PHYSICAL REVIEW B VOLUME 59, NUMBER 3 15 JANUARY 1999-1

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),s¢ 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 sindl@lS) 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 transitiond.50163-182009)07203-3

[. INTRODUCTION excitation and emission spectra of the other cubic oxides
CaO0, SrO, and Ba&:'° An alternative model of photolumi-

Atomic coordination has long been recognized as one ofescence from powdered MgO and CaO suggested by
the most important factors in determining the chemical anduley! involves the F surface centers in addition to the
spectroscopic properties of surface sites. Although the effedbw-coordinated oxygen sites.
is general, its mechanism depends on the character of chemi- The proposed interpretation of these experimental data
cal bonding. In this paper, we focus on the spectroscopiémplies a dramatic dependence of the spectroscopic proper-
properties of low-coordinated sites in ionic oxides, such agies of oxide surfaces on the ion coordination. In particular,
MgO. The reduced ion coordination in these crystals leads tthe exciton excitation energy is thought to be reduced from
significant changes in the crystalline potentiabhich have 7.7 eV in the bulk to about 4.6 eV at the three-coordinated
been correlated with the chemicaee, for example, recent sites. The luminescence lifetimes estimated in Ref. 7 are
discussiof) and spectroscopic properties of the low- about several microseconds or longer. These relatively long
coordinated surface sites. Experimentally, several spectrdifetimes could be due to transitions from a localized triplet
scopic features have been attributed to the presence of theggcited state as, for example, the triplet luminescence of the
sites. In particular, the high-resolution electron energy losself-trapped excitons in alkali halidés. Coluccia and
spectra of MgO have demonstrated that the exciton absorgo-workeré® proposed a model of the exciton at the surface
tion peak shifts from 7.7 eV in the buflko 6.15 eV at the of cubic oxides according to which the optical excitation is
(002) surface plané.The ultraviolet diffuse reflectance spec- accompanied by an electron transfer within a pair of O and
tra of microcrystalline MgO have demonstrated the addi-Mg ions. In the completely ionic model this corresponds to
tional bands at 5.7 and 4.6 eV, which have been attributed tthe process: Mg —0? +hy=Mg"—0O". If this model is
the low-coordinated sites, such as steps, kinks, andorrect, the long luminescence lifetime could also be due to
corners>*® Coluccia and co-workefs!® have studied the the electron tunneling within a pair of the low-coordinated
photoluminescence of powdered MgO excited in these band®~ and Mg" ions. Thus, the nature of the luminescence state
and have observed broad luminescence spectra. Both the a@g-still unclear.
citation and emission spectra demonstrate a strong depen- Further experimental verification of these models is pres-
dence on the powder preparation and treatment with differergntly very difficult. Their theoretical understanding requires
gase$® They were attributed to the excitation and lumines-detailed analysis of the nature of the excited states. Using the
cence of excitons at different low-coordinated sites at powvalues of the Madelung potential at different surface sites
der surfaces. Very similar features have been observed in trend other considerations Garrone, Zecchina, and $tume
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attributed the experimentally observed features in the ultraracy of the technique and the size of the system studied. Our
violet diffuse reflectance spectra of MgO microcrystals atapproach was to first make a pilot study for the simplest
6.6, 5.75, and 4.62 eV to the five-, four-, and three-archetypal sites in cubic nanoclusters using an embedded
coordinated surface sites, respectively. The calcutdted-  cluster model and aab initio Hartree-Fock method together
larizabilities of oxygen ions at low-coordinated surface siteswith the configuration interaction techniques including single
of MgO increase as the coordination decreases, which indiand double excitations for calculation of the excited states.
cates the decrease of optical excitation energies. PandeVhe idea was to see whether we will obtain the right ten-
Zuo, and Kun%* and Bagus, lllas, and Sousastudied the dency in excitation energies as a function of oxygen coordi-
lowest excited states in the bulk of MgO. The embeddedhation using the simplest models and the most accurate tech-
cluster calculations by Pandey, Zuo, and Kihsuggest niques available to us, and to use these results as a
complete exciton localization on the oxygen ion. The morebenchmark for further calculations. Then we applied a semi-
conventional cluster calculations by Bagus, lllas, andempirical Hartree-Fock method in order to study more com-
Sousa® demonstrated an opposite behavior of the excitechlex surface sites that require larger number of quantum
electron: it is completely delocalized over the entire clusterjons, and to calculate the relaxed excited states and the lu-
However, quantum mechanical calculations for excited stateginescence energies. However, both these series of calcula-
at surfaces with different low-coordinated sites, except fokjons used cluster models and localized basis sets and could
the plane(001) MgO surface’’ are missing. not give definite answers with regard to the nature and de-
Further studies of surface spectroscopic properties are imgree of localization of the excited states. To address these
portant for the understanding of different modes of excitongges further we used a periodic model and a computational
localization in the bulk and at surfaces of oxides, and of thetechnique based on a density-functional the@§T) and a

energy transfer from excitation sites to luminescent Centersplane-wave basis set. As we will see below. each of these
The latter is relevant to the mechanisms of desorption in: : '

duced by electronic transitiof®IET) and to other photoin- techniques has its drawbacks but in combination they pro-

duced surface reactions. The demonstrated sensitivity of th\éIde a reliable model for the spectroscopy of the low-

spectroscopic surface properties to adsorption of éﬁsescpordinateq surface sites. The methods of cqlculations are

could be used to study site selectively molecular adsorptiof:li'scusseOI n Sec. Il, the results. are presented in Sec. lll, and

and chemical reactions at surfaces. Therefore, the aims &€ conclusions are discussed in Sec. IV.

this study are{i) to verify whether the reflectance spectra

and photoluminescence data obtained on microcrystalline

and powdered samples of MgO could be understood on the Il. METHODS OF CALCULATION

basis of excitation and luminescence at different low-

coordinated surface sites; aril) to study the nature and

degree of localization of different excited states at the MgO The nanoclusters considered in this study consist of sev-

surfaces. eral hundred ions, therefore, the most effective way to cal-
The low-coordinated sites which are possibly contributingculate the geometric and electronic structures of different

to the spectra are not well defined. Therefore to have a corsurface sites is to embed a quantum cluster at a place of

vincing set of data we used several surface models. Accordnterest. In order to do that we divide our system into indi-

ing to the electron micrograph¥’ of the powders used in the vidual ions, which is a good approximation for highly ionic

photoluminescence experiments, one can view them as afaterials such as MgO. This allows us to use the pair

assembly of microclusters of different shapes and sizes. Mosfterionic potentials to calculate the nanocluster geometry

of them are cubic, but they become more rough at edges anglith good accuracy. This is done using the atomistic simu-

small as several nanometers across can be now prOdUCWogram(GULP) code? More importantly, in this approxi-

