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Ab initio cluster model wave functions are used to predict the existence of localized excited states in MgO,
Al,O;, and SiQ arising from metal P core-level excitations. Theoretical values obtained at different levels of
theory result in a quantitative agreement with experiment, and the use of different models permits us to
quantify the different contributions to the final excitation energy. The most important contribution is atomic in
nature; a meaningful zero-order approximation is that in MgO angAthe exciton can be assigned to a
M (2p%) — M (2p°3st)-like excitation, whereM =Mg or Al. For the atomic models, the singlet-triplet ex-
change in the excited configuration is in good agreement with experiment. In addition, the solid-state effects on
this exchange energy predicted by experiment are well reproduced by the cluster models representing MgO and
SiO,, whereas a less clear situation appears igOAl The open-shell orbital in the final state has, however,
important contributions from the ions near the atomic site where excitation occurs. Nevertheless, the final state
appears to be localized in space without anpriori assumption, the localization following from the hole-
particle interaction implicitly induced in the final-state wave function. The Madelung field reduces the excita-
tion energy with respect to the atomic value; the effect of neighboring atoms, mainly Pauli repulsion, acts in
the opposite way; and electronic correlation effects decrease it again. In agreement with the covalent nature of
SiO,, the exciton cannot be simply understood as arising from ap8)(2 Si(2p°3s?) in a fully oxidized Si
cation.

[. INTRODUCTION tors. Notwithstanding, a complete description requires a first-
principles-based theoretical framework able to quantitatively
According to the simplest textbook definition, insulatorsreproduce the main features of the electronic structure of
and semiconductors are characterized by a region of forbidthese materials including exciton energies. Unfortunately,
den energy separating the occupied and unoccupied State#is is a rather complicated problem and even the magnitude
This energy gap is evident in the optical spectra of thes®f the band gap cannot be easily reproduced by state-of-the-
materials and can be rationalized in terms of the band theorg't first-principles band-structure calculations. In fatt,ini-
of solids. In some cases, however, the optical spectra of thedl@ Hartree-Fock periodic calculations largely overestimate
materials are not so simple, and well-defined spectroscopi’® Pand gap, while density-functional periodic calculations
features appear in the forbidden energy region. These fe@sed on the local-density approximatiéoDA) lead to

tures are evidenced by the onset of optical absorption at e téannc(:a g;p; tg:]aa; arrgstfl?insgmi?";nr ?nvceonrr]:aaélt tgezrcer?p;fitotnh%fei(r:z-
ergies below the interband continuum threshold. The origin roperties of the materidPi.e., LDA often predicts metallic

of this particular spectroscopic feature is interpreted as duI stead of insulating behavidrSurprisingly enough, the use

to the formation of Frenkel excitons. It is customary to deflneOf cluster models permits us to obtain a qualitatively correct

the Frenkel excitons as point defects originated by an atorgj«yre of some important features of the electronic structure
or ion of the lattice in an excited staté.n the independent- ¢ jqnic solids®5 The sacrifice on the extended nature of the
electron model version of band structure, the excitation of &ystem implicit in the cluster model approach is compen-
single electron on a given site does not affect the electronigated by the possibility to obtain a more accurate description
structure. Hence, one may argue that for most purposes it cat the electronic structure of these systems, i.e., by making
be more convenient not to describe the exciton as a localizegse of explicitly correlated accurate wave functions. Of
state. However, some other models invoke a local charactefourse, this is only possible for narrow-band systems where
of the excited stafewith an additional interaction between the electronic structure is not dominated by periodicity. In
the electron and the hole created in the final and initial onethe case of semiconductors, bulk and surface, the shortcom-
electron states, respectively. Depending on the energy of thegs of the LDA can be corrected by making use of the
radiation used in the experiment, excitons can involve vawell-known GW formalism?® There are other formalisms
lence or core bands. A localb initio valence-bond model that permit the study of excited states in extended sysfems.
has also been proposed to study the excitations that give rigéere, we will simply mention that another alternative and
to the band gap of alkaline-earth oxiflemnd a variety of efficient approach is the use of two-particle Green’s func-
excited states in KNig® tions that enables an accurate description of excitonic effects
The description above provides a qualitative understandin semiconductors and simple ionic insulators such LiF.
ing of the electronic structure of insulators and semiconduc- The origin of the failure of the Hartree-Fock and LDA
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methods concerning the evaluation of the band gap and otherefs. 31-33 it is hard to accept a $i cation in SiQ; in
features of the electronic structure related to excited statefaict SiQ, is better described as a largely covalent material.
lies in the neglect or inappropriate treatment of dynamicalOn the other hand, the atomic model suggests that the atomic
correlation effects. For instance, the electronic structureharacter of the valence orbitals is preserved in the solid.
of oxides and other strongly correlated systems is quitdhis is in contradiction with the idea that the conduction
involved and several correctiofisto the LDA are required band of these materials is highly delocalized. Theoretical
if one wishes to stay within the density-functional evidence for the delocalized character of the conduction band
theory (DFT) description. Here we quote the self- has been reported for MgO based on both cluster mdtlels
interaction-correctiod and on-site Coulomb repulsion and periodic Hartree-Fock calculatiofisA result was al-

