-correlation~xc! energy functional which
was precise enough to satisfy the quantum-chemistry ne
The accurate and sophisticated generalized gradient app
mations~GGA! that we now have at our disposal are inde
the result of a long history of attempts, tests, and failure

Despite these remarkable achievements, there are s
quantities which are beyond the reach of the conventio
DFT theory. In this article we are concerned with one su
property, namely electronic excitation energies and opt
spectra. Several extensions of the original framework w
put forward to obtain excited-state properties. From all d
ferent approaches, time-dependent DFT~TDDFT!2 emerged
during the last years as the main DFT formalism for the
calculations. One of the main advantages of the TDDFT

a!Electronic mail: marques@nautilus.fis.uc.pt
b!On sabbatical leave from Departamento de Fı´sica Teo´rica, Universidad de

Valladolid, E-47011 Valladolid, Spain.
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mulation is that it allows one to deal with problems beyo
the perturbative regime as, for example, the response o
oms to ultrashort and intense laser beams. In this way,
solving the time-dependent Kohn–Sham~KS! equations, we
can get, e.g., information concerning the harmonic spect
or the ionization yields. This type of approach is very impo
tant in condensed matter science, where femtosecond
pulses are used to monitor the dynamics of electrons i
solid. Furthermore, with larger computational power, w
may deal with nonadiabatic couplings between the electro
and the ionic degrees of freedom in the presence of th
high electromagnetic fields~we may observe phonon assiste
structural transformation induced by these external fields!.

Excitation energies can be obtained from TDDFT eith
from the position of the poles of the KS linear respon
function,3,4 or from the time-dependent density. In the seco
case, we will be using an approximated xc time-depend
potential,vxc(r ,t), while in the former, the key quantity is
the xc kernel,f xc(r ,r 8,t,t8), defined by the functional de
rivative

f xc~r ,r 8,t,t8!5
dvxc~r ,t !

dn~r 8,t8!
. ~1!

As expected, the xc kernel, due to its complicated structu
is much harder to model than the local time-dependent
6 © 2001 American Institute of Physics
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potential. Furthermore, both calculations usually start fr
the KS ground state of the system, which depends on
approximation used for the staticvxc(r ).

One of the most widely used approximations to tim
dependent phenomena is the adiabatic local density app
mation ~ALDA !. Although this functional is constructed us
ing the xc correlation energy of the~constant density!
electron gas, it yields, as the LDA does in the static ca
rather accurate results for systems with rapidly varying d
sities, as atoms, surfaces, or clusters.5–8 For example, the
photoabsorption spectrum of rare-atom gases was comp
in Ref. 6 and the agreement with experiment is remarka
good. Results of similar quality have been achieved for
photoresponse of small metallic and semiconduct
clusters.7 For the metallic clusters it was shown that the
clusion of xc effects in the dielectric response was import
to get the correct redshift, as compared to experiments, w
for the semiconducting~silicon! clusters it was found that th
spectra of different isomers were sufficiently different to d
tinguish between them. Surface and confinement effects w
responsible for the appearance of absorption in the op
range for the two silicon clusters, Si4 and Si6. Similar results
were found for C20 clusters.9

The purpose of this work is twofold: To address the i
pact of a good xc potential in the optical spectrum of sm
clusters and to estimate how relevant thef xc kernel is in this
respect. We note that in Ref. 4 the quality of different fun
tionals was tested for light atoms, and in Ref. 10 for t
calculation of the correlation energy of the homogene
electron gas. In the first of these works, which included c
culations using the exact static xc potential, the correct
scription of the xc potential used to obtain the ground st
seemed to be the dominant factor, whereas the kernel pla
a marginal role. However, this was not the case when look
at the total correlation energy of the homogeneous elec
gas. In particular, the nonzero spatial range off xc(r ,r 8,v)
could not be neglected, whereas the frequency depend
appeared to be less important. Our work clearly demonstr
that the optical spectrum of small systems is not only de
mined by the static xc potential, but the kernel also play
role.

The rest of the article is structured in the following wa
In Sec. II, we give a brief overview of the xc functional zo
used in static KS calculations. We then proceed by expla
ing how these functionals can be changed in order to be u
in TDDFT calculations. In Sec. IV we give some details
the techniques used in our calculations, and present ou
sults for some selected sodium and silicon clusters. We
nally conclude and give some remarks on the quality of
functionals tested.

