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First-principles calculation of the electronic, dielectric, and dynamical properties of Cak
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Calcium fluoride is a prototypical very large band-gap material, with applications in far-ultraviolet optics.
We study the electronic, dielectric, and vibrational properties of ,(fadin first principles, using density-
functional theory. The phonon band structure is well reproduced with standard pseudopotentials, except for one
optical T, mode neal” and X. However, the calculated dielectric properties are very poor. Improving the
quality of the dielectric constants of the crystal requires a pseudopotential for Ca with additional semicore
electrons. We perform a detailed analysis of the static and dynamical charges, as well as the interatomic force
constants.
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[. INTRODUCTION tional” photolithographic techniques, the theoretical charac-
terization of fluorite is of general interest. We determine the
Very large scale integration in microelectronics has beerelectronic, dielectric, and vibrational properties of fluorite,
made possible by the development of photolithographidncluding the full phonon and electron band structures and
methods: a photosensitive resin is exposed using ultra-violdhe interatomic force constants, through density-functional
(UV) radiation passing through a mask. Semiconductor cirtheory®'® methods. We use thesiniT (Ref. 14 software
cuits can be mass-produced with typical feature sizes dowpackage, which employs a plane-wave basis set, and imple-
to 0.13um as of 2003. The further reduction of transistor ments density-functional perturbation thedBFPT) for the
sizes is limited by the wavelength of the UV radiation. Thedetermination of the linear response to atomic displacements
use of shorter wavelength light, in particular, x rays mightand electric fields. CaFis an ionic material, and we estimate
circumvent this problem. However, as the wavelength dethe charge on each atom by two different methods. The rest
creases, it becomes more and more difficult to make lenses tf this article is organized as follows: the theoretical methods
focus the radiation. For far-UV radiation lenses, the presenand the system are described in Sec. Il. The resulting elec-
material of choice is calcium fluoride, or fluorite, GaF'he  tronic and phononic band structures and related properties

search for better materials is however ongoing; one of th@re presented in Sec. Ill. Our conclusions are presented in
main problems of fluorite is birefringence, which appears forSec. IV. Atomic units are used throughout, unless otherwise
very short wavelengthsdespite the cubic symmetry. specified.

Experimental characterizations abound for gaEspe-
cially as a host lattice for heavy atoms in fluorescence studies
(see, e.g., Ref.)2The phonon spectrum was determined ex-
perimentally by Elcombe and Prybas early as 1970. The We employ a standard implementation of DFT theory,
stress dependence of phonon modes was investigated in thgth the wave functions represented in a plane-wave basis
early 1980¢:> However, little theoretical work exists on set, and periodic boundary conditioffsA review of the
Cak’s crystalline structure and properties, despite the simplenethod(and of the algorithms used for the convergence of
structure it adopts. The electronic band structure ofxGe&s  the electronic density and atomic positipresin be found in
determined first by Alberet al.® who added an empirical Ref. 15. Cak is a cubic compound with three atoms per
potential to correct the conduction-band structure, then byrimitive face-centered-cubic unit celRef. 16 group IVal
Heaton and LiA with a pure self-consistent-field method. in the reduced positions Ca (0,0,0) and+{1/4,1/4,1/4).
The optical properties have been studied more recently b¥he Broyden algorithi{ is used to relax the lattice param-
Shirley and co-worker® and in particular the intrinsic qual- eter.
ity of the birefringence in Cafat short wavelengths. Ona  The effect of the approximation to the exchange-
side note, de Leeuwt al® studied the effect of water on the correlation(XC) energy is considered, comparing the local-
surface of Caf, and determined some of its electronic prop- density approximatiofLDA) (from Perdew and Wantf pa-
erties. Finally, the zone-center phonons, elastic constantsametrized with electron-gas data by Ceperley and Afiler
and total energies were determinabl initio using different  to the generalized gradient approximati@GA) of Perdew
techniqueg Hartree-Fock, density-functional theof®FT)] et al?°
very recently in several different approximations, byriiea Norm-conserving pseudopotentials of the Troullier-
and co-workers® We are aware of on-going worboth ex-  Martins’* (TM) type are chosen to describe the interaction
perimental and theoreticabn phonons in CafFand other between the valence electrons and the nuclei and core elec-
fluorides by K. Schmalzl and co-workefs. trons. A nonlinear-core-correctiofNLCC) (Ref. 22 simu-

Given the widespread use of Gahts technological im- lates the nonlinear XC effects of the core electrons, which
portance, and the present drive beyond the limit of “tradi-overlap the valence s states substantially in calcium. The

Il. THEORETICAL METHOD
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plane-wave kinetic-energy cutoff for the basis set is 50 Ha
with the pseudopotentials generated, for which the lattice
parameter is converged to 0.04%. To limit the computational
time, for phonons we use a slightly lower cutoff of 40 Ha:
the lattice parameter is only converged to within 1% but the
phonon frequencies are converged to within a few percent,
which is small enough with respect to the intrinsic DFT error
in LDA and GGA.