terms?? In principle, wave-function-based methods are able'eady predicted in the pioneering work on Pantelides, Mick-
to introduce dynamical correlation in a systematic way, andsh, and Kunz on the electronic structure of MgO including
its use is rather common in quantum chemistry. Howeversecond-order contributions for the electronic correlation ef-
this becomes a very difficult approach when dealing with arfects on the excitation energi&sHowever, it is important to
infinite solid. Only very recently has it been possible to studystress the fact that these periodic approaches are unable to
the ground-state properties of crystalline solids by means dpredict the existence of excitons; the exciton peak on the
a correlated wave-function approachTherefore, the study €Xperimental spectra has to be removed in order to obtain
of excited states of crystalline solids requires some addiagreement between experimental and calculated optical
tional approximation. The requirement of a correlated wavespectra’ From the discussion above, to assume that an ex-
function can be fulfilled if one accepts to simplify the de- citation from the metal @ core level to the conduction band
scription of the material. A clue for the construction of an Produces a change in the character of this band with the
appropriate material model is given by the fact that, quiteappearance of a rather localized state appears to be neces-
often, excited states of crystalline solids are sufficiently locasary. Theoretical work based @ initio Hartree-Fock clus-
in nature so that one can make use of the cluster modder model wave functions shows that the excitation from the
approach and still obtain meaningful results. Examples exiserbitals that have mainly O() character to the first empty
of the adequacy of the cluster model approach for excite@rbital of a cluster model results in an orbital that extends
states of ionic and covalent solids. Quantitative agreemerfonsiderably beyond the model independently of the cluster
between cluster model calculations and experimental resul§&jze:™” However, a completely different picture is obtained if
has recently been reported for relevant properties in a varietfhe electron is excited from a core Mgf? orbital—the
of systems. These include tied spectra of NiO, CoO, and €excited orbital is now localized in the cluster regiimlotice
similar transition-metal oxide¥!" core-level excitation that the hole-particle interaction assumed on the exciton
spectra in NiO'® excited states of alkaline-earth oxides of ~ model appears in the wave function description in a natural
KNiF5,° the optical spectra of point defects in $j€y23the ~ way without anya priori conjectures. Therefore, the only
magnetic coupling of a series of wide-gap insulatbf3in- point left is to show that thisb initio cluster model wave-
cluding superconductor parent compouftignd even for function approach is able to quantitatively predict the exci-
the valence exciton of Mg®,where a localized picture tonic energies and, hence, provide a more precise description
might be less adequate. of the one-electron states involved in these spectroscopic fea-
Here, we extend the above studies based orathiitio  tures. This is indeed the main goal of the present work.
cluster model approach by showing that it is possible to
reach-a rather quantitative d_escription of_ thg core-ex.citon IIl. MATERIAL MODELS FOR MgO, Al ,05, AND SiO,
energies of MgO, AIO;, and SiQ. The motivation for this
choice arises from the existence of well-characterized experi- Embedded cluster models of increasing size have been
mental data that suggest the existence of core excitons insed to represent each material. For MgO we consider
these materialé’ Based on the comparison with atomic ex- MgQOg, Mg;30:4 and MgqOy4 clusters, whereas for AD;
citation values, O’Brieret al. assigned the observed exci- the models are Al@and AkO,. The point symmetry of the
tonic excitations tavl (2p%)— M (2p°3s?) transitions, where ~clusters modeling MgO and AD; is D,, and C5, respec-
M stands for Mg, Al, or Si. In addition, based on this atomictively. The computer codes used in this work, as most of the
model and on the theoretical approach by Onodera anduantum chemistry codes for explicitly correlated calcula-
Toyozawa?® O'Brien et al. were able to quantify the spin- tions, can handle point groups with nondegenerate irreduc-
orbit splitting and the atomic exchange energy of the exciible representations only. Therefoil€; has to be used for
tonic state. By comparing with atomic data, these authorgluster models representing sections of the corundum crystal.
found important solid-state effects. These solid-state effect$his low symmetry does not permit us to extend the cluster
are interpreted in terms of screening and already indicate thahodel as in the case of MgO. The number of electrons in-
the states involved in the electronic excitation may differcluded in each cluster is that corresponding to the formal
from those invoked in the atomic model. This is in agree-ionic charges; i.e., Mg, AI®*, and G~. However, one
ment with the analysis of the chemical character of thesenust notice that th&l-electron wave function describing the
oxides and of their electronic structure. Both suggest that thelectronic structure of these clusters contains enough varia-
screening effects imply a more complex electronic structurd¢ional degrees of freedom to allow a buildup of covalent
than that implicit in the atomic model. On the one hand, thecharacter if this chemical effect leads to a lowering of the
assignment based on the atomic model requires assumirgduster energy in the ground or excited state. These clusters
complete oxidation of Mg, Al, and Si. While this is very are further properly embedded to account for some of the
likely to be the case in MgQRefs. 4 and 29—-32and ALO;  effects due to the rest of the crystal. For MgO angd@ylthe
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cluster is first surrounded by an array of point charges optiin this work aim to represent nondefective solids it is not
mized to reproduce the Madelung field in a large region ofnecessary to proceed to optimize the geometry of these mod-
space around the cluster certerAs usual, the effect of els. In fact, it is more appropriate to construct the models
these point charges on the cluster electronic structure is takéfsing the experimental crystal structure, thus avoiding pos-
into account by properly computing the required one-Sible artifacts. Therefore, the experimental structure has been
electron integrals. The use of point charges as the only enHsed to construct the cluster models except for the embed-
bedding may have some limitations, especially because théing hydrogen atoms commented on above for models of the
exclusion effects with the rest of the crystal and its respons§|02 crystal. A S_chemath repr_ese_ntatlon of the cluster mod-
to changes in the cluster electronic structure are ignorect!S above described is given in Fig. 1.