II. XC FUNCTIONALS FOR STATIC DFT

The first ~and simplest! approximation for the xc func-
tional, the local density approximation~LDA !, introduced by
Kohn and Sham in 1965,11 yielded remarkably good result
for such a modest effort, but the method didn’t prove ac
rate enough to be used in theoretical chemistry. The LDA
energy functional can be written as
Downloaded 16 Sep 2006 to 129.104.38.5. Redistribution subject to AIP
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Exc
LDA5E d3r n~r ! «xc

hom~n~r !!, ~2!

wheren(r ) is the electronic density at pointr , and«xc
hom(n)

stands for the xc energy density of the homogeneous elec
gas with densityn. This function is calculated very accu
rately using Monte Carlo techniques,12 and then fitted to
some simple analytical function.13 The functional ~2! has
several shortcomings, among which we point out the follo
ing:

~i! It neglects nonlocal effects, i.e., the LDA xc energ
density at pointr only depends on the density at th
point. We therefore should not expect this function
to work in cases where the density has very stro
spatial variations.

~ii ! The exchange part of the functional does not can
exactly the self-energy part of the Hartree term. Th
leads to a wrong asymptotic behavior of the xc pote
tial for finite systems~it goes exponentially to zero
instead as2e2/r !. Properties that strongly depend o
this asymptotic behavior, like the ionization potenti
of atoms and molecules, come out with very lar
errors. Also, there are no Rydberg states within
LDA, and negative ions usually do not bind, whic
renders the calculation of electron affinities impo
sible.

~iii ! LDA usually overbinds, giving too short bond
lengths, etc.

The next generation of functionals included the so-cal
generalized gradient approximated~GGA! functionals.14–16

They can be written as

Exc
GGA5E d3r n~r ! «xc

GGA~n~r !,¹n~r !!, ~3!

where ¹n(r ) is the gradient of the density at the pointr .
«xc

GGA is usually some analytic function with some free p
rameters that are either fitted to experiment, or determi
by some exact sum-rules. GGAs solve some of the proble
present in the LDA, and in some cases yield results with h
enough precision to be used as a tool in quantum-chem
calculations. Recently, a new class of functionals genera
ing the GGAs has been proposed. These so-ca
meta-GGAs,17 depend explicitly not only on the density an
its gradient, but also on the kinetic energy density. The M
GAs, due to the explicit dependence on the kinetic ene
density are, in fact, not simple GGAs, but orbital functiona
This extra dependence adds more flexibility, and allows b
ter approximations to the exact xc functional to be bu
Unfortunately, all the GGAs and MGGAs proposed till no
suffer, to different degrees, from the same self-interact
problem as the original LDA. A way to circumvent it wa
proposed by van Leeuwen and Baerends in 1994:18 They
applied Becke’s construction,14 not to the derivation of the
exchange energy functional~like in Becke’s original work!,
but to the modeling of the xc potential directly. By imposin
the correct asymptotic behavior to the potential, they w
able to get much better ionization potentials~and eigenvalues
in general!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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To complete the zoo of energy functionals, we still ha
to refer to orbital functionals, in the so-called optimized e
fective potential ~OEP!, or optimized potential method
~OPM!.19 This third generation of functionals is written ex
plicitly in terms of the Kohn–Sham orbitals~being, never-
theless, implicit functionals of the density!

Exc
OEP5Exc

OEP@w1~r !¯wN~r !#. ~4!

The xc potential is then calculated using twice the chain r
for functional derivatives

vxc
OEP~r !5

dExc
OEP

dn~r !

5(
i 51

N E d3r 8 d3r 9F dExc
OEP

dw i~r 8!

dw i~r 8!

dvKS~r 9!
1c.c.G

3
dvKS~r 9!

dn~r !
. ~5!

The first term of the right,dExc
OEP/dw i(r 8), can easily be

obtained from the expression forExc
OEP@w1(r )¯wN(r )#,

while the second,dw i(r 8)/dvKS(r 9) can be calculated usin
first-order perturbation theory. Finally, the remaining fun
tional derivative can be identified with the inverse of t
response function for noninteracting electrons,xKS

21(r ,r 8).
Rearranging the terms in Eq.~5!, we obtain an integral equa
tion for vxc

OEP. The solution of this integral equation is nu
merically very involved, and has only been achieved for s
tems with very high symmetry. An alternative is to perfor
an approximation first proposed by Krieger, Lee, a
Iafrate20 ~KLI !, which transforms the hard task of solving a
integral equation in three-dimensional space into the sim
one of solving a small set of linear equations.

