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Spectroscopy of low-coordinated surface sites: Theoretical study of MgO
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We demonstrate a dramatic dependence on the oxygen coordination of the calculated optical absorption and
luminescence energies of low-coordinated sites at the surfaces and in nanoclusters of MgO. The calculations
for (MgO)256 cubic nanoclusters were performed using an embedded molecular cluster model and both semi-
empirical andab initio Hartree-Fock methods. The optical-absorption energies were calculated using the
configuration interaction technique for single~CIS! and double electronic excitations. The luminescence ener-
gies were calculated using the CIS method. The low-coordinated sites included corners, kinks, step and cluster
edges, and corner vacancy defects. We have also studied the zigzag steps and monatomic steps at infinite
surfaces using a periodic density-functional theory method and a plane-wave basis set. For both the nanoclus-
ters and infinite surfaces, the results show a consistent significant reduction of the exciton excitation energies
and of the luminescence energies of relaxed excitons as the oxygen coordination decreases. We also demon-
strate the possibility of exciton transfer from the sites with higher coordination to those with lower coordina-
tion and finally to the localization centers. Selective optical excitation of low-coordinated surface sites could be
used to study molecular adsorption at surface sites, photocatalytic surface processes and desorption induced by
electronic transitions.@S0163-1829~99!07203-3#
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I. INTRODUCTION

Atomic coordination has long been recognized as one
the most important factors in determining the chemical a
spectroscopic properties of surface sites. Although the ef
is general, its mechanism depends on the character of ch
cal bonding. In this paper, we focus on the spectrosco
properties of low-coordinated sites in ionic oxides, such
MgO. The reduced ion coordination in these crystals lead
significant changes in the crystalline potential,1 which have
been correlated with the chemical~see, for example, recen
discussion2! and spectroscopic1,3 properties of the low-
coordinated surface sites. Experimentally, several spec
scopic features have been attributed to the presence of t
sites. In particular, the high-resolution electron energy l
spectra of MgO have demonstrated that the exciton abs
tion peak shifts from 7.7 eV in the bulk4 to 6.15 eV at the
~001! surface plane.5 The ultraviolet diffuse reflectance spe
tra of microcrystalline MgO have demonstrated the ad
tional bands at 5.7 and 4.6 eV, which have been attribute
the low-coordinated sites, such as steps, kinks,
corners.3,6 Coluccia and co-workers7–10 have studied the
photoluminescence of powdered MgO excited in these ba
and have observed broad luminescence spectra. Both th
citation and emission spectra demonstrate a strong de
dence on the powder preparation and treatment with diffe
gases.8,9 They were attributed to the excitation and lumine
cence of excitons at different low-coordinated sites at po
der surfaces. Very similar features have been observed in
PRB 590163-1829/99/59~3!/2417~14!/$15.00
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excitation and emission spectra of the other cubic oxi
CaO, SrO, and BaO.6–10 An alternative model of photolumi-
nescence from powdered MgO and CaO suggested
Duley11 involves the F1 surface centers in addition to th
low-coordinated oxygen sites.

The proposed interpretation of these experimental d
implies a dramatic dependence of the spectroscopic pro
ties of oxide surfaces on the ion coordination. In particul
the exciton excitation energy is thought to be reduced fr
7.7 eV in the bulk to about 4.6 eV at the three-coordina
sites. The luminescence lifetimes estimated in Ref. 7
about several microseconds or longer. These relatively l
lifetimes could be due to transitions from a localized trip
excited state as, for example, the triplet luminescence of
self-trapped excitons in alkali halides.12 Coluccia and
co-workers7,8 proposed a model of the exciton at the surfa
of cubic oxides according to which the optical excitation
accompanied by an electron transfer within a pair of O a
Mg ions. In the completely ionic model this corresponds
the process: Mg212O221hn⇒Mg12O2. If this model is
correct, the long luminescence lifetime could also be due
the electron tunneling within a pair of the low-coordinat
O2 and Mg1 ions. Thus, the nature of the luminescence st
is still unclear.

Further experimental verification of these models is pr
ently very difficult. Their theoretical understanding requir
detailed analysis of the nature of the excited states. Using
values of the Madelung potential at different surface si
and other considerations Garrone, Zecchina, and Stone3 have
2417 ©1999 The American Physical Society
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2418 PRB 59SHLUGER, SUSHKO, AND KANTOROVICH
attributed the experimentally observed features in the ul
violet diffuse reflectance spectra of MgO microcrystals
6.6, 5.75, and 4.62 eV to the five-, four-, and thre
coordinated surface sites, respectively. The calculated13 po-
larizabilities of oxygen ions at low-coordinated surface si
of MgO increase as the coordination decreases, which i
cates the decrease of optical excitation energies. Pan
Zuo, and Kunz14 and Bagus, Illas, and Sousa15 studied the
lowest excited states in the bulk of MgO. The embedd
cluster calculations by Pandey, Zuo, and Kunz14 suggest
complete exciton localization on the oxygen ion. The mo
conventional cluster calculations by Bagus, Illas, a
Sousa15 demonstrated an opposite behavior of the exci
electron: it is completely delocalized over the entire clus
However, quantum mechanical calculations for excited sta
at surfaces with different low-coordinated sites, except
the plane~001! MgO surface,16 are missing.

Further studies of surface spectroscopic properties are
portant for the understanding of different modes of exci
localization in the bulk and at surfaces of oxides, and of
energy transfer from excitation sites to luminescent cent
The latter is relevant to the mechanisms of desorption
duced by electronic transitions~DIET! and to other photoin-
duced surface reactions. The demonstrated sensitivity of
spectroscopic surface properties to adsorption of gas8,9

could be used to study site selectively molecular adsorp
and chemical reactions at surfaces. Therefore, the aim
this study are:~i! to verify whether the reflectance spect
and photoluminescence data obtained on microcrysta
and powdered samples of MgO could be understood on
basis of excitation and luminescence at different lo
coordinated surface sites; and~ii ! to study the nature and
degree of localization of different excited states at the M
surfaces.

The low-coordinated sites which are possibly contribut
to the spectra are not well defined. Therefore to have a c
vincing set of data we used several surface models. Acc
ing to the electron micrographs8,17 of the powders used in th
photoluminescence experiments, one can view them a
assembly of microclusters of different shapes and sizes. M
of them are cubic, but they become more rough at edges
corners after additional treatments.8 Powders of clusters a
small as several nanometers across can be now prod
using molecular beam sources.18,19 Therefore, one can rea
sonably consider the problem of optical properties of po
ders as that of interacting nanoclusters. Since very little
known about the optical properties of nanoclusters of oxid
this consideration adds another dimension to this study
this paper, we considered cubic clusters more than 1
across with ideal shape and also clusters with steps and k
on their grains. In order to have convenient notations thro
the paper we will denote these finite clusters as ‘‘nanoc
ters.’’ To study similar effects at low-coordinated sites
infinite surfaces, we used a periodic surface model of st
and kinks.