Calcium is a notoriously difficult element to pseudize. We NN e ‘
perform a preliminary test for the GGA pseudopotential on r XW L TI" KXO0 10 20
CaO, another ionic compound of calcium, and find the re- DOS (states/eV)
laxed lattice constants are within 1.6% of experiment. This 5 1. Electronic band structure and DOS of GaFhe insu-
precision is typical of GGA-DFT calculations. Fluorine is |ating gap of 7.1 eV is underestimated with respect to experiment
also a difficult element, but does not present a slower cong11 g ey as expected in a GGA-DFT calculation.
vergence in the full CafFsystem.

To tackle dielectric properties, a more precise calculatiorknown that the local-density and generalized-gradient ap-
is needed which includes the semic¢8€) 3s and 3 states  proximations to DFT systematically underestimate the band
for Ca: in this case a Hartwigsen-Goedecker-Hutt¢GH)  gap in semiconductors: the error of a factor of 2 is typical.
(Ref. 23 pseudopotential is used with an energy cutoff of  our results agree well with the self-consistent fies&CH
100 Ha. The TM pseudopotentials present the advantage gésults of Refs. 6 and 7, in particular, with those of Heaton

having a low cutoff and being easily obtained in both theang Lin7 who use a basis set of linear combinations of
LDA and GGA. Adding semicore electrons to the TM poten- gtomic orbitals, and a SCF method.

tials is possible but can be very involved, can generate ghost
states, and can no longer present any advantage in terms of
cutoff energies. HGH pseudopotentials are available only in
the LDA, and present much higher cutoff energies. However, We carry out an analysis of the electronic density, using
as they are cast directly as projectors and fitted, instead dhe Bade?>*® and Hirshfeld” methods. We expect a clear
being obtained by a Kleinman-BylandéKB) (Ref. 24  ionic character in the bonding of CaFThese techniques
transformation, they are not subject to the ghost states intrallow us to quantify the ionicity, and to compare the different
duced by the KB procedur@ee Ref. 25 and can be gener- pseudopotentials. We will consider the experimental lattice
ated as easily for configurations with semicore electrons. parameter, giving a unit cell volume of 40.76%Aexcept
The Brillouin zone is sampled with an >X88x8  where anothea is specified.

Band energy (eV)

B. Electronic charge-density analysis

Monkhorst-Pack-type grfd (60 irreduciblek points with The Bader method finds critical points of the Laplacian of

which the lattice constant is converged to within 20A. the electronic density, and “bond paths” between atoms
The vibrational properties of Cafare determined in lin- along which the density is maximal: in all directions perpen-

ear responséperturbation theony Refs. 27-30. dicular to the path, the density decreases. Along the path, the

density is maximal at the atoms at both ends. The point along
the path where the density is at a minimum defines a critical
Il. RESULTS point. Further, a critical surface is defined: points of minimal
density along different paths between atoms. This surface has
The experimental lattice parameter of Gaf 5.4630 A zero flux of the density gradient through it. In this way the
(Ref. 16 and in the GGA approximation we find 5.5637 A unit cell is cut up into basins of charge attributed to different
with a 50 Ha plane-wave cutoff. The lattice parameter ofatoms. Each basin has a certain volume, shape, and attributes
Cak, is thus reproduced to within 2%, a normal agreementhe charge that it contains to its central atom.
by GGA standards. The LDA pseudopotential gives a lattice We first consider the different pseudopotentials used. For
parameter of 5.3519 A, and underestimaddsy 2%, which  each, the electronic density is generated and analyzed. The
is also typical of the LDA. These results are of the samevalues of the Bader charges are presented in Table |. The
precision as those in Ref. 10, though their GEerdew-
Wang 1991 (Ref. 31 seems slightly better, i.e., to 1% af TABLE I. Atomic charges and volumé# A Ref. 3)] calculated
by the Bader method, with different pseudopotentials and with a
larger lattice parametex The changes vary a little with the pseudo-
A. Electronic properties potential or the value oh.