Two examples of these orbital functionals are the ex
exchange~EXX!, and self-interaction corrected~SIC! LDA
functionals.13 In the first, one employs the exact expressi
for the exchange energy

Ex
EXX52

1

2 (
s

(
i , j 51

N E d3r d3r 8

3
w j s* ~r !w is* ~r 8!w is~r !w j s~r 8!

ur2r 8u
. ~6!

The SIC-LDA functional, originally proposed by Perdew a
Zunger,13 can be written as

Exc
SIC5Exc

LDA@n↑~r !,n↓~r !#2(
s

(
i 51

N

Exc
LDA@ uw i~r !u2,0#

2
1

2 (
s

(
i 51

N E d3r d3r 8
uw is~r !u2uw is~r 8!u2

ur2r 8u
. ~7!

It is clear that the SIC-LDA obeys two of the features of t
exact functional: It exactly cancels the self-interaction par
the Hartree energy and it vanishes for one-electron syste
The SIC-LDA functional is nevertheless ill-defined, for it
not invariant upon a unitary transformation of the Kohn
Sham wave functions.
Downloaded 16 Sep 2006 to 129.104.38.5. Redistribution subject to AIP
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III. XC FUNCTIONALS FOR TDDFT

The simplest, and most commonly used, approximat
to the xc functional in TDDFT is the adiabatic LDA
~ALDA !, in which the static LDA functional is used for th
dynamical properties, but evaluated at the time-depend
density

vxc
ALDA ~r ,t !5vxc

hom~n~r ,t !!. ~8!

In the ALDA, the f xc kernel is a contact function in time an
space

f xc
ALDA ~r ,t;r 8,t8!5d~ t2t8!d~r2r 8!

dvxc
hom~n!

dn
U

n5n(r ,t)

.

~9!

Following the same reasoning, it is straightforward to wr
adiabatic GGA potentials andf xc kernels. Unfortunately, the
thresholds for the onset of absorption calculated either w
adiabatic LDA or GGA functionals are typically below th
observed ones~by several eV in the case of atoms!. This is
an intrinsic drawback of the ALDA/GGA because, in prin
ciple, TDDFT should yield the correct thresholds. This pro
lem is once more related to the wrong asymptotic behav
of the effective Kohn–Sham potential that goes expon
tially to zero instead of2e2/r for neutral systems. This is
due, as already mentioned in the previous section, to
insufficient correction of the self-interaction part of the Ha
tree potential. Also, the xc kernel,f xc , suffers from a self-
interaction error. A simple way to correct the asymptotic p
of the adiabatic potential is using the adiabatic LB94 a
proximation. However, the high-lying excitation energi
calculated with this functional are usually overestimated
small molecules, and the LB94 does not do quite as wel
the ALDA for the low-lying states.21

A generalization of the EXX potential to the time do
main is also possible.22 It starts from the perturbative expan
sion of the action functional and then uses the chain rule
functional derivatives to derive an integral equation for t
xc potential. A KLI-type approximation can then be used
simplify the task of solving this integral equation. Using th
same procedure, one can derive an integral equation forf xc .
However, for practical calculations, it is desirable to devis
simple analytical expression for the xc kernel. To this end
is common practice to further simplify the KLI potential b
neglecting one of its terms.22 In the static exchange-only
case, this leads to the so-called Slater approximation.23 f xc

then reads

f xc ss8
EXX approx.

~r t,r 8t8!

52d~ t2t8!dss8

u( i 51
N w is~r !w is* ~r 8!u2

ur2r 8uns~r !ns~r 8!
. ~10!

One should note that, due to the extra functional derivative
the definition of the xc kernel, it is much more complicate
in this case, to evaluate directlyf xc than to time propagate
the KS states withvxc .

Finally, an adiabatic SIC-LDA can be easily written
the spirit of Eq.~7!.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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Other functionals designed to retain features which
important in time-dependent calculations have appeare
quantum-chemistry literature over the past years. A brief
count of these can be found in Ref. 21.