Calculation of excited states in crystals is still not an ea
task. One of the main problems concerns the relation
tween the degree of localization of the excited state and
size of the system treated quantum mechanically. For s
complex low-symmetry systems as considered in this pa
one is always looking for a compromise between the ac
-
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racy of the technique and the size of the system studied.
approach was to first make a pilot study for the simpl
archetypal sites in cubic nanoclusters using an embed
cluster model and anab initio Hartree-Fock method togethe
with the configuration interaction techniques including sing
and double excitations for calculation of the excited stat
The idea was to see whether we will obtain the right te
dency in excitation energies as a function of oxygen coo
nation using the simplest models and the most accurate t
niques available to us, and to use these results a
benchmark for further calculations. Then we applied a se
empirical Hartree-Fock method in order to study more co
plex surface sites that require larger number of quant
ions, and to calculate the relaxed excited states and the
minescence energies. However, both these series of cal
tions used cluster models and localized basis sets and c
not give definite answers with regard to the nature and
gree of localization of the excited states. To address th
issues further we used a periodic model and a computati
technique based on a density-functional theory~DFT! and a
plane-wave basis set. As we will see below, each of th
techniques has its drawbacks but in combination they p
vide a reliable model for the spectroscopy of the lo
coordinated surface sites. The methods of calculations
discussed in Sec. II, the results are presented in Sec. III,
the conclusions are discussed in Sec. IV.

II. METHODS OF CALCULATION

A. Cluster methods

The nanoclusters considered in this study consist of s
eral hundred ions, therefore, the most effective way to c
culate the geometric and electronic structures of differ
surface sites is to embed a quantum cluster at a plac
interest. In order to do that we divide our system into in
vidual ions, which is a good approximation for highly ion
materials such as MgO. This allows us to use the p
interionic potentials to calculate the nanocluster geome
with good accuracy. This is done using the atomistic sim
lation technique implemented in the General Utility Latti
Program~GULP! code.20 More importantly, in this approxi-
mation we can substitute a number of ions in the nanoclu
by a quantum cluster and combine a quantum-mechan
treatment of the quantum cluster with the classical treatm
of the rest of the nanocluster to describe the whole syst
For ab initio Hartree-Fock calculations we employed th
GAUSSIAN94code21 where this is achieved by adding the m
trix elements from point charges to the Fock matrix of t
quantum cluster. A more sophisticated treatment that allo
one to account for polarization of the nanocluster due
electronic excitation or other defect localized in the quant
cluster, is realized in the semiempiricalCLUSTER95code.22,23

The detailed discussion of the technique in conjunction w
the calculations of point defects in the bulk of ionic crysta
was given in Ref. 22. Therefore, we will focus mainly on i
peculiarities with respect to the nanocluster calculations
on technical details that are necessary for understandin
the results of this paper.
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Ab initio cluster method

We used theGAUSSIAN94 code21 to calculate the optica
excitation energies, the singlet-triplet splitting, and to che
the importance of electron correlation in the optical exci
tion energies for basic low-coordinated sites in the nanoc
ters. A quantum cluster was embedded in a nanocluste
nonpolarizable ions. The initial geometry of the whole nan
cluster was calculated by theGULP code using pair potential
and then fixed. The Buckingham-type pair potentials use
this study are described in Refs. 24 and 25. In order to p
vent an artificial delocalization of the defuse electron
states, the nearest and the next-nearest cations surrou
the quantum clusters carried the pseudopotentials of W
and Hay.26 The interaction with all other point ions in th
nanocluster was calculated using the standard procedu27

incorporated inGAUSSIAN94. Both diagonal and nondiagona
matrix elements of the Coublomb potential of these ions
included in the Fock matrix.

Technical details of theab initio calculations are as fol
lows. All electrons of the quantum cluster were included
the calculations. For comparison, we used two different b
sets:~i! the standard 63111G basis set for both Mg and O
ions ~set A!; and ~ii ! the basis sets that were developed
the O and Mg ions by Bagus and co-workers,28,29 and latter
was employed in the calculations of the excited state of
MgO clusters15 ~set B!. The second basis set is much mo
contracted than the first one, which is advantageous in te
of computational time. It was optimized for the free O2 ion
that might be beneficial for the calculations of the excit
states. Natural population analysis30 was used throughout a
GAUSSIAN94 calculations.

The excitation energies were calculated using two te
niques:~i! the configuration interaction technique for sing
electron excitations31 ~CIS!, and~ii ! as a difference betwee
the total energies of the singlet and the triplet states of
system calculated using the configuration interaction te
nique that accounts for single- and double-excited elec
configurations32 ~CISD!. The latter method allows us to tak
into account part of the electron correlation in both grou
and excited states. The CASSCF~complete active space sel
consistent field! method that can provide a better treatme
of both ground and excited states was not used since it
peared to be computationally too demanding. Therefore, o
the singlet-triplet transitions were calculated using the CI
method.

Semiempirical embedded cluster method

Calculation of the embedding potential. In theCLUSTER95

code, the electronic structure of the quantum cluster is
culated using the unrestricted Hartree-Fock~UHF! method
within the approximation of intermediate neglect of differe
tial overlap33,34 ~INDO!. In this approximation some of th
elements of the Fock matrix are calculated using semiem
ical parameters. The set of parameters used in this study
optimized in order to reproduce the characteristics of
MgO perfect crystal as well as an extensive set of ot
oxides and small molecules, as described in Ref. 34.

The nanoclusters considered in this study have differ
shapes, sizes, and defects. Some of them are simply c
clusters, others have steps, kinks, and vacancies inclu
~see, for example, Fig. 1!. The main differences of the em
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bedded cluster model employed in theCLUSTER95code with
respect to a commonly used method of embedding into
potential of an array of point charges discussed above are
following: ~i! The interactions between the ions outside t
quantum-mechanical cluster are treated using the interio
potentials, and their polarizability is accounted for using t
shell model.35 ~Note that cores and shells in this model a
just point charges with the total charge equal to the io
charge.! ~ii ! The system total energy is minimized with re
spect to the positions of the quantum ions and those of
cores and shells comprising the classical ions. This appro
allows us to study the geometric structures of the nanoc
ters as a function of their size, shape, and presence of
structural defects, and to calculate the additional polariza
of the nanocluster by the exciton.~iii ! The electronic and
geometric structures of the quantum cluster are calcula
self-consistently with the embedding potential due to the
maining ions in the nanocluster using the procedure
scribed in Ref. 22.