The band structure and density of statb©9) for CaF,
is represented in Fig. 1. The tetrahedron methdtiis used

SC-LDA LDA GGA GGA5.56 A

to generate an accurate DOS from 28 k points in the irreducca charge 1.647 1.648 1.665 1.679
ible Brillouin zone. The zero in energy is set at the top of theCa volume 11.61 11.40 11.40 11.94
valence band. The calculated indirect gap«1I") is seento  F charge -0.821 -0.824 -0.832 —0.838

be 7.07 eV. Experimentally, the direct band gap is 12.1 e\ volume 14.85 14.58 14.58 15.39

and the indirect gap is estimated to be 11.8°¢V.is well
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difference between the two LDA pseudopotenti@éth and  the GGA case both a GGA and a LDA proatom were tested
without semicore electronss negligible: 0.001 electron on and no difference was obseryedhe variation must come
the calcium atom and 0.03 AThe difference with GGA is from the distribution of the electronic density between the
also small: 0.018 electrons and 0.02AVNe see that the atoms.

bond is strongly ionic, as expected, but that the charge trans-

fer is not complete. The volume of F is slightly larger, which C. Dielectric properties

could be du;e tr? the extra electron on F, or due to the differing  \ye describe and define here briefly the different dielectric
geometry of the positions of F and Gthe latter being of ;o herties we will consider. See Ref. 30 for the implementa-
higher symmetry and with more neighbprs tion and for the explanations of the notations used in this

N Smr::e we will conade_(rjtwobd.iffftlarer;]t Iatt]irce pharameteLs for section. The electronic contribution to the dielectric constant,
the phonons, we consider briefly the effecthas on the [~ .1 he calculated from

charges. Relaxing the structure with the GGA potential gives
a lattice parameter of 5.56 A. The last column in Table |

r
contains the charges obtained in this case. The difference is €ap= Oap™ Q—ZEi?Eﬁ. (1)
minimal: 0.014 electrons with respect to the GGA case for 0
the experimental value at whereEZ« is the second derivative of the total electronic

With the Bader analysis, we see the attributed charge ignergy with respect to a perturbing electric field along direc-
almost mdepend_ent of the pseudopotentlal and lattice paranypns o and, andQ, is the unit cell volumee.. is typically
eter used. The differences are slight between LDA and GGAneasured in the visible spectrum for frequencies much
as is the variation of the charges with the cell volume. As theymgjier than the gap energy.
method depends mainly on the bonding region between the The variation of the force on a given atom, under the

atoms, this comforts our assessment of the TM potentials agpication of an electric field, defines the Born effective
giving a good description of the bonding and chemistry Ofcharge

Cak, with a much smaller kinetic-energy cutoff.

The Hirshfeld method has been the subject of renewed . OF ¢ a
interest in the quantum chemistry community over the past KaB” pg 2
few years following the demonstration that it is a partitioning P
with maximal informatior?® The approach is somewhat dif-  The additional contribution of phonons to the dielectric
ferent: first the total electronic densities of the isolated atomgonstant becomes important @s-0
or “proatoms,” are superposed in space. Then, the contribu-

tion of a proatom of typec to the superposed density at a . 4w N ~

given point determines which fraction of the total electronic €ap(@)= eaﬁ+Q_o 2, Z, Z,.aa[C(a=0)
density will be attributed toc. In this way, one obtains ef- ok

fective charge densities for each atom, the sum of which _M“’Z];al',wﬁ'z:,ﬁﬁ'- 3)

gives the total density. The densities can be integrated to give _

the apparent charge of the atom. The method was developadhere M is the mass of the unit cell ar@l is the Fourier

for atoms in molecules, where each atom is unique. In dransform of the matrix of interatomic force constants.
solid-state context with periodic boundary conditions, we For dielectrics, there exists a sum rule for the second de-
consider the sum of the proatomic densities fromnd all its  rivatives of the total energy with respect to atomic positions

translated images. [the acoustic sum ruleASR)—see Ref. 3]
The Hirshfeld method gives small net charges on atoms.
This follows many results obtained in the literatdfé®4° JE
which suggest that the Hirshfeld charge transfer is systemati- KE WZO- (4)

cally much smaller than the Bader one.