IV. METHOD AND RESULTS

We used a real-space, real-time approach to solve the
Kohn–Sham equations for Na2, Na4, silane (SiH4), and disi-
lane (Si2H6). This time-evolution method, first used b
Yabana and Bertsch,25 is adequate to be combined with rea
space calculations of the ground state by means of the fin
difference pseudopotential method,24,25 or with adaptative
coordinates.26 In both cases, a real-space discretization of
kinetic energy operator leads to sparse Hamiltonian matr
which do not need to be stored in memory, and are eas
handle. Furthermore, in order to propagate the states in t
we do not need to compute the complicatedf xc kernel, but
only the much simplervxc potential. In this way, we are abl
to do time-dependent EXX calculationswithout having to
perform Slater’s approximation.22,23

The space was uniformly discretized, with mesh spac
ranging from 0.4 Å for the sodium clusters to 0.25 Å for t
silicon ones, and the points were contained inside a sp
with radius 10 Å for sodium and 7 Å for silicon. The ionic
potential was modeled by a soft-core Troullier–Marti
pseudopotential.27 By using these settings, a convergence
better than 0.1 eV was reached for the eigenvalues. The
evolution was performed with a modified Krank–Nichols
rule, with a time step of 0.0025\/eV, for a total evolution
time, Tmax, of 50 \/eV for the sodium clusters and 25\/eV
for the silicon clusters. With these parameters we can res
excitation energies withinDE52p\/Tmax that corresponds
to tenths of eV. We added absorbing boundary condition
improve the quality of the spectrum above the ionizat
threshold~avoiding artificial formation of standing waves i
the spherical box used to confine the cluster!.

To calculate the dipole strength function~which is sim-
ply proportional to the absorption cross section!, we prepare
our system in the ground state, and then excite it with a d
electric field,E0d(t). The dipole strength can then be relat
to the imaginary part of the dynamical polarizability

S~v!5
4pme

h2 vI a~v!, ~11!

whereh is Planck’s constant,me the electron’s mass, and th
dynamical polarizability,

a~v!52
2

E0
E dr z dn~r ,v!. ~12!

In the last expression,dn(r ,v) stands for the Fourier trans
form of n(r ,t)2n(r ,t50). The calculation of the dipole
strength involves two important approximations: The cho
of the static xc potential used to obtain the ground state,
the time-dependent xc potential~directly related to thef xc

kernel! used to propagate the state. The relative importa
of both is still fairly obscure. Petersilkaet al.’s linear-
response results4 for the helium and beryllium atoms indi
cates that the choice of thef xc kernel is less dramatic tha
Downloaded 16 Sep 2006 to 129.104.38.5. Redistribution subject to AIP
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the choice of a good staticvxc potential. However, this is no
longer true for the lowest excitation energies of beryllium
we look at the singlet–triplet splittings, where the effec
arising fromvxc cancel. The fairly accurate results of lithium
and beryllium within the LDA were related to the quality o
the ground-state calculation for few electron systems as l
atoms and the H2 molecule.28

By performing the time evolution, in the limitt→`, we
have all the information about the linear response of the s
tem, and should therefore be able to study the xc ker
withouthaving to perform explicitly the functional derivativ
of the xc potential. Thus, we can study the effect of differe
f xc kernels for a fixedvxc potential in the time-evolution
method. To address this question, we propose the follow
method: First, we obtain the ground state of the system w
the static functionalvxc

(1) , and then perform the time evolu
tion with the xc potential

vxc~r ,t !5vxc
(1)~r ,t50!1@vxc

(2)~r ,t !2vxc
(2)~r ,t50!#, ~13!

wherevxc
(2) is some other xc functional. In this way, we prob

the importance of thef xc
(2) kernel without having to spend

more computational time in calculating this rather comp
quantity. This method will be used for silane, for a vari
selection ofvxc

(1) andvxc
(2) to quantify the dependence of th

dynamical spectrum with the xc potential and kernel.
In the following, PZ stands for LDA,11 with «c

hom taken
from Monte Carlo calculations12 and then parametrized b
Perdew and Zunger;13 PBE is the Perdew, Becke, and Er
zerhof GGA functional;16 LB94 represents the van Leeuwe
and Baerends potential;18 SIC is the SIC-LDA functional;13

and, finally, EXX stands for exact exchange.22 SIC and EXX
are both treated within the KLI approximation.20 ‘‘exp’’ will
be used to denote experimental values. All energies are m
sured in eV unless otherwise stated.