The embedding potential includes the short-range con
bution and the long-range~electrostatic! contributions due to
the~polarized! ions. The ions outside the quantum cluster a
polarized by the additional electric field due to the change
the charge-density distributionDr inside the quantum cluste
produced, in our case, by the electron excitation.Dr is cal-
culated with respect to the initial charge distribution with
the entire nanocluster before the electron excitation using
Löwdin population analysis to calculate the effecti
charges. These calculations demonstrated that the effe
charges on the ions in the interior of the nanoclusters
from the surface are close to those in the bulk of a crystal
MgO and decrease systematically as the coordination
creases. Similar behavior of the ionic charges has been
served in Ref. 2. This provides a reference charge distr
tion for each particular nanocluster.

Calculations for each new nanocluster start from the to
geometry optimization using pair potentials and theGULP

code.20 The same program is used to optimize the positio
of cores and shells outside the quantum cluster in respons
the changes in the charge distribution inside the quan
cluster. Compatibility of the quantum-mechanical and clas
cal descriptions is achieved at the stage of their parametr
tion: both techniques give the same lattice constants for
bulk crystal and the same geometric parameters for the fi
clusters. Comparison of the bond lengths and angles for
eral clusters calculated using theGULP, the INDO method,
and theGAUSSIAN94 code with different basis sets has dem
onstrated agreement within 1–2%.

The total energy of the whole system including the qua
tum cluster embedded in the nanocluster is minimized w
respect to the linear combination of atomic orbitals coe
cients, positions of the nuclei inside the quantum cluster
of the cores and shells of the rest of the nanocluster.
calculations of the polarization and of the electronic struct
and the geometry of the quantum cluster embedded in
electrostatic potential of the polarized nanocluster are car
out iteratively until the total energy of the whole syste
changes between iterations by less than 0.001 eV.

On the programming level, the computations are or
nized using an interface between the quantum-mechan
and the classical~GULP! codes. This proved to be a ver
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2420 PRB 59SHLUGER, SUSHKO, AND KANTOROVICH
flexible procedure that allows us to introduce only slig
modifications to the Hartree-Fock and theGULP codes due to
their combined use.

Calculation of the excitation and luminescence energ.
Although the configuration interaction method includin
single-electron excitations~CIS! can provide reasonable ac
curacy of excitation energies, this is not the most straight
ward technique for calculating relaxed excited states and
minescence energies. In fact the simplest way to find
lowest relaxed excited state in wide gap insulators is
self-consistent calculation of the triplet state. However,
single determinant of the UHF method is not always a go
approximation for the wave function of the excited sta
Another drawback associated with this approach is tha
involves comparison of the results of two different tec
niques: the restricted and unrestricted Hartree-Fock meth
used for calculations for the ground and excited state, res
tively. Therefore, we used the CIS method to calculate b
the excitation and luminescence energies.

The CLUSTER95code allows us to calculate only single
singlet transitions using the CIS method. These calculatio
though, cannot be performed self-consistently with the po
ization of the rest of the nanocluster. We believe that neg
of electronic polarization in the excited state does not aff
significantly the calculatedexcitationenergies correspondin
to the vertical transitions. However, ionic displacements a
their electronic polarization can be much more importan
the calculations of the relaxed excited states, which
needed to obtain theluminescenceenergies. Therefore, to
calculate the singlet-singlet luminescence energies we
ployed the following approximate method.

The idea of this method relies on the observation that
electron densities of the quantum cluster after the singlet
triplet excitations obtained using CIS in ourab initio calcu-
lations are very similar. This implies similar polarization
the rest of the nanocluster. We use this feature in the follo
ing way.

~i! First, we calculate the triplet-excited state of the qua
tum cluster using the UHF method self-consistently inclu
ing the polarization of the nanocluster. The positions of io
in the quantum clusterR are optimized to achieve the min
mum of the total energy. As was mentioned above, since
polarization effects are expected to be similar, we can fix
calculated positions of the cores of the rest of the nanoclu
Rc throughout the next series of the calculations.~ii ! Using
the positionsR of the atoms in the quantum cluster, th
ground singlet state is calculated keeping the coresRc fixed.
The shells were allowed to relax.~iii ! Using the CIS method
we calculate the spectrum of the one-electron excitati
from this ground state with fixedR, Rc , and shells. To cal-
culate the luminescence associated with a particular sing
excited state, one has to identify this state in the spectr
This is done by picking up the statee with the biggest
transition-matrix element and with the orientation of t
transition-dipole moment corresponding to the charge tra
fer in the original triplet state.~iv! The positions of atoms in
the quantum cluster are varied and the adiabatic pote
energy surfacesEgs(R) andEexc(R)5Egs(R)1DEexc

e (R) for
the singlet-ground and excited states, respectively, are ca
lated using the excitation energiesDEexc

e (R). When the
minimum ofEexc(R) is found, it is associated with the initia
t
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state for the luminescence, and the luminescence energ
estimated asEexc(R)2Egs(R).

Throughout all these calculations we keep the positions
the coresRc fixed as obtained in the initial triplet state. T
adjust the polarization, we recalculate the triplet state for
optimized configuration of ions in the quantum clusterR and
repeat the whole cycle~i!–~iv! again until both the lumines
cence energy and the atomic positions are consistent.

This method allows us to obtain simultaneously, a
within the same approximation, the adiabatic potentials
the singlet-ground and excited states. In the excited state
full polarization of the nanocluster is accounted for, and
the ground state the electronic part is adjusted to the n
electron configuration. Therefore, the energy difference w
the ground state calculated at the minimum of the exci
state energy surface corresponds to the Franck-Condon l
nescence energy.

B. Density-functional method

In the cluster methods discussed above, the degree o
calization of the excited state and its symmetry can be
posed by a small size and a particular symmetry of the qu
tum cluster, and by the localized basis sets employed in
calculations. To relax both of these conditions, one can m
calculations using periodic boundary conditions and
plane-wave basis sets. There remain restrictions impose
the size and a symmetry of a particular unit cell and by
calculation technique. Nevertheless, comparison of the
sults of the periodic and cluster calculations using differ
basis sets and methods can provide deeper insight into
problem.

In this paper, the periodic DFT calculations were ma
using the Car-Parrinello technique,36 in which the total en-
ergy of the system is minimized with respect to the plan
wave coefficients of the occupied orbitals. Two realizatio
of this technique were employed, which are implemented
two different computer codes. In the first of them, theCETEP

code,37 the normconserving pseudopotentials in t
Kleinman-Bylander form38 are implemented. The pseudop
tentials for Mg and O ions and the plane-wave cutoff of 8
eV used in this study are identical to those used in the rec
studies of the oxygen adsorption at the MgO surface.39,40The
conjugate gradient technique41 was used to perform both th
electronic and ionic relaxations. The details of the compu
tional strategy underlying theCETEPcode has been publishe
elsewhere.37 To compare the results, we performed the sa
calculations using also theVASP code42,43 where ‘‘soft’’
Vanderbilt pseudopotentials44,45 are implemented. The elec
tronic relaxation in ourVASP calculations is performed usin
iterative methods, while the conjugate gradient method
employed to perform the ionic relaxation. However, the m
difference between the both codes is in the pseudopotent
in the VASP code the normconservation condition for th
pseudopotentials is relaxed thereby reducing the cutoff do
to about 400 eV. This speeds up the calculation by a facto
3–5 in spite of a more complicated computational schem

Calculations by both methods are based on the gene
ized gradient approximation functional of Perdew a
Wang46,47 known as GGA-II and are designed for gene
spin-polarized systems. They were performed for a perio
slab geometry. In this model, a unit cell is repeated in t
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dimensions creating an infinite slab simulating the~001! sur-
face. The slabs are repeated in thez direction~normal to the
surface! forming a stack of layers separated by a vacu
layer. Our choices of the slab thickness and vacuum w
are discussed below. The question ofk-point sampling for
calculations of the~001! MgO surface has been discussed
recent publication.39 Two k-points in the surface Brillouin
zone were used in most of our surface calculations, and
k points for symmetric unit cells. All the calculations we
performed at the Edinburgh Parallel Computer Center
Cray T3D/T3E parallel supercomputers.