H 9
using molecular beam sourc€s.” Therefore, one can rea- ation we can substitute a number of ions in the nanocluster
sonably consider the problem of optical properties of POW+y 4 quantum cluster and combine a quantum-mechanical

ders as that of Interacting nanpclusters. Since very I'tt.le Sreatment of the quantum cluster with the classical treatment
kn_own ab_out th_e optical propertles_of nanocluster; of Ox'deSOf the rest of the nanocluster to describe the whole system
this consideration adds another dimension to this study. | '

this paper, we considered cubic clusters more than 1 nm'IEor ab initio Hartree-Fock calculations we employed the

across with ideal shape and also clusters with steps and kin@USS'ANg“COdé where this is achieved by adding the ma-

on their grains. In order to have convenient notations througII]”X elements from point charg_e; to the Fock matrix of the
the paper we will denote these finite clusters as “nanoclusduantum cluster. A more sophisticated treatment that allows

ters.” To study similar effects at low-coordinated sites of ©N€ t0 account for polarization of the nanocluster due to

infinite surfaces, we used a periodic surface model of stepglectronic excitation or other defect localized in the quantum

and kinks. cluster, is realized in the semiempiricalusTER95cOde??%

Calculation of excited states in crystals is still not an easyl'he detailed discussion of the technique in conjunction with
task. One of the main problems concerns the relation bethe calculations of point defects in the bulk of ionic crystals
tween the degree of localization of the excited state and theas given in Ref. 22. Therefore, we will focus mainly on its
size of the system treated quantum mechanically. For sucpeculiarities with respect to the nanocluster calculations and
complex low-symmetry systems as considered in this papewn technical details that are necessary for understanding of
one is always looking for a compromise between the accuthe results of this paper.

A. Cluster methods
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Ab initio cluster method bedded cluster model employed in theusTER95code with

We used thesAussiaNgs codé” to calculate the optical "€SPect to a commonly used method of embedding into the
excitation energies, the singlet-triplet splitting, and to checkPotential of an array of point charges discussed above are the
the importance of electron correlation in the optical excita-following: (i) The interactions between the ions outside the
tion energies for basic low-coordinated sites in the nanoclusquantum-mechanical cluster are treated using the interionic
ters. A quantum cluster was embedded in a nanocluster gfotentials, and their polarizability is accounted for using the
nonpolarizable ions. The initial geometry of the whole nano-shell modef® (Note that cores and shells in this model are
cluster was calculated by thmLP code using pair potentials just point charges with the total charge equal to the ionic
and then fixed. The Buckingham-type pair potentials used icharge) (ii) The system total energy is minimized with re-
this study are described in Refs. 24 and 25. In order to prespect to the positions of the quantum ions and those of the
vent an artificial delocalization of the defuse electroniccores and shells comprising the classical ions. This approach
states, the nearest and the next-nearest cations surroundiaiows us to study the geometric structures of the nanoclus-
the quantum clusters carried the pseudopotentials of Waders as a function of their size, shape, and presence of the
and Hay?® The interaction with all other point ions in the structural defects, and to calculate the additional polarization
nanocluster was calculated using the standard proc&dureof the nanocluster by the excitofiii) The electronic and
incorporated inGAUSSIAN94 Both diagonal and nondiagonal geometric structures of the quantum cluster are calculated
matrix elements of the Coublomb potential of these ions argelf-consistently with the embedding potential due to the re-
included in the Fock matrix. maining ions in the nanocluster using the procedure de-

Technical details of thab initio calculations are as fol- scribed in Ref. 22.
lows. All electrons of the quantum cluster were included in  The embedding potential includes the short-range contri-
the calculations. For comparison, we used two different basibution and the long-rang@lectrostati contributions due to
sets:(i) the standard 631G basis set for both Mg and O the(polarized ions. The ions outside the quantum cluster are
ions (setA); and (ii) the basis sets that were developed forpolarized by the additional electric field due to the change in
the O and Mg ions by Bagus and co-worké&t$? and latter  the charge-density distributialy inside the quantum cluster
was employed in the calculations of the excited state of th@roduced, in our case, by the electron excitatioAp is cal-
MgO clusters® (setB). The second basis set is much moreculated with respect to the initial charge distribution within
contracted than the first one, which is advantageous in term#e entire nanocluster before the electron excitation using the
of computational time. It was optimized for the free @n  Lowdin population analysis to calculate the effective
that might be beneficial for the calculations of the excitedcharges. These calculations demonstrated that the effective
states. Natural population analy$isvas used throughout all charges on the ions in the interior of the nanoclusters far
GAUSSIAN94 calculations. from the surface are close to those in the bulk of a crystalline

The excitation energies were calculated using two techMgO and decrease systematically as the coordination de-
niques:(i) the configuration interaction technique for single creases. Similar behavior of the ionic charges has been ob-
electron excitation® (CIS), and(ii) as a difference between served in Ref. 2. This provides a reference charge distribu-
the total energies of the singlet and the triplet states of théion for each particular nanocluster.
system calculated using the configuration interaction tech- Calculations for each new nanocluster start from the total
nique that accounts for single- and double-excited electrogeometry optimization using pair potentials and theLr
configuration® (CISD). The latter method allows us to take code?® The same program is used to optimize the positions
into account part of the electron correlation in both groundof cores and shells outside the quantum cluster in response to
and excited states. The CASS@®mplete active space self- the changes in the charge distribution inside the quantum
consistent field method that can provide a better treatmentcluster. Compatibility of the quantum-mechanical and classi-
of both ground and excited states was not used since it agal descriptions is achieved at the stage of their parametriza-
peared to be computationally too demanding. Therefore, onlyion: both technigues give the same lattice constants for the
the singlet-triplet transitions were calculated using the CISDoulk crystal and the same geometric parameters for the finite
method. clusters. Comparison of the bond lengths and angles for sev-
eral clusters calculated using tieLp, the INDO method,
and theGAaussiaNg4 code with different basis sets has dem-