A. Sodium

In Table I we show the ionization potentials~I.P.!, ob-
tained from the highest occupied KS eigenvalue, a
HOMO–LUMO gap for the two sodium clusters. The I.P
obtained either by using the LDA or the GGA functionals a
much smaller than the experimental value. This is a w
known problem related to the wrong asymptotic behavior
the xc potentials. The situation does improve enormousl
we correct for this deficiency, as can be seen from the LB
SIC, and EXX values. Although the calculated IPs differ
more than 2 eV, the HOMO–LUMO gap stays essentia

TABLE I. Calculated ionization potentials~I.P.! obtained from the highest
occupied KS eigenvalue, and HOMO–LUMO gaps for Na2 and Na4 for
different xc functionals compared to available experimental data~Ref. 37!.
All values are in eV.

PZ PBE LB94 SIC EXX exp~Ref. 37!

Na2 I.P. 3.21 3.22 4.95 5.17 4.76 4.89
Na2 HOMO–LUMO 1.36 1.36 1.25 1.51 1.45 ¯

Na4 I.P. 2.75 2.75 4.44 3.85 3.88 4.27
Na4 HOMO–LUMO 0.60 0.63 0.36 0.47 0.72 ¯
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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constant, i.e., correcting for the asymptotic part of the
change potential amounts to a constant shift in the eigen
ues, and not to an opening of the gap.

All the calculated optical spectra for Na2 are quite simi-
lar ~see Fig. 1!, regardless of the xc potential used, and e
hibit three clear peaks in the 2–5 eV range~the third peak in
the LB94 curve is almost completely smeared out!. They all
compare quite well with experiment, although the DFT pea
are all shifted towards higher energies. This shift can be
derstood in terms of the competition between the Coulo
repulsion in the electronic kernel and the electron/hole
traction from the xc part of the response~that is, D«5«c

2«v1^wvwcu 1/ur 12r 2u uwvwc&1Dxc). In particular, for a
given valence–conduction transitionv→c, the exchange
correlation kernel within the simple ALDA introduced only
local and staticattractiveelectron–hole interaction

Dxc5E d3r 1 d3r 2wv* ~r1!wc* ~r1!d~r12r2!

3
]Vxc~r1!

]n
wv~r2!wc~r2!

5E d3r wv* ~r !wv~r !
]Vxc~r !

]n
wc* ~r !wc~r !. ~14!

This expression is more complicated for the other kern
but it is clear that they do introduce an effective attract

FIG. 1. Averaged dipole strength for Na2, calculated for several xc func
tionals. The ‘‘exp’’ curve is from Ref. 8, which adapted the experimen
results of Ref. 30. The experimental curve is plotted in arbitrary units.
Downloaded 16 Sep 2006 to 129.104.38.5. Redistribution subject to AIP
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interaction that it is not complete. We might have to rec
that we have neglected dynamical effects and they may n
to be included in the xc kernel to recover this minor effe
Also, we should keep in mind that temperature effects~vi-
brational motion! of the molecule may introduce a broade
ing of the spectrum as well as a shift of the peaks to low
frequencies.7,29 The functional which yields the best resul
for the dimer is, by a small margin, the EXX, while th
strongest departure from experiment is the LB94 curve.
note that the third peak in the LDA and PBE spectra lies
the continuum of states~above the ionization threshold!.
Thus, it is more a resonance than a well-defined bound t
sition as observed in experiments.30 This deficiency is ob-
served in all the clusters studied in the present work and i
once more, mainly due to the wrong description of t
asymptotic part of the exchange potential.

For Na4 ~Fig. 2! all DFT calculations yield very similar
spectra~and similar to the many-body results based on a G
quasiparticle calculation and including the electron–hole
teraction through the solution of the Bethe–Salpe
equation31!. The spectra consist of three well-separated pe
in the 1.5–3.5 eV range, and a broader feature at around
eV. The comparison with the experimental values is qu
good, although the peaks appear, once more, at higher e
gies. The best results were obtained using the LDA,

l
FIG. 2. Averaged dipole strength for Na4, calculated for several xc func
tionals. ‘‘exp’’ stands for the experimental photodepletion cross section
Ref. 45, while ‘‘GW’’ is the many-body calculation of Ref. 31, which in
cludes self-energy and excitonic effects. These two curves are show
arbitrary units for the sake of comparison.
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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GGA, and the EXX, while the LB94 spectrum showed t
strongest deviation from experiment. Again, the error
larger for the high energy peaks, where transitions to cond
tion states close to the ionization threshold are involved. D
to the small overlap between these Rydberg-type states
the low-lying states, exchange processes are not relevan
the polarization contribution to correlation, although bei
generally weak, becomes the dominant contribution to
renormalization of these single particle excitations.