Exclusion effects can be introduced in a rather direct way by

substituting the point charges closer to the cluster region by, | ECTRONIC STRUCTURE AND COMPUTATIONAL

a better representation of the real ions. For the cations a DETAILS
simple yet efficient approach consists in the use of total ion
potentials(TIP’s) as suggested by Winter and PitZ&How- The electronic structure of the models described in the

ever, the description of anions surrounding the atoms definpreceding section has been investigated by meaab ofitio
ing the cluster model requires a more sophisticated approackave functions of different complexities. The simplest de-
Here, we used thab initio model potential§aiMP’s) devel-  scription is obtained from Hartree-Fock calculations on the
oped by Barandiaraand Seijd®® We must warn that, in ground and excited states. In all cases, the ground-state wave
contrast to the point-charge embedding, the cluster embedenction is represented by a single closed-shell Slater deter-
ding with TIP’s and aiMP’s confines the electronic structureminant. The excited-state wave function is obtained by per-
of the cluster within the space region defined by the clusteforming a restricted open-shell Hartree-Fq&OHF) calcu-
model itself. Therefore, the excited state is forced to be lodation for the electronic configuration in which g2core
calized in the cluster region, and dramatic changes in thelectron of Mg, Al, or Si is promoted to the lowest unoccu-
excitation energy may appear in response to the excessiy#ed molecular orbita(LUMO) of the totally symmetric ir-
Pauli repulsion introduced by the embedding. This will bereducible representation. The two unpaired electrons are
discussed at length in the last section of this paper. Finally, icoupled to a singlet or triplet spin-wave function with the
is necessary to admit that the response of the rest of thexcitation to the singlet final state corresponding to the
crystal is not included in the present models. Polarizatiordipole-allowed transition. Notice that the energy difference
and long-range effects can be of importance in the descripsetween the singlet and triplet states together with the spin-
tion of charged point defects but should not largely affect theorbit splitting is a key parameter in the interpretation of the
present results. This is supported by results on recent studi@ptical spectra in terms of the theory of Onodera and
of the optical spectra of centers of Mgd'42 Toyozawa® This has been precisely the theoretical frame-