Using the GGA pseudopotential and the experimental latThe sum rule reflects the invariance of the forces on the
tice parameterQ-,=0.2377 andQr=—0.1188. In LDA, atoms under uniform translation of all the atoms. The ASR is
the charges areQ:,=0.1943 and Qr=—0.0971. The broken in our calculation, because of the representation of
pseudopotential with semicore electrons giggs,=0.3818 the XC potential on a discrete grid in real space: an infini-
and Q= —0.1909 electrons. tesimal displacement of the atoms will always change the

To test the effect of the lattice parameter, we calculate theXC grid.
charges in GGA with a slightly different value of the lattice  The experimental and theoretical valueseof, Z*, and
parameter(5.49 A), and obtainQ¢,=0.2731 andQg= €o are presented in Table Il. Because of the cubic symmetry,
—0.1366. the dielectric matrices and the Born effective charges for a

We see that the Hirshfeld analysis is much more sensitivgiven atom are all diagonal and have the same value along
to the details of the calculation than the Bader analysis. The,y, andz
exchange-correlation potential can change the Hirshfeld Globally, the HGH pseudopotential with SC electrons
charges significantly, although the order of magnitude andgjives the best agreement with experiment. In most DFT di-
the direction of the transfer is the same. Since the proatoralectric constant calculationgy and €, are overestimated,
densities used in the different calculations are the sdore and this is the case with the HGH pseudopotential. In our
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TABLE II. Comparison of experimental dielectric constants and 500
Born effective charges with those obtained in DFPT, using =
Troullier-Martins (LDA and GGA) and Hartwigsen-Goedecker- 400 )
Hutter (LDA with semicore electrons pseudopotentials. Two 30053
slightly different lattice parameters are considered: the experimental £
value 5.46 A and a slightly larger 5.49 A. Experimental data are 2 200 .
taken from or cited in Ref. 3.

100
* *
Al e Zaw T e F—xx T L 0150300

Experiment 5.46 228  +ll — 6.76 phonon DOS (arb. un.)
LDA 5.46 2.06 +2.18 —1.09 5.30 FIG. 2. (Left) Phonon band structure of Calsing Troullier-
LDA .49 2.05 +2.18 —1.09 5.57 Martins pseudopotentials foa=5.49 A. Frequencies in cnt:
GGA 5.46 203 +218 —-1.09 4.92 continuous line= GGA, dashed line= LDA. The circles are ex-
GGA 5.49 202 +218 -109 514 perimental data from Ref. JRight) Phonon density of states in
LDA SC 5.46 232 +2.36 —-1.18 9.02 GGA (continuous ling and LDA (dashed ling