It is well known that the DFT method is designed only f
calculating the lowest states of any multiplicity,48 therefore,
we can only study the singlet-triplet transitions. At this poi
we note that the singlet state of the MgO molecule calcula
using theCETEP code has the equilibrium distance 1.743
and is 0.36 eV lower than the triplet state, in good agreem
with experiment.49 The excitation~singlet-triplet! and lumi-
nescence~triplet-singlet! energies were calculated in the fo
lowing way. First, we find the ground singlet state of t
system in question with all atoms in the slab allowed to re
to mechanical equilibrium. Then, keeping all the atoms in
positions obtained for the ground state, the triplet state
calculated. The energy difference between the fully rela
electronic configuration in the triplet state and the grou
state corresponds to the Franck-Condon singlet-triplet e
tation energy. To calculate the luminescence energy, we
relax the slab atoms in the triplet state; only atoms of
bottom layer are kept fixed. This gives us the fully relax
triplet excited state of the system. Finally, for this atom
configuration a singlet state is calculated. The correspond
energy difference is associated with the luminescence en
of the vertical triplet-singlet transition.

III. RESULTS OF CALCULATIONS

The low-coordinated surface sites considered in this st
are shown in Figs. 1 and 4. Based on the significant chan
in the excitation spectra of photoluminescence due to
additional treatment of MgO powders by water and so
gases, Coluccia and co-workers speculated that cation
anion vacancies at the corner sites could be importan7,8

Therefore, they were also included in the calculations.
though it is clear that the variety of possible excitation si
is more diverse, the types shown in Figs. 1 and 4 seem t
already fairly representative. Different sites have differe
cross sections for photon absorption and contribute to dif
ent parts of the spectra. In particular, the number of c
corners is smaller than those of steps and kinks. Howeve
this paper we are mainly concerned with the site depende
of the excitation and luminescence energies.

An important issue is how to compare the results obtai
using several different techniques. The geometric parame
of the systems calculated using the atomistic simulation te
nique, the two embedded cluster methods and the DFT t
niques are very similar. We have compared the results for
Mg4O4 clusters, and for step relaxation at the Mg
surface39,50 and the agreement of the bondlengths and an
is within 2%. Comparison of the absolute values of exci
tion and luminescence energies is less straightforward du
the differences in the techniques, which are difficult to co
th
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trol, such as the electron correlation accounted for by IND
parameters and by a particular DFT functional. The m
accurate values for the excitation energies are expected
the CISD method. As we will see below, the energies giv
by other methods do not differ dramatically from the CIS
results, however the most meaningful comparison is betw
the relative energies for different surface sites.

Finally, prior to discussing the results of calculations f
the excited states, let us summarize the geometric struc
of the nanoclusters and of the steps and kinks at the M
surface. There is no need for longer discussion since rele
data have already been published in several papers, inclu
the calculations performed with the same methods as
ployed in this study.39,50,51The general trend in relaxation o
steps, edges, corners, and kinks of ionic crystals is w
known: it tends to smooth out the discontinuity. The inwa
displacements of border ions are quite substantial
amount to about 6–8 % of the bulk lattice constant in m
of the calculations. These displacements calculated for
step and the step corner and the~001! MgO surface using the
DFT method are given in Ref. 39. The additional featu
characteristic for nanoclusters is the distribution of interio
distances as a function of the ions position with respect to
cluster borders. The cluster shape is rounded with respe
the ideal rectangular form. The interionic distances
smallest at the corners and largest in the ‘‘bulk’’ of a clust
Very accurate numerical values are difficult to obtain b
cause the only source of data for large clusters are the
culations using interatomic potentials. These calculations
not take into account the changes in the electronic struc
of ions as a function of their coordination. However, a qua
tative trend can be seen from the results of ourGULP calcu-
lations using the pair potentials given in Ref. 24. For t
cubic clusters of 64, 216, and 512 ions, the interionic se

FIG. 1. Schematic of quantum clusters embedded into a 63636
256-ion nanocluster used inab initio Hartree-Fock and beyond
Hartree-Fock calculations of excitation energies of low-coordina
sites. Open circles are oxygen ions and black circles are magne
ions.
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TABLE I. The excitation energies for different sites in the cubic (MgO)108 nanocluster calculated usin
the CIS and CISD techniques, and two different basis sets~eV!.

Lowest oxygen
coordination Position

Number
of atoms
~Fig. 1!

Basis
set

CISa CISD

S→T S→S Db S→T (S→S)c

6 Bulk 8 ~a! A 8.9 8.9 0.0 7.5 7.5
B 11.3 12.3 1.0 10.7

5 Terrace 8~c! A 7.1 7.8 0.7 6.4 7.1
B 7.9 8.7 0.8 7.1

10 ~d! A 7.2 7.9 0.7
4 Edge 8~e! A 6.1 6.8 0.7 5.0 5.7

B 7.3 7.9 0.6
12 ~f! A 6.1 6.9 0.8
6 ~h! A 5.6 6.1 0.5
4 ~g! A 5.6 6.5 0.9

3 Corner 8~b! A 5.3 5.8 0.5 4.0 4.5
B 5.5 6.1 0.6 4.3

aThe CIS energies are given for the excitations with the largest transition-matrix element.
bThe singlet-triplet splitting energy.
cThese energies are calculated by adding the CIS singlet-triplet splitting energyD to the CISD excitation
energy into the triplet state.
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rations at the anion corner are about 1.91 Å in all cases.
distance between nearest ions inside the cluster incre
from 2.05 Å for the 64-ion cluster to 2.07 Å for that of 51
ions ~the bulk value is 2.105 Å!. Similar trend has been
obtained in recent density-functional calculations for the
bic MgO clusters containing up to 64 ions.52

A. Ab initio calculations for nanoclusters

Quantum clusters of different sizes were embedded at
oxygen corner and at the edge, grain, and in the bulk o
~MgO! 108 cubic nanocluster~see Fig. 1!. The geometry of
this ~63636! nanocluster was optimized using the pair p
tentials and theGULP code and was kept fixed in all th
calculations of this series.