In the case of SiQit is not realistic to embed the cluster work used by O’Brienet al?’ to obtain an indirect experi-
in an array of formak-4 and—2 point charges, although this mental estimate of this exchange energy. In the cluster model
approach has been used in recent work based on the approgipproach this parameter can be obtained directly from the
mateXa method® In this case a good strategy, already usedcalculation of the singlet and triplet state energies corre-
to model bulk and surface Si3°2144~*%¢onsists in saturat- sponding to the excited configuration. In the forthcoming
ing the oxygen broken bond by embedding hydrogen atomdiscussion it will be shown that good agreement between the
(see Ref. 47 and references theyeln principle, one would calculated results and those reported in Ref. 27 exists, thus
use a typical O-H distance of 0.98 A. Nevertheless, the staproviding further support to the theoretical models used in
bility of results with respect to this parameter has been carethis work.
fully checked by computing the electronic transitions at dif- The final states of MgO,, (or MgQOs and Mg30;4),
ferent values of the O-H distance. Two different clustersAlgOg (or AlOg), and SiO,¢H;, (or SiO4H,) cluster models
SiO,H, and SiO¢H;, (or Si0,Si0;.H;, if one wishes to  are *Bg,, *A, and 'B for the singlets andB,,, *A, and
specify the atomic shellshave been used to represent the °B for the triplets, respectively. The final symmetry is only
SiO, bulk crystal. The point group of both Sj@luster mod-  determined by the symmetry of thepZore orbital chosen.
els is also quite lowC,, thus preventing the use of larger For the Mg" and AP* cations without and with external
models. The reliability of these cluster models is supportedMadelung field the ground state is also a closed shell and the
by the excellent results reported by recent studies of the opexcited state is théP arising from the excited @3s’ elec-
tical spectra of SiQ*°~??Results in the forthcoming sections tronic configuration. In the case of SjOa largely covalent
will show that the cluster models described above do alsanaterial, the atomic reference is not clear at all. Neverthe-
provide a meaningful representation of the systems of interless, the electronic state chosen as the initial state of the Si
est and permit us to reach an extensive description of thatom is the!S arising from a »®3s23p? orbital occupancy
core excitons in this system. and the excited state is the'P arising from the

In addition to the cluster models described above, relevar®?p®3s?3p?4st electronic configuration. Another choice con-
calculations have also been carried out for the?Mgnd  cerning St* has also been considered. Following the stan-
Al cations in vacuo and embedded in the Madelung fielddard notation, excitation energies obtained from energy dif-
and for an isolated Si atom. The idea behind the use of thederences calculated at the ROHF level of theory are referred
atomic models is to identify and to separate the atomic, electo as change in self-consistent figliSCPH energie®
trostatic, and covalent contributions to the excitations of in- Electron-correlation effects are explicitly introduced by
terest. Finally, we point out that since all cluster models usedecond-order perturbation theory, hereafter referred to as
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(a)

(©) ¢

FIG. 1. Schematic representation of the clusters used to model MgO;,Adnd SiQ. Dark spheres represent oxygens and light spheres
metals. The embedding point charges are not shown.

PT2, by means of the complete-active-space FORSPT? causing a lowering of the excitation enertyin the present
method developed by Andersson and co-work&rS.This  case, however, one has to realize that possible charge-
method can be applied to single and multideterminantatransfer configurations from the Of2) to LUMO have a
wave functions and reduces to the well-known second-ordevery different energy compared to thé(2p®) to LUMO
Mgller-Plesset perturbation schetheo electron correla- excitation, and hence this configuration mixing is really
tion energy for closed-shell zeroth-order wave functithis. ~ small.

order to apply the CASPT2 method to the ROHF wave func- The molecular orbitals used to construct the many-
tions described above it is convenient to view the groundelectron wave functions for the ground and core-level excited
and excited-state wave functions as complete-active-spacgtates have been expressed as a linear combination of atomic
self-consistent field CASSCH wave functions with two ac- natural orbital(ANO), Gaussian-type functiors> that are

tive electrons in one active orbitéground stateand two  specially designed to accurately describe electron correlation
active electrons in two active orbitalexcited state In all  effects while having a rather compact form. The ANO basis
clusters, the B electrons of the metal atoms plus the@&nd  sets are derived from a large primitive set and contracted
2p electron of oxygen are included in the second-order treatusing a general scheme in which all primitive functions con-
ment of the correlation energy. An important feature of thetribute to each contracted basis function. For all clusters a
CASPT2 method is its ability to take into account the orbitalsimilar approach is followed in which the different shells of
relaxation effects associated with the charge-transfer coratoms are described differently depending on the distance to
figurations that can mix with the excited-state configurationthe central atom. The Mg, Al, and Si basis set used are de-
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TABLE I. Net charge in the different atoms of each cluster shell derived from a Mulliken population
analysis in the groundGS) and excited(ES) states, respectively. The difference in net charge in both
electronic states, Diff. is also given. The different shells correspond to Mg@Og, AlOgAI;O; and
SiO,Si,045H1,, respectively.