Finally, in Table II, we present the static polarizabilitie
of Na2 and Na4, obtained either through a finite field~static!
calculation, or from the Fourier transform of the tim
dependent density. For Na2 all functionals perform equally
well, the results being smaller than the experimental value
around 10 %. This is consistent with other DFT calculatio
that give static polarizabilities in the range 33.1– 38.2 Å3 for
Na2 and 67.1– 78.7 Å3 for Na4 ~see Ref. 32 and results cite
therein!. In the case of Na4, the orbital functionals SIC and
the EXX yield slightly better static polarizabilities than th
LDA and the GGAs, but the results are still smaller than
experimental value. We also rejoice that the two meth
used to calculate the static polarizability yield very simi
results. The neglect of correlation as well as tempera
effects is responsible for the obtained smaller polarizabili
values. We indicate that the simple argument that a poten
with the correct asymptotic will lead to more localize
charge and therefore lower polarizability does not hold
these small systems. These results give support to prev
studies on simple metallic jellium spheres.33

B. Silicon

We have calculated the two simplest hydrogen ter
nated silicon clusters: silane (SiH4) and disilane (Si2H6).
These systems pose a much harder challenge than the s
sodium clusters~where even jellium calculations within th

TABLE II. Static polarizabilities for the small sodium clusters estimat
using a finite electrical field~FF!, or calculated from thev50 Fourier
transform of the time-dependent dipole moment~FT!. The results are com-
pared to experiments~Ref. 38! and other calculations~Ref. 32!. All values
are in Å3.

PZ PBE LB94 SIC EXX Ref. 32 exp

Na2 FF 35.0 34.3 31.8 33.7 34.9 37.0 39.3
Na2 FT 34.9 34.1 31.6 33.5 34.7 ¯ 39.3
Na4 FF 76.7 75.4 73.4 80.0 77.4 78.7 83.8
Na4 FT 75.9 74.6 71.7 78.6 76.3 ¯ 83.8
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LDA yield reasonable results!, not only because of the pres
ence of thep-electrons, but also due to the hydrogen, whi
is very hard to describe by a reasonably soft-core pseudo
tential. As expected, the five xc functionals we tried yield
quite dissimilar results.

Our calculations for the I.P. and HOMO–LUMO gap
for silane and disilane are summarized in Table III. Undou
edly, EXX and LB94 gave the best I.P.s of all five functiona
tested, almost at the level of the much more involved G
with exciton effects or Monte Carlo calculations. SIC
slightly worse, and LDA and PBE yield, as usual, complete
unreal I.P. Although the I.P. changes by more than 4
going from the LDA to the EXX, the HOMO–LUMO gap
increases by just around 0.5 eV: The main difference is, o
more, a nearly rigid shift of the eigenvalues. However, t
shift brings the relevant single particle transitions below
ionization threshold. The results are also consistent with
finding that EXX calculations provide larger gaps f
semiconductors.34

We will discuss separately the silane and disilane sp
tra. The silane spectrum~Fig. 3! consists of three peaks be
tween 8 and 12 eV~the two peaks derive from a Jahn–Tell
splitting of the triply degenerate 2t2→4s transition35!, fol-
lowed by a much broader feature at higher energies.
curves obtained with the two traditional functionals, LD
and PBE, are quite similar to each other, and the onset
absorption is underestimated by around 1 eV. The undere
mation of the onset of absorption is a well-known deficien
of LDA-based functionals that is even more dramatic in t
case of infinite bulk systems, where excitonic effects a
band-gap renormalization are not properly described by th
simple functionals.36 The SIC spectrum is unphysicall
shifted to lower energies~a fact that could be anticipated b
looking at the low SIC HOMO–LUMO gap!, and the first
peak is split. This second effect is an artifact of SIC, whic
in this implementation, spontaneously breaks the three
degeneracy of the HOMO state. LB94 and EXX beha
quite well: the onset for absorption is now correct, and
error in the position of the first three peaks is reduced b
factor of 2 from the LDA/PBE results~see Table IV!. van
Leeuwen’s functional performs marginally better in this ca
than EXX, which overestimates slightly the excitation en
gies. The transitions close to the ionization threshold g
rise to a peak in the spectrum that in experiments is usu
broader than in the calculations, as new decaying chan
are available that are not included in the present calculatio
Although the functionals we used do not properly include
nte Ca
o