Calculation of the embedding potentiséh thecLUSTER95 ~ onstrated agreement within 1-2%.
code, the electronic structure of the quantum cluster is cal- The total energy of the whole system including the quan-
culated using the unrestricted Hartree-FqtkdF) method tum cluster embedded in the nanocluster is minimized with
within the approximation of intermediate neglect of differen-respect to the linear combination of atomic orbitals coeffi-
tial overlap™>* (INDO). In this approximation some of the cients, positions of the nuclei inside the quantum cluster and
elements of the Fock matrix are calculated using semiempiref the cores and shells of the rest of the nanocluster. The
ical parameters. The set of parameters used in this study waslculations of the polarization and of the electronic structure
optimized in order to reproduce the characteristics of theand the geometry of the quantum cluster embedded in the
MgO perfect crystal as well as an extensive set of otheelectrostatic potential of the polarized nanocluster are carried
oxides and small molecules, as described in Ref. 34. out iteratively until the total energy of the whole system

The nanoclusters considered in this study have differenthanges between iterations by less than 0.001 eV.
shapes, sizes, and defects. Some of them are simply cubic On the programming level, the computations are orga-
clusters, others have steps, kinks, and vacancies includedzed using an interface between the quantum-mechanical
(see, for example, Fig.)1The main differences of the em- and the classicalGuLP) codes. This proved to be a very

Semiempirical embedded cluster method
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flexible procedure that allows us to introduce only slightstate for the luminescence, and the luminescence energy is
modifications to the Hartree-Fock and theLp codes due to  estimated a&q.(R) —E(R).
their combined use. Throughout all these calculations we keep the positions of
Calculation of the excitation and luminescence energiesthe coresR, fixed as obtained in the initial triplet state. To
Although the configuration interaction method including adjust the polarization, we recalculate the triplet state for the
single-electron excitationgCIS) can provide reasonable ac- optimized configuration of ions in the quantum clugteand
curacy of excitation energies, this is not the most straightforepeat the whole cyclé)—(iv) again until both the lumines-
ward technique for calculating relaxed excited states and lucence energy and the atomic positions are consistent.
minescence energies. In fact the simplest way to find the This method allows us to obtain simultaneously, and
lowest relaxed excited state in wide gap insulators is thavithin the same approximation, the adiabatic potentials for
self-consistent calculation of the triplet state. However, thehe singlet-ground and excited states. In the excited state, the
single determinant of the UHF method is not always a goodull polarization of the nanocluster is accounted for, and in
approximation for the wave function of the excited state.the ground state the electronic part is adjusted to the new
Another drawback associated with this approach is that i¢lectron configuration. Therefore, the energy difference with
involves comparison of the results of two different tech-the ground state calculated at the minimum of the excited
niques: the restricted and unrestricted Hartree-Fock methodgate energy surface corresponds to the Franck-Condon lumi-
used for calculations for the ground and excited state, respef€SCeNce energy.
tively. Therefore, we used the CIS method to calculate both
the excitation and luminescence energies. B. Density-functional method

The CLUSTER95code allows us to calculate only singlet- the cluster methods discussed above, the degree of lo-
singlet transitions using the CIS method. These calculationgyjization of the excited state and its symmetry can be im-
though, cannot be performed self-consistently with the polarposed by a small size and a particular symmetry of the quan-
ization of the rest of the nanocluster. We believe that neglect,n, cjyster, and by the localized basis sets employed in the
of electronic polarization in the excited state does not affectg|cylations. To relax both of these conditions, one can make
significantly the calculatedxcitationenergies corresponding «5|culations using periodic boundary conditions and the
to the vertical transitions. However, ionic displacements a”fblane-wave basis sets. There remain restrictions imposed by
their electronic polarization can be much more important ine sjze and a symmetry of a particular unit cell and by the
the calculations of the relaxed excited states, which argy|cylation technique. Nevertheless, comparison of the re-
needed to obtain th&iminescenceenergies. Therefore, t0 gyts of the periodic and cluster calculations using different

calculate the singlet—singlet. luminescence energies wWe eNkasis sets and methods can provide deeper insight into the
ployed the following approximate method. roblem.

The idea of this method relies on the observation that thep In this paper, the periodic DFT calculations were made
electron densities of the quantum cluster after the singlet angsing the Car-Parrinello technig&®jn which the total en-
triplet excitations obtained using CIS in oab initio calcu- gy of the system is minimized with respect to the plane-
lations are very similar. This implies similar polarization of \yaye coefficients of the occupied orbitals. Two realizations
the rest of the nanocluster. We use this feature in the followgs this technique were employed, which are implemented in
Ing way. ) . two different computer codes. In the first of them, t&rep

(i) First, we calculate the triplet-excited state of the quan-yge3” the normconserving pseudopotentials in  the
tum cluster using the UHF method self-consistently indUd'KIeinman-Bylander forr’f are implemented. The pseudopo-
ing the polarization of the nano.cll_Jster. The positions of_ I0NSentials for Mg and O ions and the plane-wave cutoff of 850
in the quantum clusteR are optimized to achieve the mini- e\ ysed in this study are identical to those used in the recent
mum'of t.he total energy. As was mentlopeq above, since therudies of the oxygen adsorption at the MgO surf3é8The
polarization effects are expected to be similar, we can fix th"conjugate gradient techniqtievas used to perform both the
calculated positions of the cores of the rest of the nanoclust&fectronic and ionic relaxations. The details of the computa-
R. throughout the next series of the calculatiofis. Using tional strategy underlying theeTepcode has been published
the positionsR of the atoms in the quantum cluster, the gjsewheré” To compare the results, we performed the same
ground singlet state is calculated keeping the c8géxed.  cajculations using also theasp codé?*® where “soft”

The shells were allowed to relatiii) Using the CIS method, vanderbilt pseudopotentidfs®® are implemented. The elec-
we calculate the spectrum of the one-electron excitationgonic relaxation in ourAsp calculations is performed using
from this ground state with fixeR, R¢, and shells. To cal- jterative methods, while the conjugate gradient method is
culgte the luminescence a.ssoc!ated.wnh a partlcular 5'”9|9I=5mployed to perform the ionic relaxation. However, the main
excited state, one has to identify this state in the spectrumyjifference between the both codes is in the pseudopotentials:
This is done by picking up the stat with the biggest in the vasp code the normconservation condition for the
transition-matrix element and with the orientation of the pseudopotentials is relaxed thereby reducing the cutoff down
transition-dipole moment corresponding to the charge transg about 400 eV. This speeds up the calculation by a factor of
fer in the original triplet state(iv) The positions of atoms in  3_g ip spite of a more complicated computational scheme.
the quantum cluster are varied and the adiabatic potential cgjculations by both methods are based on the general-
energy surfaceBy(R) andE,{R) =E¢R) +AEL(R) for  jzed gradient approximation functional of Perdew and
the singlet-ground and excited states, respectively, are calcyyand®*’ known as GGA-Il and are designed for general
lated using the excitation energieSEg (R). When the  spin-polarized systems. They were performed for a periodic
minimum of E,(R) is found, it is associated with the initial slab geometry. In this model, a unit cell is repeated in two
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dimensions creating an infinite slab simulating {B61) sur-
face. The slabs are repeated in thdirection (normal to the
surface forming a stack of layers separated by a vacuum
layer. Our choices of the slab thickness and vacuum width
are discussed below. The questionkspoint sampling for

