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On the accurate prediction of the optical absorption energy of F-centers
in MgO from explicitly correlated ab initio cluster model calculations

Carmen Sousa and Francesc Illas
Departament de Quı´mica Fı́sica i Centre Especial de Recerca en Quı´mica Teo`rica, Universitat
de Barcelona, C/Martı´ i Franquès 1, 08028 Barcelona, Spain

~Received 5 March 2001; accepted 2 May 2001!

A systematic study of the different computational requirements that affect the accuracy of theab
initio prediction of excitation energies of F and F1 centers on cluster models of MgO is reported.
It is found that rather limited basis sets are enough to predict excitation energies of the F and F1

centers that are near to each other as experimentally observed. However, the absolute value of the
excitation energy is in error by;1 eV or ;20%. Increasing the basis set reduces the calculated
excitation energy for the allowed transition, reaching a value of 5.44 eV for the F center, only 9%
in error with respect to experiment. Improving the basis set does not result in a better value of the
excitation energy of the charged F1 center. Attempts to improve the calculated result by geometry
optimization of the region near the oxygen vacancy, enlarging the cluster model, improving the
primitive Gaussian set, or enlarging the auxiliary basis set centered on the vacancy failed to further
reduce the error. It is concluded that much larger basis sets are required to predict excitation energies
of electrons trapped at oxygen vacancies in ionic oxides with accuracy of or better than 0.4 eV.
© 2001 American Institute of Physics.@DOI: 10.1063/1.1381011#
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I. INTRODUCTION

The theoretical study of electronic excited states is
necessary step for understanding and interpreting electr
spectra. Therefore, theoretical methods have been devel
to obtain accurate information about spectroscopic prope
of molecular systems~see, for instance, Ref. 1 and referenc
therein!. Recent advances in electronic structure theory2–8

have permitted us to reproduce the electronic spectra
large number of small to medium sized molecules with
curacy that is comparable to experiment.9,10 This impressive
achievement permits us to interpret the experimental spe
and to assign the corresponding peaks in a rather univ
manner. Unfortunately, there are no equivalent approache
solid state physics, and the study of excited states in
tended systems is still in its infancy.11 Among the different
formalisms that have been proposed to study excited stat
extended systems, we mention the efficient approach
gested by Rohlfing and Louie.12 This approach is based o
the use of the two-particle Green’s function and provides
accurate description of excitonic effects in semiconduct
and simple ionic insulators such as LiF.

In spite of the difficulties encountered when attempti
to properly describe excited states in extended systems, t
is quite a large number of situations in which accurate res
can be obtained. The common feature of these cases a
from the local character of the electronic excitations, a
therefore these systems can be studied by means of a cl
model approach and accurate configuration interaction w
functions. It is interesting to point out that such localiz
excited states are encountered in a broad range of situa
with excitation energies ranging from;0.001 eV for mag-
netic problems, to;200 eV for core-level excitations an
ionization energies.13 Several examples of accurate pred
1430021-9606/2001/115(3)/1435/5/$18.00
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tions of the spin excitations governing the magnetic coupl
constants of wide gap insulators have been repo
recently.14–28Likewise, the study ofd→d excitations in ox-
ides and related ionic systems has been largely impro
from the earlier qualitative predictions29–31now reaching al-
most experimental accuracy,32–34 and when necessary, fully
relativistic calculations of the optical spectra are no
possible.35,36 Finally, the accurate prediction of core lev
spectra—including the fine details of satellites, and with
the Dirac–Fock relativistic framework—completes this ove
view on the high energy range.37,38 The cases describe
above are not exclusive to pure solids; impurities and defe
can also be treated with the same level of accuracy, and
cluster model approach has permitted us to solve impor
problems. This is the case with the recent study on the o
cal spectra of the neutral Ag~0! impurity in a KCl host
crystal,39,40 the assignment of several spectroscopic featu
of SiO2 as due to well-defined point defects41–44 and the
description of core excitons in several oxides.45

The configuration interaction cluster model approach
also been applied to characterize the spectroscopic fea
of oxygen vacancies—usually referred to as F-centers—
bulk and surface MgO.46,47These studies corroborate the e
perimental assignment for bulk F-centers and attempt to
sign the main features of surface F-centers. Unfortunat
the accuracy reached in this particular system is less s
factory than that reached in the cases discussed abov
fact, it is well established that optical spectra of O deficie
MgO presents a characteristic band on the optical spectr
;5 eV that is associated to the presence of bulk F-cente48