TABLE III. Calculated ionization potentials~I.P.! obtained from the highest occupied KS eigenvalue, and HOMO–LUMO gaps for SiH4 and Si2H6. The
available experimental data, as well as results from many-body calculations, are given for comparison. DMC stands for the diffusion quantum Morlo
calculations of Ref. 39, GW for the GW with exciton effects results~GW–Bethe–Salpeter equation! of Ref. 40, and finally, QMC for quantum Monte-Carl
calculations~Ref. 40!. All values are in eV.

PZ PBE LB94 SIC EXX
DMC

~Ref. 39!
GW

~Ref. 40!
QMC

~Ref. 40! exp

SiH4 I.P. 8.53 8.55 12.7 11.8 13.1 12.88 12.7 12.6 12.61~Ref. 41!
SiH4 HOMO–LUMO 8.10 8.12 8.40 7.70 8.77 ¯ 13.0 ¯ ¯

Si2H6 I.P. 7.40 7.37 11.2 9.95 10.9 10.90 ¯ ¯ 10.53–10.7~Ref. 42!
Si2H6 HOMO–LUMO 6.76 6.80 6.58 5.98 7.17 ¯ ¯ ¯ ¯
 license or copyright, see http://jcp.aip.org/jcp/copyright.jsp
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damping of the excitations, finite lifetimes can be simula
by convoluting the calculated spectrum with some Loren
ian function.

The disilane LDA, PBE, LB94, and SIC spectra are
very similar~see Fig. 4! and consist of five peaks in the 7–1
eV interval, followed by a broader feature at higher energ
All these curves suffer from the same deficiency: The se
ration between the second and third peak is too small, so
second peak appears as a shoulder of the third due to
limited resolution of the calculations~in Table IV the second
line for Si2H6 describes the position of this shoulder!. The

FIG. 3. Averaged dipole strength for SiH4, calculated for several xc func
tionals. The ‘‘exp’’ curve is from Ref. 44.
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curve closest to experiment was calculated with the E
functional ~note its first peak at exactly the experimen
value!. SIC yielded a quite unreasonable spectrum, cons
ing of broad peaks at too low energies, and consolidated
position of the worst of the five functionals tested~which
concerns the calculation of optical absorption spectra,
course!.

For these clusters we also provide the static polariza
ities in Table V. For silane we find, in agreement with t
results for sodium clusters, that all the methods lead to

FIG. 4. Averaged dipole strength for Si2H6, calculated for several xc func
tionals. The ‘‘exp’’ curve is from Ref. 44.
to
e to the
tions
–Teller
TABLE IV. Lowest excitation energies for SiH4 and Si2H6 obtained with different xc functionals compared
experiments and other calculations based on a many-body formalism. The SIC results are absent du
difficulty to identify the peaks in the spectra. DMC stands for the diffusion quantum Monte Carlo calcula
of Ref. 39, and the calculated value of 9.47 should be compared with the average of the first two, Jahn
split, levels. GW are the GW with exciton effects results~GW–Bethe–Salpeter equation! of Ref. 40, and finally,
QMC for quantum Monte-Carlo calculations~Ref. 40!. All values are in eV.

PZ PBE LB94 EXX
DMC

~Ref. 39!
GW

~Ref. 40!
QMC

~Ref. 40!
exp

~Ref. 44!

SiH4 1st 8.23 8.25 8.75 8.93 9.47 9.2 9.1 8.8
SiH4 2nd 9.30 9.39 9.80 9.98 ¯ ¯ ¯ 9.7
SiH4 3rd 10.1 10.1 11.2 11.1 ¯ ¯ ¯ 10.7
^uDu& 0.52 0.49 0.22 0.27 ¯ ¯ ¯ ¯

Si2H6 1st 7.30 7.35 7.38 7.60 ¯ ¯ ¯ 7.6
Si2H6 2nd 8.50 8.60 8.42 8.63 ¯ ¯ ¯ 8.4
^uDu& 0.20 0.23 0.12 0.12 ¯ ¯ ¯ ¯
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larizabilities lower than the experimental values. In spite
the proper asymptotics of the EXX functional, LDA yield
the best results, which indicates that a subtle error canc
tion is taking place, and that it is important to have some s
of correlation in the functional. This result seems to hold tr
for these small systems and deserves a more detailed a
sis.