be seen in Fig. 2, the main disagreement occuls fair the
calculations using the TM pseudopotentials, however, botfiirst optical mode. Compared to the values of Refs. 43, 45,
dielectric constants are underestimated. We attribute this tand for the experimental lattice constant, the difference is
the absence of core electrons in the calculation: though most 12% in LDA and 18% in GGA. BetweeK andX there is
of the phonon modes are well reproduced, the electronic realso a difference on the same order, for the analogous pho-
sponse of the system remains incorrect. More specificallypon branch(the first optical modg In general, for optical
the calcium atom has lost all of its valence electrons, and itbranches, a 10% error in LDA or GGA can be considered
core electrons should be dynamically rearranging themselvegcceptable, although much better results are obtained for
as a function of the phonon modes, which is naturally im-simple, covalently bonded systeRis® The zone-center
possible in the frozen-core approximation. frozen-phonon calculations in Ref. 10 give more homoge-
The Born effective charges are close to the formal  neous accuracy: better values for the infratdR)- active
and —1 charges for Ca and F in all cases. The calculatednode but worse for the Raman moggrors of~7 to 8% in
charges support our explanation of the differences betweehDA and GGA). The authors do not specify whether the
the phonon modes and dielectric constants with the differengxperimental or the relaxed lattice parameter is ugssb
pseudopotentials: the charge for Ca is even higher when cofeelow).
electrons are free to move, with the HGH pseudopotential. The sizable difference in frequencies for the first optical
The Born charges are larger than the Bader charges calctnode calls for an explanation; we examine two main factors:
lated in the preceding section, and vary more when semicorée lattice parameter and the pseudopotential.
electrons are included. This is a further indication that, even In some systems the phonon frequencies can be very sen-
if the ground-state density is correct, response function calsitive to the lattice parametex. Values are shown for the
culations are more sensitive to core electron effects and texperimental lattice constant 5.46 A, as well as for a slightly
the differences between pseudopotentials. Another part of thaifferent value of 5.49 A. A shift is observed, of between 8
differences can be explained by the static or dynamic charand 15 cm?, i.e., up to 6%. However, the improvement
acteristics of the charges, as in Ref. 41. when using the experimental lattice constant is not system-
The two Troullier-Martins pseudopotentials allow us to atic: for LDA the results are generally worse and for GGA
determine the effect of the exchange-correlation potentialbetter. This implies that the larger lattice parameter compen-
there are no major differencesén and theZ*. On the other  sates the LDA error on the frequencies and aggravates the
hand, €, is higher in LDA than in GGA. This is due to the GGA error.
difference in the phonon eigenfrequencies, shown in the fol- The other main source of discrepancy is the pseudopoten-
lowing section. The fact that LDA gives better results here igtial used: the Troullier-Martins potentials are fairly soft, as
probably coincidental. semicore electrons are not treated explicitly, but are frozen
into the ionic core. A nonlinear-core correction is used to
include the response of the outer core electrons and works
well for ground-state propertiég particular, the lattice con-
The phonon band structures in GGA and LDA, and thestant3. However, the transverse optical phonon frequencies
corresponding DOS are presented in Fig. 2. Eight irreduciblat I" depend on the electronic response to the polarization
g points are used for the interpolation of the interatomicinduced by the phondwhich gives the splitting between the
force constant§lFC) in the Brillouin zone. The experimental longitudinal and transverse optical modgsD-TO)]. Here
data of Elcombe and Prybuare included as circles. Both the NLCC correction seems insufficient.
GGA and LDA give good band structures, and the LDA val-  In order to quantify the effect of the different pseudopo-
ues are closer to experiment than GGA. For the acoustitential approximations, we employ a more accurate HGH
branches, the agreement is excellent. pseudopotential for Ca, withs3and 3 semicore electrons.
Phonon frequencies &tare presented in Table Ill. As can Our first observation is that the convergence with this

D. Vibrational properties
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TABLE lll. Comparison of experimentdl point frequencies (cm') with those obtained in DFPT, using
Troullier-Martins (LDA and GGA) and Hartwigsen-Goedecker-HuttdrDA-SC) pseudopotential for Ca.
Imposing the acoustic sum rule changes the optical phonon frequencies significantly in the HGH case. For the
pseudopotentials without SC the effect is very small; the results are shown after imposition of the ASR.

a(A) T.-TO(R) Diff

Ty (Raman

Diff

T.,-LO

Diff

257.3 270°
301.7
287.0
319.5
304.9
227.1

5.46
5.46
5.49
5.46
5.49
5.46

Experiment
LDA

LDA

GGA

GGA

LDA SC

(17.3%,11.7%
(11.6%,6.3%

(24.2%,18.3%
(18.6%,13.0%
(11.7%,15.9%

328.9
318.7
347.8
337.6
298.9

322.2¢, 327.5¢

466.42

(2.1%,0.5%
(1.1%,2.7%
(8.0%,6.2%
(4.8%,3.1%
(7.2%,8.7%

484.3
473.1
497.8
486.5
447.8

(3.8%
(1.4%
(6.8%
(4.4%
(4.0%

%Reference 42.
bReference 43.
‘Reference 44.
dreference 45.

pseudopotential is much more difficult. With a plane-wave
kinetic-energy cutoff of 100 Ha the total energy and forces
are converged. Our results for the HGH pseudopotentials
(with SO are included in Table Ill. The improvement for the
phonon frequencies over the TM pseudopotential is not sys-
tematic, but as shown above the dielectric properties change
dramatically. The HGH calcium pseudopotential underesti-
mates the modes, whereas the TM overestimates them.
The anharmonicity of the phonon modes would necessi-
tate higher-order perturbations to be reproduced, but is prob-
ably not a problem in our case. Strock and Batterthatud-
ied the anharmonicity of Cafs vibrational modes as a
function of temperature and showed that the effect remains
small at low temperatures(300 K).