Cube corner

b)

calculations of thé001) MgO surface has been discussed in |
recent publicatiod® Two k-points in the surface Brillouin

zone were used in most of our surface calculations, and four Terrace

k points for symmetric unit cells. All the calculations were © %
performed at the Edinburgh Parallel Computer Center on

Cray T3D/T3E parallel supercomputers. ® 10 atoms
It is well known that the DFT method is designed only for

) > Cube ed
calculating the lowest states of any multiplicfftherefore, SHDEECES

(e) e (®
we can only study the singlet-triplet transitions. At this point, :
we note that the singlet state of the MgO molecule calculated - ;
using theceTep code has the equilibrium distance 1.743 A 259x3 : D oxexs :
and is 0.36 eV lower than the triplet state, in good agreement v !
with experiment® The excitation(singlet-triple} and lumi- Linear clusters for the cube edge
nescencétriplet-single} energies were calculated in the fol- N > ® o g®
lowing way. First, we find the ground singlet state of the w M
system in question with all atoms in the slab allowed to relax ' [ ixixe :

to mechanical equilibrium. Then, keeping all the atoms in the P lxlxd .
positions obtained for the ground state, the triplet state was

calculated. The energy difference between the fully relaxeg, /G- 1. Schematic of quantum clusters embedded inta @66
56-ion nanocluster used iab initio Hartree-Fock and beyond

lectroni nfiguration in the tripl nd the groun ) o . ;
electronic configuratio the triplet state and the grou artree-Fock calculations of excitation energies of low-coordinated

state corresponds to the Franck-Condon singlet-triplet exci-. . ) ) ;
. . .~ sites. Open circles are oxygen ions and black circles are magnesium
tation energy. To calculate the luminescence energy, we fir ns

relax the slab atoms in the triplet state; only atoms of the
bottom layer are kept fixed. This gives us the fully relaxedtrol, such as the electron correlation accounted for by INDO
triplet excited state of the system. Finally, for this atomicparameters and by a particular DFT functional. The most
configuration a singlet state is calculated. The correspondingccurate values for the excitation energies are expected by
energy difference is associated with the luminescence enerdie CISD method. As we will see below, the energies given
of the vertical triplet-singlet transition. by other methods do not differ dramatically from the CISD
results, however the most meaningful comparison is between
the relative energies for different surface sites.
lll. RESULTS OF CALCULATIONS Finally, prior to discussing the results of calculations for
] ] ) ) ] the excited states, let us summarize the geometric structure
The low-coordinated surface sites considered in this studyt the nanoclusters and of the steps and kinks at the MgO

are shown in Figs. 1 and 4. Based on the significant changegrface. There is no need for longer discussion since relevant
in the excitation spectra of photoluminescence due to theata have already been published in several papers, including
additional treatment of MgO powders by water and somehe calculations performed with the same methods as em-
gases, Coluccia and co-workers speculated that cation angoyed in this study®**>'The general trend in relaxation of
anion vacancies at the corner sites could be impoFt%mt. steps, edges, corners, and kinks of ionic crystals is well
Therefore, they were also included in the calculations. Al-known: it tends to smooth out the discontinuity. The inward
though it is clear that the variety of possible excitation sitesdisplacements of border ions are quite substantial and
is more diverse, the types shown in Figs. 1 and 4 seem to b@mount to about 6—8 % of the bulk lattice constant in most
already fairly representative. Different sites have differentof the calculations. These displacements calculated for the
cross sections for photon absorption and contribute to differstep and the step corner and f881) MgO surface using the
ent parts of the spectra. In particular, the number of cub®FT method are given in Ref. 39. The additional feature
corners is smaller than those of steps and kinks. However, isharacteristic for nanoclusters is the distribution of interionic
this paper we are mainly concerned with the site dependenatistances as a function of the ions position with respect to the
of the excitation and luminescence energies. cluster borders. The cluster shape is rounded with respect to
An important issue is how to compare the results obtainedhe ideal rectangular form. The interionic distances are
using several different techniques. The geometric parametegsnallest at the corners and largest in the “bulk” of a cluster.
of the systems calculated using the atomistic simulation techvery accurate numerical values are difficult to obtain be-
nique, the two embedded cluster methods and the DFT tecleause the only source of data for large clusters are the cal-
nigues are very similar. We have compared the results for theulations using interatomic potentials. These calculations do
Mg,0, clusters, and for step relaxation at the MgO not take into account the changes in the electronic structure
surfacé®®®and the agreement of the bondlengths and anglesf ions as a function of their coordination. However, a quali-
is within 2%. Comparison of the absolute values of excita-tative trend can be seen from the results of eurp calcu-
tion and luminescence energies is less straightforward due fations using the pair potentials given in Ref. 24. For the
the differences in the techniques, which are difficult to con-cubic clusters of 64, 216, and 512 ions, the interionic sepa-
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TABLE I. The excitation energies for different sites in the cubic (Mg§nanocluster calculated using
the CIS and CISD techniques, and two different basis @5

Number CIs? CISD
Lowest oxygen of atoms  Basis
coordination Position  (Fig. 1) set ST S-S A’ s=T  (S»9°
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 8c) 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 55 6.1 0.6 4.3

&The CIS energies are given for the excitations with the largest transition-matrix element.

®The singlet-triplet splitting energy.