C. Xc potential vs xc kernel

In order to study the sensitivity of the optical spectra
the xc functional used to calculate the ground state, an
the time-dependent xc potential used to propagate in ti
we plot, in Fig. 5, the spectrum of silane, for some choices
vxc

(1) andvxc
(2) @see Eq.~13!#. In the first plot we take ground

states calculated with several xc functionals~EXX, LB94,
and LDA!, and propagate these states with the LDA, while

FIG. 5. Averaged dipole strength for SiH4, calculated using different xc
functionals for the calculation of the ground state and for the time evolu
(vxc

(1)Þvxc
(2)) @see Eq.~13!#. For each curve, the first functional mentione

corresponds tovxc
(1) and the second tovxc

(2) .

TABLE V. Static dipolar polarizabilities for the hydrogenated silicon clu
ters obtained from thev50 Fourier transform of the time-dependent dipo
moment. All values are in Å3.

PZ PBE LB94 SIC EXX exp~Ref. 43!

SiH4 5.11 4.94 4.66 4.71 4.53 5.44
Si2H6 9.87 9.58 9.27 10.0 8.70 ¯
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the second we fix the ground state~calculated with the EXX
functional!, and use three different potentials to propagate
~LDA, LB94, and EXX!. The results clearly indicate that th
optical spectrum of SiH4 is much more sensitive to th
choice of the starting state than to the quality ofvxc

(2) . This
numerical evidence is in good agreement with the findings
Petersilkaet al.4 From the second plot of Fig. 5 we see th
the ALDA provides the strongest attractivef xc , shifting the
transitions to lower energies by as much as 0.4 eV, the ef
being stronger for the high energy transitions. Neverthele
the role of these functionals needs to be quantified for lar
systems and, in particular, for extended systems where
form of the initial potential is expected to be less importa
and where correlations are supposed to be the dominant
tribution to the excitation spectra. This different behavior
finite and infinite systems poses a theoretical problem w
designing functionals as the two classes of systems
mainly sensitive either to the spatial nonlocality or to t
frequency dependence of the xc functional.

V. CONCLUSION

We presented a detailed study of the impact of differ
xc potentials and kernels in describing the static and dyna
cal properties of small clusters. The ionization threshold
well as specific single-particle transitions are very sensit
to the specific form of the xc potential used to obtain t
ground state of the system. The static polarizabilities turn
to be rather close to experiment but always smaller than
observed values. Surprisingly, the polarizabilities calcula
with the LDA or the GGA are better than the ones calcula
with LB94, SIC, or EXX. In the case of the EXX, this i
related to the absence of dynamical correlations, while
LB94 and the SIC functionals seem to break the subtle e
cancellation between exchange and correlation alw
present in the LDA and the GGA functionals.

For the optical spectra a different conclusion is reach
EXX and LB94 perform remarkably well, even if the high
lying excitations ~below the ionization threshold! appear
shifted to higher energies. This error is traced back to
weak, effective, attractive xc kernel. It seems clear that
right asymptotics are important but not enough to get a m
quantitative agreement with experimental data. SIC perfo
badly, especially for the silicon clusters. The more traditio
functionals, the LDA and the GGA, showed their we
known problems: for example, the onset for optical abso
tion is underestimated by around 1.5 eV in SiH4.

Finally, our spectra calculated with different xc fun
tional for the ground-state calculation and for the time ev
lution (vxc

(1)Þvxc
(2)) suggest that the choice xc potential us

to calculated the ground state is more important than
choice of the xc kernel for the case of finite systems. T
conclusion should not be valid when one is dealing w
infinite periodic systems.

Note added in proof.After submission we became awa
of a study of the role of the continuum of states usi
Green’s function techniques within the LDA for SiH4 and
Si2H6 by Nakatsukasa and Yabana@J. Chem. Phys.114, 2550
~2001!# with similar conclusions to this article.
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