E. Interatomic force constants

Finally, we analyze the behavior of the interatomic force

constants in real spac@.ﬁ"'a"" denotes the IFC exerted on
atom ' in cell @’ in direction j, when atomk in cell a
undergoes a unit displacement aldn@f}"'a"" is the Fou-
rier transform of the dynamical matrix, obtained from the
second variation of the total energy with respect to atomic
positions. The IFC can be decomposed into an electrostatic
(Ewald) contribution, which is long ranged, and a “local”
contribution which can be attributed to covalent bonding.
The behavior of the total IFC and of the local contribution,
as a function of interneighbor distance, is shown in Fig. 3.
The top figure shows the longitudinal IFC for calcium-
calcium interactions, the middle one for calcium-fluorine,
and the lower one for fluorine-fluorine interactions. In each
case the total IFC decays as 3for larger, as shown by the
fitting curve.

For each species pair, we consider the extent of the local

v

o Ca - Ca total
v Ca - Calocal

0
| NN -0.01297

10

Neighbor distance A)

o Ca - F total
v Ca - F local

Neighbor distance A)

otal

o F-Ft
v F - Flocal

10
Neighbor distance A)

15

part of the IFC to characterize the interaction. For the Ca-F g 3. Longitudinal projection of the interatomic force con-
interaction, the local part goes to zero very quickly—it iS stants betweetuppej Ca and Ca atomgmiddle) Ca and F atoms,
reduced to less than 6% of the total after the nearest Ca-frower) F and F atoms. The IFC are decomposed into a local and a
neighboring pairafter 4.6 A. For Ca-Ca and F-F, however, Ewald (electrostatiz component. The latter is fitted by ar$func-

the local part stays large and changes sign several times bgon, and the local part vanishes quickly. The position and value of
fore decaying. Only at the third Ca-Ca neighbor doeshe nearest-neighbor IFC is shown with an arrow.
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®CaC9pCaCapacome less than 3¢6.73 A). The F-F inter-  the atoms does occur when one switches from one pseudo-
action becomes smalk(3%) only for the fifth F-F neighbor ~Potential to another. The equilibrium lattice parameter is well

(6.14 A). The knowledge of the IFC is the basis for under- reproduced with all the different pseudo_potentials. The pho—
standing the deformations induced by line or point defects"ON band structures are much more delicate. Those obtained

such as impurities or vacancies. The fact that differing Ca RSN both the LDA and GGA pseudopotentials have the cor-

: : - rect shape, and reproduce most of the phonon branches cor-
ions are almost independent after a very short distance i ctly, except the lowesE,, branch around and fromX to

. . . . . e
str!klng given the extent of the Same-Species mtgractlons. & This is accompanied by an underestimation of the dielec-
point defect, for example, will interact mainly with same- tric constants and, to a lesser extent, of the Born effective

spepies sites to distances up to 6 or 7 A. This gives an eStl:'harges. We show that the error stems from the frozen-core
mation of the supercell size needed to correctly CaICUIat%pproximation and that by including semicore and
defect properties in quonte_. . states(with a LDA-HGH pseudopotentialthis can be rem-

Our database of dynamical matrices and the IFC analysiggieq, However, the HGH potential has its own drawbacks,
for CaF, is available on the world wide web at ftp:// jnciyding a very high cutoff energy. The interatomic force
ftp.mapr.ucl.ac.be/pub/outgoing/MVERSTRA/ constants are analyzed and separated into local and electro-

static contributions. The distance at which the local part de-
IV. CONCLUSION cays(7 A for the F-F and Ca-Ca IPQletermines the size of

the supercell needed to simulate defects which are isolated.
The electronic structure, dielectric properties, and vibra-

tional properties of calcium difluoride are presented, deter-
mined using density-functional theory. The electronic prop-
erties of Cak are well reproduced in our calculations, apart  Part of this research has been supported by the FRFC
from the usual DFT band-gap underestimation. We compareroject No. 2.4556.99, the Action de Recherche Coneerte
atomic charges calculated by the Bader and Hirshfeld methtnteraction dectron-vibration dans les nanostructures,” and
ods. The Bader charges are insensitive to changes in ththe Research Training Network contract No. HPRN-CT-
pseudopotentials or in the lattice parameters, which implie2002-00317 “First—principles approach to the calculation of
that the bonding and chemistry does not depend too strongithe optical properties of Solids.” X.G. acknowledges finan-
on the presence of semicore electrons. The Hirshfel&ial support from the FNRS. We wish to thank P. Casek and
charges, however, vary much more strongly, which demonF. Finocchi for the implementation of the Bader atom-in-
strates that a real variation of the local charge density arounsholecule method.
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