Shell of atoms

Mg15014 Mg Os Mg1, Osg

GS 2.11 —-2.20 2.10 —-2.01

ES 1.30 —-2.10 2.12 —-2.00

Diff. 0.81 -0.10 —-0.02 -0.01

AlgOq Al Os Al, Os

GS 2.72 —-2.02 3.06 —-2.02

ES 2.61 —1.84 2.91 —1.99

Diff. 0.11 -0.18 0.15 —0.03

SisO16H12 Si Oy Siy OP) Hio
GS 1.38 —-0.92 2.48 -1.16 0.53
ES 0.46 —-0.61 2.45 -1.14 0.49
Diff. 0.92 -0.31 0.03 —-0.02 0.04

rived from the (1%,12p,5d) set, whereas that of oxygen by a virtual orbital can only be obtained by occupying it with
starts with a (14,9p,4d) primitive set. This basis set for the at least one electron. However, the final orbital is no longer a
central atom is contracted to ¢3p,1d), that of the first virtual orbital and its character may change completely. For
shell of surrounding oxygens to $8p,1d), the next shell of the case of MgO, it has been shotfithat the singly occu-
metal atoms uses a ¢8Bp) set and the next shell of oxygen pied molecular orbital (SOMO), resulting from a
and other atoms a €Xp) set. A () contraction of the HOMO—LUMO excitation in a Mg40,4 cluster, is com-
(7s) primitive set defines the basis set used to describe thgletely delocalized, extending beyond the edges of the clus-
embedding hydrogen atoms. The adequacy of these basis s@&$ model. Moreover, the delocalized character of this SOMO
has been checked by comparing the results obtained witiy found independently of the cluster size and is in full agree-
different contractions of these ANO basis sets on smallepment with the delocalized nature of the conduction band in
cluster models. Moreover, results for these reduced clustenggo. However, a completely different situation arises when
provide useful information about the convergence of theghe LUMO orbital is occupied as a result of a metal
computed excitation energies with respect to cluster @ze  core—LUMO excitation. In this case the electron-hole inter-
Table 1)). All calculations have been carried out using the action is large enough to give rise to an orbital localized in
MOLCAS 4 suite of progrant® implemented in Hewlett Pack- the cluster region. The electron-hole interaction is implicity
ard J282 and J2240 workstations. accounted for in the Hartree-Fo¢and in the more accurate
PT2 cluster model wave function and the result provides
evidence for the formation of a core excitéreven in the
cluster model representation of the material.

For the ground state of the different embedded-cluster Here, we extend the previous analysis to the study of core
models, the analysis of the LUMO shows that this orbital isexcitons on different cluster models representing MgO,
delocalized with important contributions on the cluster edgeAl,03, and SiQ. The main goal of this work is to study the
atoms. This delocalized character of virtual orbitals is inhercharacter of the electronic state resulting fronMg2p®)
ent to the Hartree-Fock approximation, and hence this obser-LUMO excitation and the different physical contributions
vation does not bring any relevant information. In fact, theto the excitation energy. The degree of localization can be
Hartree-Fock virtual orbitals describe a one-electron statgoughly obtained by comparing the expectation value of the
that “feels” the effective field of theN-cluster electrons, and 72 operator acting on the SOMO with the cluster size. More
hence it is too diffuse and too high in energy. This is one ofprecisely the comparison involvég?)* and the cluster size
the key points why periodic Hartree-Fock approximationmeasured as the distance between the central atom and those
leads to too large a band gap. In the Kohn-Sham approach &t the cluster edge. For the largest cluster models used to
DFT, the virtual orbitals do not have this limitation becauserepresent MgO, AlD;, and SiQ these distances are 3.64,
they are solutions in exactly the same potential as the occ8.50, and 5.15 A, respectively. The extent of the SOMO for
pied orbitals’’ This argument explains why contrarily to the MgO, Al,Os, and SiQ is 3.72, 5.29, and 3.98 A. For MgO
Hartree-Fock method, DFT-based band-structure calculeand SiQ, the comparison of the two observables shows that
tions may lead to a good estimate of the optical spectrumthe SOMO is reasonably localized inside the cluster region.
Electronic structure calculations of semiconductors, based oHowever, the(72)Y/2 value for AkOq is perhaps too large to
LDA corrected for self-interaction by means of the GW accept that it represents a state localized within the cluster.
method, provide a well-documented field. A meaningful This limitation arises from too small a cluster model imposed
Hartree-Fock representation of a one-electron state describdéy the lack of symmetry of this system. Nevertheless, the

IV. RESULTS AND DISCUSSION
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TABLE Il. ASCF and PT2 exciton energiés eV) for the three compounds modeled with the clusters
mentioned in the text. Small, medium, and big refers to Md®g,:0,4, and MgqO;, for MgO, whereas
small and medium stand for the Al@and ALOq clusters representing &D;, and SiQH, and SiO;¢Hq»
representations of SO