Moreover, Chen, Williams, and Sibley48 have been able to
decompose the band into two components due to1

centers—one single electron trapped in the O vacancy—
5 © 2001 American Institute of Physics
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4.96 eV, and to neutral F centers—two electrons trappe
the O vacancy—at 5.03 eV. However, the theoretical cal
lations reported in previous works lead to an estimate of
and 5.8 eV, for bulk F and F1 centers with too large an erro
with respect to the experimental values.46,47Attempts to im-
prove the result by employing a more extended cluster mo
and by taking into account possible geometry relaxation
fects were unsuccessful. It was concluded that the remai
difference with respect to experiment was due to basis
limitations. This is an important point that must be solv
before attempting to reach a quantitative understanding
other important features of these materials, such as lumi
cence, or to extend the procedure to more complex mater
In this work a systematic study is presented aimed to es
lish the influence of the basis sets on the accurate comp
tion of F-center excitation energies by means of explic
correlated wave functions. It will be shown that accura
results can also be obtained in this class of point defects,
at quite a high computational cost.

II. CLUSTER MODEL AND COMPUTATIONAL DETAILS

Following the strategy used in previous works,46,47 a
cluster model was used to represent the oxygen vacan
hereafter referred to as Vac—in bulk MgO. The clus
model is similar in size to that used in our previous work, b
more accurately described, i.e., all electrons in the clu
atoms are explicitly considered, a more efficient embedd
technique is used, and rather large basis sets are emplo
Hence, the cluster model contains the oxygen vacancy
six-nearest neighbor Mg21 cations, the twelve second
nearest neighbor anions, and the eight cations in the t
shell. To avoid an artificial polarization of the anions’ ele
tronic density they have been fully coordinated by the ad
tion of an extra shell of Mg21 ions represented byab initio
model potentials~AIMP!.49–52 Finally, an array of 292 opti-
mized point charges53 was added to the cluster model
account for the crystal Madelung potential. The total clus
contains 343 centers and may be described as~Vac! (Mg)6

(O)12 (Mg)8 (AIMP Mg21)24 (Point Charges)292. Local re-
laxation effects have been shown to be of importance in
face F-centers, but rather negligible—less than 0.1 eV in
excitation energies—for the bulk F-centers.46,47 Therefore,
the ideal bulk geometry was always preserved. Finally
series of calculations was also carried out in a larger mo
explicitly including the fourth shell of anions, the final clu
ter model being ~Vac! (Mg)6 (O)12 (Mg)8 (O)6

(AIMP Mg21)30 (Point Charges)280. These two clusters will
be referred to as clusters A and B, respectively.

Since the main goal of this work is to investiga
whether the optical spectroscopic features of bulk M
F-centers can be accurately reproduced by means of a
figuration interaction cluster model approach, it is necess
to avoid possible sources of errors. Therefore, all electr
on the~Vac! (Mg)6 (O)12 (Mg)8 region of cluster A, and the
~Vac! (Mg)6 (O)12 (Mg)8 (O)6 region of cluster B have
been explicitly considered. The molecular orbitals used
construct the many electron wave functions for the grou
and excited states have been expressed as a linear com
tion of atomic natural orbital, ANO, Gaussian-typ
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functions,54,55 which are specially designed to accurately d
scribe electron correlation effects while having a rather co
pact form. The ANO basis sets are derived from a la
primitive set and contracted using a general scheme in wh
all primitive functions contribute to each contracted ba
function. The Mg and O primitive basis sets are (13s8p3d)
and (10s6p3d), respectively.56 The adequacy of these bas
sets has been shown in a recent study of core level exci
in MgO.45 Starting from the primitive sets described abov
up to five different contracted basis sets of increasing s
have been employed; the number of ANO basis functio
included in each shell of ions is reported in Table I. The
five different basis sets systematically improve the desc
tion of the quantum mechanical region. For cluster A the fi
sets were used, whereas only Basis 1 and Basis 4~Table I!
were employed within the larger cluster B. This is enough
check the stability of the results with respect to the num
of ions included in the quantum mechanical region. It
worth pointing out that since these basis sets are based o
ANO scheme they provide an effective representation of
atomic orbitals. An auxiliary basis consisting of 3s, 2p, and
1d uncontracted Gaussian functions centered at the vaca
have been added mainly to help to characterize the diffe
excited states. Exponents for this auxiliary basis have b
optimized for the vacancy ground state within a clus
model and have been reported in previous works.46,47