The calculated energies for the transitions with the larg
oscillator strength are summarized in Table I. One can
mediately see a trend: independent of the basis, the ex
tion energies into the singlet and triplet states decre
gradually as the coordination of the oxygen ion decrea
To compare different basis sets and techniques, we can
the experimental values of the exciton excitation energie
the bulk and at the~001! surface plane. The reflectance spe
tra of MgO single crystals4 measured at 77 K demonstrate
singlet-triplet splitting with the triplet pick at 7.69 eV and th
singlet pick at 7.76 eV. The high-resolution electron-ene
loss ~HREEL! spectra of the~001! surface5 demonstrate an
exciton peak at about 6.15 eV. At high coordinations,
excitation energies calculated using the basis set by Ba
and co-workers~B! are much larger than both the experime
tal values and the results obtained with the basis setA. The
differences between theoretical results are much smalle
the edge and corner where the oxygen configuration is cl
to the O2 ion configuration used28 for the optimization of the
basisB.

The excitations into the triplet state have lower energ
than those into the singlet state. The singlet-triplet splittin
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for the different low-coordinated sites calculated using C
are given in Table I. One can see that they depend sig
cantly on the basis set, the oxygen coordination, and
cluster size. The excitation energies calculated using C
have much lower energies than those obtained with CIS,
vealing the importance of the electron correlation.

The effect of the size and shape of the quantum cluste
the calculated excitation energies can be seen in Tab
where we compare the results for different clusters. In fo
cases the calculations were made for a cubic cluster Mg4O4

embedded in different positions inside the nanocluster@see
Figs. 1~a!–1~c! and 1~e!#. The disadvantage of this quantu
cluster is that the ions are treated differently at different p
sitions in the nanocluster. For instance, the corner oxy
ion is fully surrounded by the cations with a basis set@Fig.
1~b!#. However, at the edge@Fig. 1~e!# the fourth cation near-
est to the edge oxygen ion is a bare pseudopotential and
not carry a basis. To check whether this may introduce
significant difference in the calculated energies we have c
sidered larger clusters where one of the oxygen ions
fully coordinated by quantum ions~see Table I!. For the
edge, we expanded the cube by another four ions@the 12-ion
cluster in Fig. 1~f!# and also considered two linear cluste
comprising four and six ions located along the edge~Figs.
1~g!, 1~h!!. For the surface, we took a completely differe
cluster which is shown in Fig. 1~d!. It has nine ions in the
surface plane with the oxygen ion in the center, and an
ditional Mg ion in the second plane just below the cent
oxygen. The results of the CIS calculations presented
Table I demonstrate that the excitation energies cha
within 0.5 eV, with the largest difference between the cu
and linear clusters at the edge.

To demonstrate the character of the electron localizat
in Fig. 2 we present sections of the spin-density maps for
triplet state calculated using the UHF method for selec
quantum clusters. As one can clearly see in Fig. 2~a!, both
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FIG. 2. Sections of the spin and differential electron density of the excited triplet state at several positions in the nanocluster.~a! The spin
density at the corner site;~b! the differential electron density at the corner site;~c! the spin density at the edge calculated for the twelve
quantum cluster@Fig. 1~f!#; ~d! the spin density at the edge calculated for the four-ion quantum cluster@Fig. 1~g!#; ~e! the spin density at the
terrace@Fig. 1~c!#.
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unpaired electrons are mostly localized on the corner oxy
ion, and their density is spread out of the corner appro
mately along thê111& crystalline axis. To see how the ele
tron excitation affects the overall electron-density distrib
tion, in Fig. 2~b! we have plotted the section of th
differential density map in the same projection as the s
density in Fig. 2~a!. The difference in Fig. 2~b! is taken be-
tween the electron densities for the vertically excited trip
state calculated using CIS and the ground state. One can
that the electron-density redistribution due to the elect
excitation is also mostly localized at the corner oxygen i
there is an electron flow from ap orbital oriented along the
^111& axis to an electronic state oriented perpendicular to
axis. The section of the spin-density plot shown in Fig. 2~c!
is calculated for the 12-ion quantum cluster embedded at
edge. Again both unpaired electrons are mostly localized
only one oxygen ion, which has the lowest coordination.
check how this result can be affected by the number of qu
tum oxygens at the edge, in Fig. 2~d! we plotted the spin
density for the linear quantum cluster Mg2O2 along the edge.
In this case, there are two almost equivalent low-coordina
oxygen ions, one of them being closer to the nanoclu
corner@see Fig. 1~g!#. Accordingly there are two almost de
generate transitions and the spin-density map is shown
one of them. The fact that the two excited states are alm
degenerate indicates that for a longer edge the excited sta
probably delocalized over several oxygen ions. This can
clearly seen in the case of the grain@Fig. 2~e!# the two oxy-
gen ions in the quantum cluster are equivalent and the
cited state is delocalized over both of them. Again the d
sity of the unpaired electrons in the excited state exte
perpendicular to the grain surface plane into the vacuum

The relative total energies of the excited states at differ
low-coordinated surface sites could be used as the first i
cator of whether the exciton excited, for instance, in the b
or at the surface would transfer to the less coordinated e
and/or corner. In order to be able to compare the results
different shapes and sizes of quantum clusters, the rela
energies of the excited states for different coordinations w
estimated in the following way. First, the ionization energ
I for the clusters included in this study were calculated us
CISD. There is not much difference between the results
tained using different quantum clusters for the same locat

FIG. 3. Diagram representing the relative energies of the gro
and excited triplet states at different positions in the nanoclu
calculated using the CISD method.
n
i-

-

n

t
see
n
:

at

e
n

o
n-

d
er

or
st
is

e

x-
-
s

nt
i-
k
ge
or
ve
re
s
g
b-
n.

In particular, the first ionization potential for the eight io
cluster at the edge@Fig. 1~f!# was found to be 8.059 eV
whereas for the 12-ion cluster shown in Fig. 1~e! we ob-
tained 8.073 eV. However, we must admit that these ioni
tion energies are overestimated by about 1.0–1.5 eV bec
the electron polarization of the nanoclusters was not
counted for in the ionized state.

Assuming the common vacuum level for all systems co
sidered, we then placed their ground-state total energie
2I , as shown in Fig. 3. Then the energies of the exci
states were located with respect to the defined position
the ground states using the excitation energies. As one
see in Fig. 3, the excited state in the bulk has much hig
energy than that at the surface, and the latter is higher tha
the edge. The energies of the excited states at the edge a
the corner appear to be very similar. Again, the absol
energies of these states are too low due to lack of polar
tion contribution in our calculations of the ionized and e
cited cluster states. Cox and Williams5 argued that the exci-
tation state at the surface is in the positive spectrum,
estimates suggest that it could rather have a small nega
energy. Clearly this question requires more thorough inv
tigation.