MgO Al,O4 Sio,
Cluster ASCF PT2 ASCF PT2 ASCF PT2
Small 52.1 50.7 78.7 77.2 108.8 107.0
Medium 55.0 53.9 78.3 77.5 109.5 108.0
Big 54.6 53.8
Experiment 53.4 78.6 106.1

charge distribution, cf. Table I, for the ground and excitedrelation is accounted for through second-order perturbation
states, obtained from a Mulliken population analysis, showsheory.
that the creation of the core hole and the addition of the Results in Table Il show that this is indeed the case: cal-
electron to the SOMO essentially affect the anions closer teaulated and experimental values are in better agreement
the atom where the excitation occurs. The absolute values afhen electronic correlation is included although the im-
the charges in Table | have to be regarded with caution beprovement is modest. The relative agreement between calcu-
cause of the well-known deficiencies of the Mulliken analy-lated and experimental values support the present cluster
sis and because basis sets of different quality are used tnodel approach and show that it is possible to interpret the
describe the cluster atoms depending on their relative disexperimental data and to reach a quantitative description
tance to the atom being excited. Nevertheless, the data ifnom purelyab initio wave functions. The fact that electronic
Table | indicate a strong ionic character of MgO and@, correlation effects are not essential to explain the experimen-
in agreement with previous work&3®and a covalent char- tal observations permit us to understand the excitation from
acter of SiQ, also in agreement with previous findints. an orbital-based model in which the key point is the local-
The important point here is, however, the similarities in theization of the excited orbital. However, it is important to
net charges of the more external shell of atoms in the grouncealize that it is not necessary to assume the existence of a
and excited states. This is another strong indication of dole-particle interaction or the existence of a localized state.
rather local character of the SOMO. Notice, however, thaBoth appear naturally in the cluster wave function of the
the situation in AJO; is slightly different, pointing towards a final state, the cluster model being therefore the only hypoth-
more delocalized excited state, consistent with (h®2  esis.
value for the SOMO. On the other hand, the error on the excitation energy for
Having established that the cluster models used in thiSiO, does also reflect the limitations of the embedding used.
work are capable of predicting the existence of excitonicln fact, one must be aware that the O-H distance of the
states arising from a coreLUMO excitation the next step embedding hydrogen atoms constitutes an external parameter
concerns the analysis of the excitation energies and its vargnd, in principle, it is possible to monitor the excitonic en-
ous physical contributions. The first point of the analysisergy by changing this O-H distance. Table Il reports the
concerns the results obtained from the single-determinargffect of this geometrical parameter on the Hartree-Fock en-
Hartree-Fock orASCF description on the different cluster ergy of the ground state and the PT2 excitation energy.
model representations of each material. From the summaryhese results clearly show that by choosing a particular O-H
of results presented in Table Il, one can readily see that the
performance of theASCF description is surprisingly good TABLE llI. Variation of the ground-state Hartree-Fock total
except for the case of the smallest MgO cluster model. Heresnergy,E,;, and the PT2 excitation energi.,., with respect to
it is worth pointing out thatASCF usually provides a very the O-H distance chosen for the embedding hydrogen atoms in the
accurate description of core-level ionization energies in moltwo cluster model representations of $i®0.98(0-H) and 1.6 Si-O
ecules and cluster model representations of severatand for the typical O-H distance in several chemical compounds
materials*® Before turning our attention to the role of elec- and to the equilibrium distance between Si and O in bulk,SiO
tron correlation it is important to analyze the influence of therespectively.
cluster model size. For MgO, theSCF values are converged

with respect to this variable within a 0.4-eV interval. For the 4 SIOH, SiOsSii012H1,
other two materials we already commented that the lowefz Ey (a.) Epc(@V) En(au) E.(€V)
symmetry of these systems precludes the use of very large

cluster models, although results in Table Il show that furthei0.8 —590.8822 108.1

extension of the models will only produce a modest chang®.9 —590.9942 107.7 —2650.2159 108.1
in the calculated excitation energy. TARSCF method usu- 0.98(0-H) —590.9970 107.0 —2650.2327 108.0
ally overestimates excitation energies because the Hartree-1 —590.9942 106.5 —2650.0093 107.6
Fock description of the excited states is always less accurate? —590.8140 105.2 —2649.6980 107.2

than that for the electronic ground state. Therefore, bettef 6 (Si-0) —590.3712 101.8
agreement with experiment is expected when electronic cok
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TABLE IV. Excitation energieqin eV) from atomic calculations in vacuum, vac, and in a Madelung

field, Mad.
MgO AlLO, Sio,
Mg?" (vac) Mg?* (Mad) AlI®T (vag Al (Mad) Si(vag
ASCF 53.7 51.6 78.1 77.4 108.7
PT2 53.9 51.7 78.2 77.5 108.1