‘These energies are calculated by adding the CIS singlet-triplet splitting efetgythe CISD excitation
energy into the triplet state.

rations at the anion corner are about 1.91 A in all cases. Thior the different low-coordinated sites calculated using CIS
distance between nearest ions inside the cluster increasage given in Table I. One can see that they depend signifi-
from 2.05 A for the 64-ion cluster to 2.07 A for that of 512 cantly on the basis set, the oxygen coordination, and the
ions (the bulk value is 2.105 A Similar trend has been cluster size. The excitation energies calculated using CISD
obtained in recent density—functional calculations for the CUhave much lower energies than those obtained with CIS, re-

bic MgO clusters containing up to 64 ioffs. vealing the importance of the electron correlation.
The effect of the size and shape of the quantum cluster on
A. Ab initio calculations for nanoclusters the calculated excitation energies can be seen in Table |

Quantum clusters of different sizes were embedded at th\Q’here we compare the results for different elusters. In four
oxygen corner and at the edge, grain, and in the bulk of £2S€S the calculations were made for a cubic cluste/aMg
(MgO) 108 cubic nanoclustesee Fig. 1 The geometry of embedded in different posmor_ls inside the nan_oclu&l;ee
this (6x6x6) nanocluster was optimized using the pair po-Figs- 1@-1(c) and Xe)]. The disadvantage of this quantum
tentials and thesuLP code and was kept fixed in all the cluster is that the ions are treated differently at different po-
calculations of this series. sitions in the nanocluster. For instance, the corner oxygen

The calculated energies for the transitions with the largesion is fully surrounded by the cations with a basis [¢&y.
oscillator strength are summarized in Table I. One can im1(b)]. However, at the eddd=ig. 1(e)] the fourth cation near-
mediately see a trend: independent of the basis, the excit@st to the edge oxygen ion is a bare pseudopotential and does
tion energies into the singlet and triplet states decreasmot carry a basis. To check whether this may introduce any
gradually as the coordination of the oxygen ion decreasesignificant difference in the calculated energies we have con-
To compare different basis sets and techniques, we can uséered larger clusters where one of the oxygen ions was
the experimental values of the exciton excitation energies ifiully coordinated by quantum ionésee Table ). For the
the bulk and at thé001) surface plane. The reflectance spec-edge, we expanded the cube by another four jdmes 12-ion
tra of MgO single crystafsmeasured at 77 K demonstrate a cluster in Fig. 1f)] and also considered two linear clusters
singlet-triplet splitting with the triplet pick at 7.69 eV and the comprising four and six ions located along the edBigs.
singlet pick at 7.76 eV. The high-resolution electron-energyl(g), 1(h)). For the surface, we took a completely different
loss (HREEL) spectra of thg001) surfacé demonstrate an cluster which is shown in Fig.(d@). It has nine ions in the
exciton peak at about 6.15 eV. At high coordinations, thesurface plane with the oxygen ion in the center, and an ad-
excitation energies calculated using the basis set by Baguditional Mg ion in the second plane just below the central
and co-workergB) are much larger than both the experimen-oxygen. The results of the CIS calculations presented in
tal values and the results obtained with the basisAsdthe  Table | demonstrate that the excitation energies change
differences between theoretical results are much smaller fawithin 0.5 eV, with the largest difference between the cubic
the edge and corner where the oxygen configuration is closemd linear clusters at the edge.
to the O ion configuration used for the optimization of the To demonstrate the character of the electron localization,
basisB. in Fig. 2 we present sections of the spin-density maps for the

The excitations into the triplet state have lower energiegriplet state calculated using the UHF method for selected
than those into the singlet state. The singlet-triplet splittinggjuantum clusters. As one can clearly see in Fig),2both
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FIG. 2. Sections of the spin and differential electron density of the excited triplet state at several positions in the narfacitistespin
density at the corner sitéh) the differential electron density at the corner sit®;the spin density at the edge calculated for the twelve ion
guantum clustefFig. 1(f)]; (d) the spin density at the edge calculated for the four-ion quantum cliEterl(g)]; (e) the spin density at the
terrace[Fig. 1(c)].
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unpaired electrons are mostly localized on the corner oxygen
ion, and their density is spread out of the corner approxi-
mately along th€111) crystalline axis. To see how the elec-
tron excitation affects the overall electron-density distribu-
tion, in Fig. Ab) we have plotted the section of the
differential density map in the same projection as the spin
density in Fig. 2a). The difference in Fig. @) is taken be-
tween the electron densities for the vertically excited triplet
state calculated using CIS and the ground state. One can see

that the electron-density redistribution due to the electron 63atoms| " yacancy
excitation is also mostly localized at the corner oxygen ion: at the corner
there is an electron flow from p orbital oriented along the (e)

(112 axis to an electronic state oriented perpendicular to that
axis. The section of the spin-density plot shown in Fi) 2

is calculated for the 12-ion quantum cluster embedded at the
edge. Again both unpaired electrons are mostly localized on 62 atoms
only one oxygen ion, which has the lowest coordination. To
check how this result can be affected by the number of quan-

tum Qxygens a_t the edge, in Fig(d2 we plotted the spin FIG. 4. Schematic of quantum clusters embedded intx 888
density for the linear quantum cluster b@ along the edge. 515 jon nanocluster used in the semiempirical Hartree-Fock calcu-
In this case, there are two almost equivalent low-coordinateghsions. To save space, only nontrivial cases are shown. The calcu-
oxygen ions, one of them being closer to the nanoclustefations for the terrace and edge were made for the same quantum
corner[see Fig. 1g)]. Accordingly there are two almost de- cluster as shown ife) located in the middle of the terrace and edge,
generate transitions and the spin-density map is shown faespectively. Color coding is the same as in Fig. 1 and is inverted
one of them. The fact that the two excited states are almogbr the anion and cation corners and kinks.

degenerate indicates that for a longer edge the excited state is

probably delocalized over several oxygen ions. This can b, particular, the first ionization potential for the eight ion
clearly seen in the case of the graffig. 2€)] the two oxy-  (yster at the edgéFig. 1(f)] was found to be 8.059 eV,
gen ions in the quantum cluster are equivalent and the eXynereas for the 12-ion cluster shown in Fige)lwe ob-

cited state is delocalized over both of them. Again the denizined 8.073 eV. However. we must admit that these ioniza-
sity of the unpaired electrons in the excited state extendgon energies are overestimated by about 1.0-1.5 eV because

perpendicular to the grain surface plane into the vacuum. ihe electron polarization of the nanoclusters was not ac-
The relative total energies of the excited states at differenty ,nted for in the ionized state.

low-coordinated surface sites could be used as the first indi- Assuming the common vacuum level for all systems con-
cator of whether the exciton excited, for instance, in the bUIksidered we then placed their ground-state total energies at
or at the surface would transfer to the less coordinated edge| ¢ 'shown in Fig. 3. Then the energies of the excited
and/or corner. In order to be able to compare the results fofiates were located with respect to the defined positions of
different shapes and sizes of quantum clusters, the relative ground states using the excitation energies. As one can
energies of the excited states for different coordinations werggg iy Fig. 3, the excited state in the bulk has much higher
estimated in the following way. First, the ionization energiesgnergy than that at the surface, and the latter is higher than at
| for the clusters included in this study were calculated usingy,o edge. The energies of the excited states at the edge and at
CISD. There is not much difference between the results obg,e corner appear to be very similar. Again, the absolute
tained using different quantum clusters for the same locat'orbnergies of these states are too low due to lack of polariza-

tion contribution in our calculations of the ionized and ex-

corner

Energy, (eV) cited cluster states. Cox and Williafargued that the exci-
Vacuum level . .. ..
0 tation state at the surface is in the positive spectrum, our