B. Semiempirical calculations for nanoclusters

The semiempirical technique allows us to use much lar
quantum clusters and to perform the geometry optimizat
in the excited states taking into account the polarization
the rest of the nanocluster. We use these advantages in o
to extend our study to more complex surface sites and
calculate the luminescence energies. This should provid
more complete comparison with experiment.

The calculations were performed for two basic nanocl
ters of different sizes: (MgO)108 and (MgO)256 cubes. The

d
er

FIG. 4. Schematic of quantum clusters embedded into a 83838
512-ion nanocluster used in the semiempirical Hartree-Fock ca
lations. To save space, only nontrivial cases are shown. The ca
lations for the terrace and edge were made for the same qua
cluster as shown in~a! located in the middle of the terrace and edg
respectively. Color coding is the same as in Fig. 1 and is inve
for the anion and cation corners and kinks.
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TABLE II. The lowest excitation energies for the low-coordinated surface sites and the lumines
energies of relaxed excitons calculated using the embedded cluster INDO CIS method~eV!.

Lowest oxygen
coordination Position

Cluster
~Fig. 4!

Optical
absorption

edge

Luminescence

Singlet Tripleta

5 Terrace~Ref. 16! a 6.4b 5.7b

5 O-corner vacancy b 4.5 4.2 3.6
4 Edge a 5.4 4.3 3.7
4 Mg-kink c 5.6 4.5 3.9
4 Mg-corner a 5.3 3.5 2.9
3 O-kink c 5.5 4.2 3.6
3 O-corner a 4.9 3.1 2.5
3 Mg-corner b 5.2 3.5 2.9

vacancy

aThese are estimates calculated by subtracting an average singlet-triplet splitting obtained in the Hartr
calculations~see Table I!, 0.6 eV, from the singlet luminescence energies~see text for discussion!.

bThese energies are given for completeness. They were calculated in Ref. 16 using a cluster embed
the infinite~001! MgO surface and the same INDO method as used in this study with the basis set ex
by floating functions.
e
Th
us
d-
an
tio
in
c
m

re

e
s

in
a

t
o

a
ta
e
a
in
he
ns
ca
y
e

a
Th
s
va
r

ore
at
en
ized
This

pe-
.

the
ll lo-
and

such
tates
la-
all

er,
ula-

st
he
results for these two systems are quite close and therefor
will discuss the data obtained for the larger nanocluster.
systems considered are shown in Fig. 4. In all cases we
the same cubic (MgO)32 quantum cluster, which was embe
ded into the nanoclusters as shown in Fig. 4. In the kink
corner cases, both the oxygen and magnesium termina
were considered, which correspond to inverse color cod
in Fig. 4. The singlet-singlet excitation and luminescen
energies are summarized in Table II. They follow the sa
general trend as observed in theab initio calculations. How-
ever, the picture is richer due to a wider variety of structu
considered.

Analyzing the electron distribution in unrelaxed and r
laxed excited states one can clearly distinguish two ca
already noted in theab initio calculations of excitation:~i!
the excitation at a terminating site, such as a corner or k
and ~ii ! the excitation of an ‘‘extended’’ feature, such as
monatomic step or cluster edge and terrace.

In the first case, the excited states are localized around
ion with the lowest coordination. However, the degree
localization is different. In the case of the cube corner@Fig.
4~a!#, the three nearest-neighbor ions of the corner ion
equivalent and both the unrelaxed and relaxed excited s
are distributed over these three neighbors. The differenc
the excitation and luminescence energies for the oxygen
magnesium corners is due to the different oxygen coord
tions: it is lower for the oxygen corner. In the case of t
oxygen kink @Fig. 4~c!#, the three nearest-neighbor catio
are not equivalent and the excited state is found to be lo
ized mostly on the Mg-O pair with the least-coordinated ox
gen and magnesium ions. For the magnesium kink, the
cited state is again localized on a similar pair of ions@see
Fig. 4~c!#, but the excitation and luminescence energies
higher because the oxygen ion is now four coordinated.
absence of the corner magnesium ion exposes three
rounding oxygens. The negative effective charge of the
cancy leads to delocalization of the excited electron ove
larger number of surrounding cations.
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The excited state at the cube edge was found to be m
delocalized. Although it was possible to find a solution th
is localized mostly on a pair of the four-coordinated oxyg
and magnesium ions, the electronic state, that is delocal
over the four edge ions has an almost equivalent energy.
is similar to the result obtained in the clusterab initio calcu-
lations. As will be demonstrated in the next section, the
riodic calculations also demonstrate comparable features

C. DFT calculations for periodic structures

The results of the embedded cluster calculations for
nanoclusters demonstrate that the excited states are we
calized at the terminating sites such as corners and kinks,
suggest that excitation of the extended surface features,
as edges and terraces can lead to more delocalized s
even after relaxation. Neither cluster nor periodic calcu
tions can prove these conclusions due to the relatively sm
sizes of quantum clusters and periodic unit cells. Howev
the important advantage of periodic band-structure calc

FIG. 5. Repeating geometries of the monolayer zigzag step~a!
and the step~b! calculated using the DFT method. Only the topmo
layer of the slab is shown explicitly. The atoms included in t
primitive cell are shown by open~oxygen! and black~magnesium!
circles.
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TABLE III. The lowest excitation energies for the zigzag step and the monatomic step and the lum
cence energies for relaxed excitons calculated within the DFT method using theCETEPandVASP codes~eV!.

Oxygen
coordination

Position
~Fig. 5!

Number
of ions in

UC

Singlet-triplet
excitation

Triplet-singlet
luminescence

CETEP VASP CETEP VASP

4 Monatomic step 44 3.73 4.56 3.43 4.20
66 3.63 5.61 3.3 5.5

3 Zigzag step 44 3.21 4.08 1.75 3.04
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tions is that they allow us to test these conclusions furt
due to the much stronger interaction between the locali
and delocalized crystal states. For this purpose, we tur
two characteristic cases: a monatomic zigzag step an
monatomic step shown in Figs. 5~a! and 5~b!. The corner
sites of the zigzag step are oxygen-terminated@Fig. 5~a!#.
Geometrically, the zigzag steps are only slightly differe
from the kinks treated in the previous section: the oxygen
at the zigzag step corner has two equivalent nearest neig
magnesium ions, i.e., this is a more symmetric structure t
the oxygen kink@Fig. 4~c!#. The monatomic step edge@Fig.
5~b!# represents a more extended surface feature than
steps and edges of the finite nanoclusters~Figs. 1 and 4!.
Therefore, if the relaxed excited state will prove to be loc
ized, this will provide more strong evidence in favor of e
citon localization at low-coordinated surface sites.