distance it is possible to obtain better agreement with experials. A careful analysis of the different physical effects con-
ment. However, this is not the choice of the present workgributing to the core-level shift enabled these authors to show
which takes the O-H distance leading to the minimum totalthat one cannot justify the shift in terms of a single physical
energy. Hence, results in Table Il are only aimed to providemechanism like the ligand to metal charge transfer.
a rough estimate of the influence of this parameter on the The results commented upon so far involve the allowed
calculated excitation energies. singlet-singlet transition only. However, from a computa-
It has been suggested by various autfof$that the ex-  tional point of view it is very simple to obtain the excitation
citation energies can be well approached by a model consisenergy to the triplet state and from this the exchange energy
ing of a single atom. The reliability of the atomic model hasparameter involved in the theory of Onodera and
been investigated by separate calculations on single catioryozawa?® First of all, we comment on the PT2 results for
in different environments. In Table IV we repakSCF and the atomic calculations and compare with available experi-
PT2 calculations for the ®— 2p°®3s? excitation of Mg"  mental data. The PT2 singlet-triplet splitting arising from the
and AP* cations in vacuo and surrounded by a proper Made2p®— 3s! transition in Mg ", AI**, and St' is 0.56, 0.71,
lung field and for the p®3s23p?—2p°3s?3p?4st excita- and 0.94 eV, respectively, in quite close agreement with the
tion of an isolated Si atom. Results in Table IV show that theexperimental values of 0.61, 0.80, and 0.99 eV. For the clus-
order of magnitude of the excitation energy is already proter model representations of MgO and §iGhe PT2 values
vided by the atomic calculation, in agreement with the theoare 0.20 and 0.14 eV. These values have to be compared
retical model of Onodera and ToyozaffaThis fact strongly ~ with 0.25—0.5 for MgO and 0.18 eV for Si@s reported by
suggests that the nature of the exciton observed in MgO an@'Brien et al?’ from experimental data and using the theory
Al, O, is atomic in character. However, this simple descrip-of Onodera and Toyozaw.The agreement between cluster
tion ignores important solid-state effects pointed out bymodel calculations and experimental results show that these
O'Brien et al?’ In both ionic materials MgO and ADs, the  finite representations of the extended systems are able to pre-
electrostatic field of the rest of the lattice decreases the exdict the solid-state effects on this important spectroscopic
citation energy in a non-negligible way. When the ions sur-parameter. As it could be anticipated from the discussion
rounding the cation being excited are explicitly included, theabove, the result concerning /&8; merits a separate discus-
excitation energy increases again due to the Pauli repulsiosion. The calculated singlet-triplet splitting is much smaller
of the neighboring ions. Finally, electronic correlation effectsthan the atomic value, indicating that the cluster model ef-
in the solid, mainly due to the anions, are more importantectively reproduces the solid-state effects. However, the
than those in the atoms and the excitation energy lowermore delocalized character of the SOMO results in too small
again. The result of this delicate balance with Madelung fielda value,<0.1 eV, depending on the cluster model, the em-
and electronic correlation lowering the excitation energy andedding scheme, and the basis set.
the Pauli repulsion raising it is that the values obtained in the The above discussion strongly suggests that the use of
atomic calculations are very close to those obtained with theluster models embedded in point charges or atomic hydro-
largest cluster models. This description contrasts with thafjen atoms provide a reasonable picture of these solids. A
obtained for SiQ, where the opposite effects described point that deserves further discussion is the influence of em-
above are less important because of the absence of a Madeedding on the physics arising from these models and on the
lung field and of the strong covalent character of the Si-COcalculated transition energies. For MgO, we considered a
bonds. However, the trend is the same as for MgO andnore sophisticated embedding. The new model;JDgp,
Al,O3, the excitation energy increases going from the atontonsists of a cube of two times the lattice parameter, i.e.,
to the cluster and decreases when electronic correlation e#%28 A, and involves up to 125 quantum-mechanically
fects are accounted for. The results discussed above for 8eated ions, further extended with a proper array of point
correspond to a neutral atom, and one may suggest that thecharges. In this larger cluster, the M@;, unit is treated as
is a substantial net charge on Si in $i0n the limit of a  before, whereas the next shells of ions are represented by
Si** cation one has a®—2p°3s! excitation; theASCF  potentials, TIP’s for M§" (Ref. 39 and aiMP’s for G~
calculated value for this transition is 105.7 eV, not very far(Ref. 58. The spatial extent of the SOMO estimated from
away from the value obtained for the p2s?3p?  the calculated value dff )2 at the ROHF level of theory is
—2p°3s?3p?4s? of the neutral Si atom, which is 108.7 eV. 3.06 A, considerably shorter than 3.72 A, the value obtained