T estimates suggest that it could rather have a small negative

2+ 4 Triplet energy. Clearly this question requires more thorough inves-
r— excited X A

+ He |y state tigation.
-4 +
6 _: B. Semiempirical calculations for nanoclusters

Crystal

k = ground The semiempirical technique allows us to use much larger
-8 + N _ Corner quantum clusters and to perform the geometry optimization

+ -1y N A Edge in the excited states taking into account the polarization of
10 Buk the rest of the nanocluster. We use these advantages in order

to extend our study to more complex surface sites and to
calculate the luminescence energies. This should provide a

FIG. 3. Diagram representing the relative energies of the ground©'® complete comparison with experiment.
and excited triplet states at different positions in the nanocluster 1he calculations were performed for two basic nanoclus-

calculated using the CISD method. ters of different sizes: (MgQyg and (MgO)se cubes. The
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TABLE II. The lowest excitation energies for the low-coordinated surface sites and the luminescence
energies of relaxed excitons calculated using the embedded cluster INDO CIS rfeXfhod

Optical Luminescence
Lowest oxygen Cluster absorption
coordination Position (Fig. 4) edge Singlet Triplet
5 Terrace(Ref. 16 a 6.4 57
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 35 29
vacancy

&These are estimates calculated by subtracting an average singlet-triplet splitting obtained in the Hartree-Fock
calculations(see Table), 0.6 eV, from the singlet luminescence energmse text for discussion

®These energies are given for completeness. They were calculated in Ref. 16 using a cluster embedded into
the infinite(001) MgO surface and the same INDO method as used in this study with the basis set extended
by floating functions.

results for these two systems are quite close and therefore we The excited state at the cube edge was found to be more
will discuss the data obtained for the larger nanocluster. Thdelocalized. Although it was possible to find a solution that
systems considered are shown in Fig. 4. In all cases we uségl localized mostly on a pair of the four-coordinated oxygen
the same cubic (MgQ) quantum cluster, which was embed- and magnesium ions, the electronic state, that is delocalized
ded into the nanoclusters as shown in Fig. 4. In the kink an@Ver the four edge ions has an almost equivalent energy. This
corner cases, both the oxygen and magnesium terminatior Similar to the result obtained in the clustey initio calcu-

were considered, which correspond to inverse color codindtions. As will be demonstrated in the next section, the pe-
in Fig. 4. The singlet-singlet excitation and luminescencdiodic calculations also demonstrate comparable features.

energies are summarized in Table Il. They follow the same
general trend as observed in thle initio calculations. How- C. DFT calculations for periodic structures

ever, the picture is richer due to a wider variety of structures .
The results of the embedded cluster calculations for the

Cor,]ASrI]i(Ia;;i.g the electron distribution in unrelaxed and re-Nanoclusters demonstrate that the excited states are well lo-
laxed excited states one can clearly distinguish two case(;sallzed at the terminating sites such as corners and kinks, and
already noted in thab initio calculations of excitationi) suggest that excitation of the extended surface feat.ures, such
the excitation at a terminating site, such as a corner or Kink?S edges and terraces can lead to more de!ocghzed states
and (ii) the excitation of an “extended” feature, such as aé;ven after relaxation. Nelther' cluster nor perlodlc_: calcula-
monatomic step or cluster edge and terrace. tions can prove these conclusions due to the relatively small

In the first case, the excited states are localized around tH&~€> of quantum clusters and per!odlc unit cells. However,
ion with the lowest coordination. However, the degree of e important advantage of periodic band-structure calcula-
localization is different. In the case of the cube corff&g.

4(a)], the three nearest-neighbor ions of the corner ion are
equivalent and both the unrelaxed and relaxed excited states
are distributed over these three neighbors. The difference in
the excitation and luminescence energies for the oxygen and

(a)

' corner

magnesium corners is due to the different oxygen coordina- P oxygen
tions: it is lower for the oxygen corner. In the case of the edge
oxygen kink[Fig. 4(c)], the three nearest-neighbor cations / oxygen

are not equivalent and the excited state is found to be local-
ized mostly on the Mg-O pair with the least-coordinated oxy-
gen and magnesium ions. For the magnesium kink, the ex-
cited state is again localized on a similar pair of ijeee
Fig. 4(c)], but the excitation and luminescence energies are
higher because the oxygen ion is now four coordinated. The F|G. 5. Repeating geometries of the monolayer zigzag &ep
absence of the corner magnesium ion exposes three SWnd the steggb) calculated using the DFT method. Only the topmost
rounding oxygens. The negative effective charge of the vatayer of the slab is shown explicitly. The atoms included in the
cancy leads to delocalization of the excited electron over @rimitive cell are shown by opefoxygen and black(magnesium
larger number of surrounding cations. circles.
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TABLE Ill. The lowest excitation energies for the zigzag step and the monatomic step and the lumines-
cence energies for relaxed excitons calculated within the DFT method usingtbeandvasp codes(eV).

Singlet-triplet Triplet-singlet
- Number excitation luminescence
Oxygen Position of ions in
coordination (Fig. 5 uc 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

tions is that they allow us to test these conclusions furtheother methods. It is worth also mentioning that the relaxed
due to the much stronger interaction between the localizegeometries of the ground and excited states obtained using
and delocalized crystal states. For this purpose, we turn tthe two methods agree with each other to within 2-3 % of
two characteristic cases: a monatomic zigzag step and the anion-cation distanca,=2.122 A used in all calcula-
monatomic step shown in Figs(a#d and b). The corner tions.

sites of the zigzag step are oxygen-terminafEi). 5(a)]. Let us now turn to a more detailed analysis of the results
Geometrically, the zigzag steps are only slightly differentfor the zigzag step. The nature of the excited state after the
from the kinks treated in the previous section: the oxygen iorvertical transition can be understood better after studying the
at the zigzag step corner has two equivalent nearest neighbdifferential electron density plotted in Fig(é. This is the
magnesium ions, i.e., this is a more symmetric structure thadifference between the electron densities of the excited and
the oxygen kinKFig. 4(c)]. The monatomic step edd€ig. ground states at the same geometry. One can see that, as in
5(b)] represents a more extended surface feature than thibe cluster calculations for the cube cori€ig. 2(b)], the
steps and edges of the finite nanoclust@figs. 1 and #  electron redistribution due to the electron excitation is
Therefore, if the relaxed excited state will prove to be local-mostly confined to the oxygen states demonstrating strong
ized, this will provide more strong evidence in favor of ex- oxygen polarization. The geometric structure of this excited
citon localization at low-coordinated surface sites. state was then optimized with respect to the positions of ions