The geometric structures of both step systems in
ground ~singlet! state were optimized in Ref. 39 using th
CETEP code. Essentially the same slab models were use
the present calculations. For the zigzag step system we
a repeating supercell consisting of 44 atoms@Fig. 5~a!#,
while for the standard step system two repeating superc
consisting of two and three primitive cells along the step@see
Fig. 5~b!# and 44 and 66 ions were employed.

The excitation and luminescence energies between
lowest singlet~ground! and triplet~excited! states calculated
using theCETEP and VASP codes are presented in Table II
First of all, we notice that there is a substantial difference~up
to 2.2 eV! between the energies obtained by the two me
ods. To check the dependence of the results on the numb
k points, we repeated the ground and excited states calc
tions for the zigzag-step system using fivek points instead of
two with both codes. The obtained geometries of the rela
ground and excited states were almost identical to those
culated using twok points, and both the excitation and lu
minescence energies changed by less than 0.05 eV. Sinc
same DFT functional is used in both cases and thek-point
sampling used in the calculations was found to be sufficie
we suggest that the discrepancy between the two meth
comes from different pseudopotentials. However, at t
stage it is difficult to prove whether this is the only cause a
a more detailed study is certainly needed to understand
accuracy of both DFT methods with respect to singlet-trip
transition energies.

As one can see in Table III, both methods neverthel
give the same trend and similar relative energies in regar
the dependence of transition energies on coordination:
lower the oxygen coordination, the smaller transition en
gies. This is consistent with the result obtained above w
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other methods. It is worth also mentioning that the relax
geometries of the ground and excited states obtained u
the two methods agree with each other to within 2–3 %
the anion-cation distancea052.122 Å used in all calcula-
tions.

Let us now turn to a more detailed analysis of the resu
for the zigzag step. The nature of the excited state after
vertical transition can be understood better after studying
differential electron density plotted in Fig. 6~a!. This is the
difference between the electron densities of the excited
ground states at the same geometry. One can see that,
the cluster calculations for the cube corner@Fig. 2~b!#, the
electron redistribution due to the electron excitation
mostly confined to the oxygen states demonstrating str
oxygen polarization. The geometric structure of this exci
state was then optimized with respect to the positions of i
in the repeating cell. The strongest displacements~about
0.08a0) were found for the magnesium ions nearest to
corner oxygen. Their directions are shown by arrows in F
5~a!. The corner oxygen is displaced slightly outwards t
corner, and the nearest oxygen ion is shifted in the direc
of the corner oxygen by about 0.07a0 . This relaxation is
characteristic of a hole localized on the corner oxygen. T
is indeed confirmed by the spin-density plot presented in F
6~b!. It is very similar to that shown in Fig. 2~a! and dem-
onstrates that the two unpaired electrons in the relaxed tri
state are mainly localized on the oxygen ions. A significa
portion of the spin density, which is not seen in the figure
localized in the ‘‘pockets’’ of the zigzag-step structure@Fig.
5~a!#. The spin density is the largest on the corner oxyg
and decays rapidly inside the lattice. This suggests the e
ton localization around the corner oxygen, which is quali
tively similar to the results obtained for the cube corne
above.

The transition energies calculated for the step shown
Table III are generally larger than for the corner system. T
dependence on the number of ions in the unit cell is m
pronounced in theVASP calculations. However, independe
of the size of the supercell, the displacements of the ion
this excited state are much smaller than those obtained
the zigzag step and do not exceed 0.03a0 . The discrepancies
between the ionic displacements calculated using theVASP

and theCETEP codes are of the same order as the displa
ments themselves.

In all cases, we find that the spin density is strongly
calized around the step edge. However, the details of lo
ization along the step were dependent on the size of the
cell. In the 44-atom cell, there are only two independe
oxygen atoms at the step edge and the spin density appea
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FIG. 6. Sections of the differential and spin electron densities of the zigzag step:~a! the differential electron density of the unrelaxe
excited triplet state;~b! the spin density of the fully relaxed excited triplet state. The section is made as in Figs. 2~a!, and 2~b! through the
corner oxygen ion along thê110& axis perpendicular to the terrace plane. The atomic network indicated by dashed lines reflects the
relaxation. Other notations are the same as in Fig. 2. Note the polarization and decay of the differential and spin-electron density
lattice.
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be localized equally on both of them@Fig. 7~a!#. There is also
significant concentration of the spin density outside the s
opposite to the step-edge Mg atoms. In the 66-atom s
system there are already three independent oxygens a
step edge. In this case, usingCETEP we obtained only one
stable triplet configuration in which the spin density w
localized on the two nearest edge oxygens with the Mg e
atom in between@Fig. 7~b!#. ~Note also significant spin den
sity opposite to this Mg atom outside the step edge.! Using
VASP we found a similar solution, but with slightly mor
diffuse spin-density distribution. However, there is also a
other solution with 0.2 eV lower energy, which correspon
to the state that is completely delocalized over three oxyg
at the edge. Existence of several almost degenerate solu
is consistent with the relatively small atomic displaceme
in the triplet state and with very small~about 0.01 eV! de-
viations of the total energies per atom for all systems stud

Thus, we conclude that the results obtained with the D
method are qualitatively consistent with those obtained w
other methods:~i! the transition energies tend to decrea
with the reduced coordination of the surface oxygen ato
and ~ii ! the fully relaxed triplet exciton is localized at th
p
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three-coordinated oxygen corner on the zigzag step. It is
localized at the step but is likely to be extended along it.

IV. DISCUSSION

The results of calculations of the excitation and lumine
cence energies for the low-coordinated sites in nanoclus
and at surfaces of MgO using different techniques dem
strate qualitatively very similar features. For the excitati
energies, the most reliable data are obtained using the
bedded clusterab initio Hartree-Fock calculations that w
discuss first.

First, independent on the basis set used, the results sh
very consistent dependence of the excitation energies on
oxygen coordination,n53, . . . ,6. Thedifferences between
the excitation energies forDn51 are of the order of 1 eV,
which is close to the experimental results.3 If we assume that
the singlet-triplet splitting is not very much affected by th
electron correlation, we can estimate the energies of the
related singlet-singlet transitions too. For this purpose,
use the splitting values obtained in the CIS calculations
the singlet-triplet transition energies obtained using CI
~see Table I!. The excitation energies estimated in this w
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FIG. 7. Sections of the spin-electron density of the fully relaxed excited triplet state at the monatomic step calculated using thCETEP

code:~a! for the 44-atom periodic system; and~b! for the 66-atom periodic system. Dashed lines indicate the atomic network of the u
terrace of the step and reflect the atomic relaxation. The section is made along the terrace with the normal of the section plane per
to the surface. Other notations are the same as in Figs. 2 and 6.
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eV
are presented in the last column of Table I. The CISD en
gies are in good agreement with the experimental data for
bulk4 and the surface.5 Direct comparison with the results o
Garrone, Zecchina, and Stone3 on the ultraviolet diffuse re-
flectance spectra of microcrystallites is impossible beca
the experimental spectra are averaged over many diffe
low-coordinated sites. Nevertheless, our results qualitativ
support the assignment of the peaks at about 5.7 and 4.
to the four- and three-coordinated oxygen surface s
respectively.3