This result shows that it is not appropriate to obtain a meawith the Mg;;0;, cluster embedded in point charges. Notice
sure of the ionic character by looking at the atomic excitatiorthat the resulting SOMO is well inside the cube of 7.28-A
energies only. This is in the line of previous investigationsside. However, th\SCF and PT2 values for the excitation
by Baguset al® for the core-level shifts of several materi- energy are 56.6 and 56.1 eV, respectively. These values are
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significantly larger than those obtained with the M@,  Mit us to understand the appearance of excitonic features in
embedded in the point charges. The increase in the excitatidhe energy gap of these materials. Theoretical values ob-
energy results from too strong an orthogonality imposed betained from computations carried out at different levels of
tween the quantum MgOy, cluster and the remaining ions theory permit us not only to reach a quantitative agreement
represented by TIP’s and aiMP’s. Moreover, the localizationwvith experiment but also to understand the role of different
of the SOMO is not predicted without constraints; the physical effects. The most important contribution is atomic
SOMO must be localized because of this orthogonality. AN nature; a meaningful zero-order approximation is that in
more realistic representation of the solid is obtained by addMgO and ALO; the exciton can be assigned toVa(2p°)
ing basis functions to the TIP’s representing the 30 nearest>M(2p°3s')-like excitation. However, the open-shell or-
Mg?* cations. This relaxes the strong orthogonality con-bital in the final state cannot be described assaaBmic
straints and, in addition, permits the SOMO to further delo-orbital because it has important contributions from the ions
calize by using these basis functions. However, the ROHFnear the atomic site where the excitation occurs. Neverthe-
calculated value off 2)*?is 3.49 A, slightly shorter than the less, the final state for MgO appears to be localized in space
value computed from the MgO,, cluster surrounded by Without anya priori assumption; the localization follows
point charge$PC’s) and well inside the cube of 7.28 A. This from the hole-particle interaction implicitly included in the
is a further strong confirmation of the localized nature of thisfinal-state wave function. However, a significantly larger
one-electron state. Moreover, tASCF and PT2 values for cluster model is required to obtain a completely localized
the singlet-allowed transition energy are 56.1 and 55.3 eVfinal state in AJO;. The Madelung field reduces the excita-
respectively. The PT2 value is still 0.9 eV higher than thetion energy with respect to the atomic value; the effect of
experimental value, whereas the value obtained from th&eighboring atoms, mainly Pauli repulsion, acts in the oppo-
model with the PC’s is only in error by 0.4 eV. The presentsite way; and, finally, electronic correlation effects decrease
results show how difficult is to devise a proper embeddingt again. The result of this balance is that the values obtained
scheme free of artifacts. On the other hand, cluster modelom the calculation on the free atom are close to those com-
embedded in PC’s perform extraordinarily well even forputed for the largest cluster models. For $tle situation is
such complex excited states. very similar but the exciton cannot be understood as arising
We close the discussion by pointing out that the presentrom a M (2p®)—M(2p°3s?) in a fully oxidized Si cation.
assignment of the electronic excitation leading to the appearFhis assignment is in agreement with the covalent nature of
ance of the exciton in SiQis different from that suggested this oxide and is at variance witka calculations that claim
by the authors of the original experimental investigation good agreement with experiment on the basis of a fully ionic
and also by a previous theoretical wéfkBoth studies as- description of Si@.** Finally, it is worth pointing out that
sume that the exciton also originates from p®2:2p°3s!  the decrease in the singlet-triplet energy in going from the
excitation on a Si" cation in a fully ionic system Si@ in  atom to the solid observed by O'Briet al”’ is reproduced
clear contradiction with the chemical nature of this oxide.by the present cluster models, adding further support to the
The systematic theoretical analyses presented in this secti@flequacy of the present theoretical approach.
show that it is not necessary to assume a full oxidized Si In summary, theab initio cluster model approach permits
atom to quantitatively predict the existence of an exciton inus to reach a quantitative understanding of the excitonic fea-
SiO.. In addition, the origin of the exciton in Sids attrib-  tures on these materials, allows us to confirm previous as-
uted to a H®—2p°(SOMO)! excitation involving an Si  signments for MgO and AD;, and gives us suggestions to
atom that is not fully oxidized rather than %2-2p°3s!  reinterpret the assignment concerning Sidhe present
excitation in a Si* cation. On the other hand, the presentstudy adds further support to the cluster model approach as a
work adds further support to the ionic description of MgO useful tool for the study of these complex excited states in
and ALO; and to the assignment of the excitonic features tdonic solids.
a M(2p®) —M(2p°3st)-like excitation in agreement with
the proposal of O'Brienet al?’ However, in spite of the ACKNOWLEDGMENTS
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