The geometric structures of both step systems in thén the repeating cell. The strongest displacemseiaisout
ground (singled state were optimized in Ref. 39 using the 0.08a;) were found for the magnesium ions nearest to the
CETEP code. Essentially the same slab models were used iporner oxygen. Their directions are shown by arrows in Fig.
the present calculations. For the zigzag step system we us&@). The corner oxygen is displaced slightly outwards the
a repeating supercell consisting of 44 atofidg. 5@)], corner, and the nearest oxygen ion is shifted in the direction
while for the standard step system two repeating supercellgf the corner oxygen by about 0&y. This relaxation is
consisting of two and three primitive cells along the diege  characteristic of a hole localized on the corner oxygen. This
Fig. 5(b)] and 44 and 66 ions were employed. is indeed confirmed by the spin-density plot presented in Fig.

The excitation and luminescence energies between thé®b). It is very similar to that shown in Fig.(d and dem-
lowest singlet(ground and triplet(excited states calculated onstrates that the two unpaired electrons in the relaxed triplet
using theceTer and vAsP codes are presented in Table Ill. state are mainly localized on the oxygen ions. A significant
First of all, we notice that there is a substantial differeqaqe  portion of the spin density, which is not seen in the figure, is
to 2.2 eV} between the energies obtained by the two methiocalized in the “pockets” of the zigzag-step structyfég.
ods. To check the dependence of the results on the number 6fa)]. The spin density is the largest on the corner oxygen
k points, we repeated the ground and excited states calculand decays rapidly inside the lattice. This suggests the exci
tions for the zigzag-step system using fivgoints instead of  ton localization around the corner oxygen, which is qualita-
two with both codes. The obtained geometries of the relaxetively similar to the results obtained for the cube corners
ground and excited states were almost identical to those ca#bove.
culated using twdk points, and both the excitation and lu-  The transition energies calculated for the step shown in
minescence energies changed by less than 0.05 eV. Since thable Il are generally larger than for the corner system. The
same DFT functional is used in both cases andkipmint  dependence on the number of ions in the unit cell is more
sampling used in the calculations was found to be sufficientpronounced in th&asp calculations. However, independent
we suggest that the discrepancy between the two methods the size of the supercell, the displacements of the ions in
comes from different pseudopotentials. However, at thighis excited state are much smaller than those obtained for
stage it is difficult to prove whether this is the only cause andhe zigzag step and do not exceed @Q3The discrepancies
a more detailed study is certainly needed to understand theetween the ionic displacements calculated usingvker
accuracy of both DFT methods with respect to singlet-tripletand theCETEP codes are of the same order as the displace-
transition energies. ments themselves.

As one can see in Table lll, both methods nevertheless In all cases, we find that the spin density is strongly lo-
give the same trend and similar relative energies in regard toalized around the step edge. However, the details of local-
the dependence of transition energies on coordination: thization along the step were dependent on the size of the unit
lower the oxygen coordination, the smaller transition enercell. In the 44-atom cell, there are only two independent
gies. This is consistent with the result obtained above wittboxygen atoms at the step edge and the spin density appears to
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(a)

(001)

(b)

(001)

FIG. 6. Sections of the differential and spin electron densities of the zigzag(siehe differential electron density of the unrelaxed
excited triplet state{b) the spin density of the fully relaxed excited triplet state. The section is made as in @Egsarl Zb) through the
corner oxygen ion along th@d 10 axis perpendicular to the terrace plane. The atomic network indicated by dashed lines reflects the atomic
relaxation. Other notations are the same as in Fig. 2. Note the polarization and decay of the differential and spin-electron density inside the
lattice.

be localized equally on both of thelfRig. 7(a)]. There is also  three-coordinated oxygen corner on the zigzag step. It is also
significant concentration of the spin density outside the stefpcalized at the step but is likely to be extended along it.
opposite to the step-edge Mg atoms. In the 66-atom step

system there are already three independent oxygens at the IV. DISCUSSION

step edge. In this case, usimgTEP we obtained only one ] o )
stable triplet configuration in which the spin density was The result_s of calculations of the eXC|ta_1t|0n_ and lumines-
localized on the two nearest edge oxygens with the Mg edggence energies for the Iow-_coordllnated sites in nanoclusters
atom in betweeriFig. 7(b)]. (Note also significant spin den- and at surfaces of MgO using different techniques demon-

. : . . . strate qualitatively very similar features. For the excitation
sity opposite to th'S.M.g atom O.UtS'de the'step.e)ngEIng energies, the most reliable data are obtained using the em-
vAsP we found a similar solution, but with slightly more

. : L T . bedded clustenb initio Hartree-Fock calculations that we
diffuse spin-density distribution. However, there is also an-yiscuss first

other solution with 0.2 eV lower energy, which corresponds £t independent on the basis set used, the results show a

to the state that is completely delocalized over three 0xygenggry consistent dependence of the excitation energies on the
at the edge. Existence of several almost degenerate solutlogiygen coordinationn=3, . . . ,6. Thedifferences between

is consistent with the relatively small atomic displacementsne excitation energies fakn=1 are of the order of 1 eV,
in the triplet state and with very smabout 0.01 e¥ de-  hich is close to the experimental resulté we assume that
viations of the total energies per atom for all systems studiedhe singlet-triplet splitting is not very much affected by the
Thus, we conclude that the results obtained with the DFTelectron correlation, we can estimate the energies of the cor-
method are qualitatively consistent with those obtained withelated singlet-singlet transitions too. For this purpose, we
other methods{i) the transition energies tend to decreaseuse the splitting values obtained in the CIS calculations and
with the reduced coordination of the surface oxygen atomthe singlet-triplet transition energies obtained using CISD
and (ii) the fully relaxed triplet exciton is localized at the (see Table)l The excitation energies estimated in this way
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FIG. 7. Sections of the spin-electron density of the fully relaxed excited triplet state at the monatomic step calculated osirgpthe
code:(a) for the 44-atom periodic system; ado) for the 66-atom periodic system. Dashed lines indicate the atomic network of the upper
terrace of the step and reflect the atomic relaxation. The section is made along the terrace with the normal of the section plane perpendicular
to the surface. Other notations are the same as in Figs. 2 and 6.