Second, both the spin-density distribution in the exci
state and the differential electron density between the gro
and excited states demonstrate the strong contribution o
oxygen states into the excited state. This is not someth
one would expect based on a traditional view that the bot
of the conduction band in ionic insulators is mainly det
mined by cation states. We note that the calculations by P
dey, Zuo, and Kunz14 suggest complete exciton localizatio
on the oxygen ion in the bulk of MgO: Cluster calculatio
by Bagus, Illas, and Sousa15 demonstrate an opposite beha
ior of the excited electron: it is completely delocalized ov
the entire cluster. However, the latter result could be rela
to the fact that the quantum cluster in Ref. 15 was s
rounded by a point ion array.
r-
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eV
s

d
d

he
g

m
-
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r
d

r-

Third, the excited states appear to be more localized at
terminating three-coordinated oxygen sites, than within
edge or at the surface. The similar trend is also obtaine
our DFT calculations for the monatomic zigzag step and
monatomic step. The relative energies of the excited st
corresponding to oxygen sites of different coordination s
gest the possibility of the excitation transfer from, for e
ample, the surface to the more localized terminating cor
sites with lower energy. Similar behavior of the excitatio
was proposed in Ref. 7 on the basis of analysis of the exp
mental data, however, the mechanism of this process
quires more detailed study.

The results obtained using the parameter-free method
low us to verify our semiempirical calculations. The para
eters of these calculations were optimized to reproduce
band-gap excitation in the bulk MgO~7.8 eV! using a peri-
odic model and the CIS method. With this calibration, t
agreement with the results of theab initio CIS calculations
for the excitation energies at the low-coordinated sites
quite satisfactory.

Spectroscopic features similar to those discussed ab
have also been observed in the excitation spectra of the
toluminescence of powdered MgO.7–10 In particular, all of
them have a narrow peak with the maximum at about 4.6
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and strong absorption with the maximum at energies gre
than 5.5 eV. However, the experimental photoluminesce
spectra7–10 are inhomogeneous and much broader than
excitation spectra, with a maximum around 3.3 eV and
long tail up to 2.0 eV, which could be decomposed in
several lines. This implies a variety of photoluminescen
centers. Our semiempirical and DFT calculations of the
minescence energies suggest that the lowest energies c
spond to the terminating sites. They do not give a final
swer as to whether the excited states can localize at the
or at the grain edge and whether these surface features
serve as the luminescence centers. However, taken tog
with the calculated relative energies of excited states~Fig. 3!,
they are consistent with the evidence7,8 that the excitation
can be transferred from the surface to the terminating s
where the luminescence takes place.

The results of semiempirical and parameter-free calc
tions demonstrate that the excited states at the corner
are strongly localized around the low-coordinated oxyg
ion. The unrelaxed and relaxed triplet states have lower
ergies than the corresponding singlet states. These re
suggest that the experimentally estimated long~more than
several microseconds! lifetimes of photoluminescence coul
be due to the triplet-singlet transitions within the strong
localized terminating sites.

The luminescence energies calculated by the semiem
ical technique are for the singlet-singlet transitions. Due
the small relaxation of the excited state we can assume
the singlet-triplet splittings between the relaxed singlet- a
triplet-excited states could be of the same order as th
calculated for the excitation energies using the Hartree-F
method and CIS, i.e., about 0.6 eV. Subtracting this va
from the calculated energies of the singlet-singlet transiti
we can estimate the triplet-singlet luminescence energ
These are presented in the last column of Table II. One
see that the luminescence energies calculated using
INDO method and the CIS technique are generally hig
than the spectral region of;2.0–3.7 eV, which accommo
dates the photoluminescence spectra. This could be bec
of the rather uncontrollable way the electron correlation
included in the INDO parameters. As one can see in Tab
the calculations using CISD systematically shift the exc
tion energies down by about 1.1–1.4 eV with respect to C
results. We hoped that more accurate luminescence ene
could be obtained using the DFT calculations. However,
discrepancy of the results obtained with two codes does
allow us to reach quantitative conclusions. Finally, we n
that the luminescence energies obtained for the kink sites
higher than these for the corners and the corner vacan
This is in agreement with the experimental observation t
the excitation of powders with the 4.52 eV photons elim
nates luminescence with energies higher than 3.5 eV
terms of our model this would mean preferential excitation
the corner sites which excludes energy transfer to the
kinks.

These results lend strong support to the model of pho
luminescence of powdered MgO proposed by Coluccia
co-workers,7–10which suggests that the luminescence cen
correspond to the low-coordinated surface sites. They d
onstrate dependence of the luminescence energies on pa
lar surface sites and general reduction of the luminesce
er
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energies with reduced coordination of ions.
The strong dependence of the excitation and lumin

cence energies on ion coordination obtained in this pape
due to the combination of several interrelated factors. So
of them have already been discussed by Garrone, Zecch
and Stone3 and include the reduction of the Madelung pote
tial at low-coordinated sites, which leads to their substan
relaxation with respect to ideal geometry and to stro
electron-density redistribution. As was pointed out
Garrone, Zecchina, and Stone,3 the reduction of the
Madelung potential alone cannot quantitatively expla
the experimental data without considering the two oth
factors, and even in this case the agreement with experim
is not perfect. This is perhaps not surprising becau
as is demonstrated in our calculations, both the deg
of localization of the excited state and its nature depe
on its location. Strong localization of the excited states
the oxygen ions makes the Madelung argument even
applicable.

One may then ask how do these results depend on n
cluster size and on whether this is a finite cluster or an i
nite surface. Qualitatively this can be illustrated by comp
ing the densities of states for the monatomic step and
zigzag step. The excited state is more localized at the zig
step and the corresponding occupied and vacant states
better separated from the band states than in the cas
monatomic step. Similar observation applies to the clus
calculations: the occupied and vacant states associated
the electron and hole of the exciton at the corner are m
better separated from the other states than at the edg
terrace. Providing the excited states are well localized, a
corners or kinks, the spin-density distribution@see Figs. 2~a!
and 6~a!# and the electronic states are very similar in t
cluster and periodic calculations. However, if the extent
localization of the excited state starts to exceed the size
quantum cluster or a periodic cell both character of locali
tion and comparison between finite clusters and infinite
riodic structures become less reliable.

To summarize, the results of our study emphasize the
sibility of several effects that can be important in spect
scopic studies of real surfaces, and could be used in stu
of molecular adsorption at surface sites, photocatalytic s
face processes, and DIET. These are:~i! the strong depen-
dence of spectroscopic properties on coordination and
possibility of selective optical excitation of low-coordinate
surface sites;~ii ! the energy transfer from the sites wit
higher coordination to those with lower coordination and
nally to the localization centers.
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