are presented in the last column of Table I. The CISD ener- Third, the excited states appear to be more localized at the
gies are in good agreement with the experimental data for theerminating three-coordinated oxygen sites, than within the
bulk* and the surface Direct comparison with the results of edge or at the surface. The similar trend is also obtained in
Garrone, Zecchina, and Stonen the ultraviolet diffuse re- our DFT calculations for the monatomic zigzag step and the
flectance spectra of microcrystallites is impossible becausmonatomic step. The relative energies of the excited states
the experimental spectra are averaged over many differemorresponding to oxygen sites of different coordination sug-
low-coordinated sites. Nevertheless, our results qualitativelgest the possibility of the excitation transfer from, for ex-
support the assignment of the peaks at about 5.7 and 4.6 eAmple, the surface to the more localized terminating corner
to the four- and three-coordinated oxygen surface sitesites with lower energy. Similar behavior of the excitation
respectively’ was proposed in Ref. 7 on the basis of analysis of the experi-
Second, both the spin-density distribution in the excitedmental data, however, the mechanism of this process re-
state and the differential electron density between the grounduires more detailed study.
and excited states demonstrate the strong contribution of the The results obtained using the parameter-free methods al-
oxygen states into the excited state. This is not somethintpw us to verify our semiempirical calculations. The param-
one would expect based on a traditional view that the bottoneters of these calculations were optimized to reproduce the
of the conduction band in ionic insulators is mainly deter-band-gap excitation in the bulk Mg(Q.8 eV) using a peri-
mined by cation states. We note that the calculations by Paredic model and the CIS method. With this calibration, the
dey, Zuo, and Kun suggest complete exciton localization agreement with the results of tta initio CIS calculations
on the oxygen ion in the bulk of MgO: Cluster calculations for the excitation energies at the low-coordinated sites is
by Bagus, lllas, and SouSademonstrate an opposite behav- quite satisfactory.
ior of the excited electron: it is completely delocalized over Spectroscopic features similar to those discussed above
the entire cluster. However, the latter result could be relatethave also been observed in the excitation spectra of the pho-
to the fact that the quantum cluster in Ref. 15 was surtoluminescence of powdered MgO' In particular, all of
rounded by a point ion array. them have a narrow peak with the maximum at about 4.6 eV
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and strong absorption with the maximum at energies greatesnergies with reduced coordination of ions.
than 5.5 eV. However, the experimental photoluminescence The strong dependence of the excitation and lumines-
spectrd'° are inhomogeneous and much broader than theence energies on ion coordination obtained in this paper is
excitation spectra, with a maximum around 3.3 eV and aue to the combination of several interrelated factors. Some
long tail up to 2.0 eV, which could be decomposed intoof them have already been discussed by Garrone, Zecchina,
several lines. This implies a variety of photoluminescenceand Stongand include the reduction of the Madelung poten-
centers. Our semiempirical and DFT calculations of the lutial at low-coordinated sites, which leads to their substantial
minescence energies suggest that the lowest energies correlaxation with respect to ideal geometry and to strong
spond to the terminating sites. They do not give a final anelectron-density redistribution. As was pointed out by
swer as to whether the excited states can localize at the st&parrone, Zecchina, and Stohethe reduction of the
or at the grain edge and whether these surface features cMadelung potential alone cannot quantitatively explain
serve as the luminescence centers. However, taken togethe experimental data without considering the two other
with the calculated relative energies of excited stéfég. 3),  factors, and even in this case the agreement with experiment
they are consistent with the eviderrfethat the excitation is not perfect. This is perhaps not surprising because,
can be transferred from the surface to the terminating siteas is demonstrated in our calculations, both the degree
where the luminescence takes place. of localization of the excited state and its nature depend
The results of semiempirical and parameter-free calculaen its location. Strong localization of the excited states on
tions demonstrate that the excited states at the corner sittlse oxygen ions makes the Madelung argument even less
are strongly localized around the low-coordinated oxygerapplicable.
ion. The unrelaxed and relaxed triplet states have lower en- One may then ask how do these results depend on nano-
ergies than the corresponding singlet states. These resultBister size and on whether this is a finite cluster or an infi-
suggest that the experimentally estimated Ignpre than nite surface. Qualitatively this can be illustrated by compar-
several microsecongléfetimes of photoluminescence could ing the densities of states for the monatomic step and the
be due to the triplet-singlet transitions within the stronglyzigzag step. The excited state is more localized at the zigzag
localized terminating sites. step and the corresponding occupied and vacant states are
The luminescence energies calculated by the semiempibetter separated from the band states than in the case of
ical technique are for the singlet-singlet transitions. Due tanonatomic step. Similar observation applies to the cluster
the small relaxation of the excited state we can assume thatlculations: the occupied and vacant states associated with
the singlet-triplet splittings between the relaxed singlet- andhe electron and hole of the exciton at the corner are much
triplet-excited states could be of the same order as thosketter separated from the other states than at the edge or
calculated for the excitation energies using the Hartree-Focterrace. Providing the excited states are well localized, as at
method and CIS, i.e., about 0.6 eV. Subtracting this valueorners or kinks, the spin-density distributitsee Figs. &)
from the calculated energies of the singlet-singlet transitionand &a)] and the electronic states are very similar in the
we can estimate the triplet-singlet luminescence energiegluster and periodic calculations. However, if the extent of
These are presented in the last column of Table Il. One calocalization of the excited state starts to exceed the size of a
see that the luminescence energies calculated using thlgiantum cluster or a periodic cell both character of localiza-
INDO method and the CIS technique are generally highetion and comparison between finite clusters and infinite pe-
than the spectral region 0f2.0—-3.7 eV, which accommo- riodic structures become less reliable.
dates the photoluminescence spectra. This could be becauseTo summarize, the results of our study emphasize the fea-
of the rather uncontrollable way the electron correlation issibility of several effects that can be important in spectro-
included in the INDO parameters. As one can see in Table Iscopic studies of real surfaces, and could be used in studies
the calculations using CISD systematically shift the excita-of molecular adsorption at surface sites, photocatalytic sur-
tion energies down by about 1.1-1.4 eV with respect to ClSace processes, and DIET. These drgthe strong depen-
results. We hoped that more accurate luminescence energidence of spectroscopic properties on coordination and the
could be obtained using the DFT calculations. However, theossibility of selective optical excitation of low-coordinated
discrepancy of the results obtained with two codes does naturface sites{ii) the energy transfer from the sites with
allow us to reach quantitative conclusions. Finally, we notehigher coordination to those with lower coordination and fi-
that the luminescence energies obtained for the kink sites arglly to the localization centers.
higher than these for the corners and the corner vacancies.
This is in agreement with the experimental observation that
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