Second-order multiconfigurationalab initio calculations
have been carried out for the lowest-lying electronic state
F and F1 centers of bulk MgO. For the F-centers the ele
tronic ground state is a1A1g with two electrons in the outer
most orbital ofa1g symmetry, which indeed is largely dom
nated by the vacancy basis functions. The low-lying exci
states are obtained by single excitation from thea1g to the
first virtual orbital which is oft1u symmetry, which has a
clearly marked vacancy character. Both, singlet and trip
coupling of the unpaired electrons in the excited configu
tion have been considered; the resulting electronic states
1T1u and 3T1u . The local character of ground and excite
states will be established in the forthcoming discussion~vide
infra!. For the F1 center the same orbitals are involved, b
there is only one electron in thea1g orbital in the ground
state that is excited to thet1u orbital, the corresponding elec
tronic states being2A1g and 2T1u , respectively. Notice tha
in this case Complete Active Space Self Consistent F
~CASSCF! is equivalent to restricted open shell Hartree
Fock. The N-electron wave functions are obtained by fi
defining a complete active space, CAS, with two active el
trons in thea1g and t1u orbitals for the F center, and on

TABLE I. The different contracted ANO Gaussian basis sets on each s
of ~Mg and O! atoms surrounding the O vacancy. The ANO are derived fr
Mg(13s8p3d) and O(10s6p3d) primitive basis sets.

Basis 1 Basis 2 Basis 3 Basis 4 Basis 5

(Mg)6 3s3p 4s3p 4s3p 4s3p 4s3p1d
(O)12 3s2p 3s2p 4s3p 4s3p1d 4s3p1d
(Mg)8 3s1p 3s2p 3s2p 3s2p 3s2p
(O)6 3s2p ¯ ¯ 3s2p ¯
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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electron in the same active orbitals for the F1 center.
~CASSCF! wave functions for the corresponding electron
states were first obtained and used as zero order wave f
tions for a subsequent second-order perturbation calcula
within the CASPT2 method developed by Andersson a
co-workers,2,3 and widely used in spectroscopic problems
molecules9,10 and cluster models of extended systems.13,40,45

This method can be applied to single and multidetermina
wave functions, and reduces to the well-known second-o
Møller–Plesset perturbation scheme57 to electron correlation
energy for closed shell zero-order wave functions.58 It is
worth pointing out that the CAS defined above is rather li
ited, in fact, it is the minimum possible to define the ele
tronic states of interest. Consequently, the CASSCF exc
tion energies are meaningless and will not be reported h
Let us just point out that CASSCF excitation energies
always about 0.8–1.0 eV larger than the CASPT2 val
where all Mg and O 2s and 2p electrons are explicitly cor-
related.

A further technical point deserves some additional co
ments. In the present calculations onlyD2h symmetry is im-
posed. For the excited states this can lead to a broken s
metry solution where the excited electron is localized in o
component of the three-fold degeneratet1u instead of being
equally distributed among the three degenerate compon
This is a consequence of using symmetry adapted molec
orbitals. Since each component of thet1u manifold reduces
to a different irreducible representation of theD2h point
group, it is not possible to average orbitals. Running cal
lations imposing either the real Oh symmetry or no symmetry
at all permits to check the importance of breaking the sy
metry on the calculated excitation energies. Technically,
has to be carried out by explicitly removing all symmet
constraints and averaging all three orbitals of thet1u mani-
fold in a CASSCF calculation where the active space c
tains four vacancy orbitals, thea1g and the three componen
of the t1u manifold, and involves two active electrons. In th
way the threea1g

1 t1u
1 solutions are degenerate. Unfort

nately, within the present basis sets and the number of at
being quantum mechanically described, CASPT2 calcu
tions with no symmetry become too expensive and have
been carried out. Nevertheless, at the CASSCF level,
found that the broken symmetry solution is as much as
eV lower than the solution which keeps the real Oh symme-
try.

All calculations have been carried out using t
MOLCAS 4 suite of programs59 implemented in HP J282 an
J2240 workstations.

III. RESULTS AND DISCUSSION

The main purpose of the present work is to establish
computational requirements, especially the quality of the
sis set, that are needed for an accurate description of t
and F1 center excitation energies in MgO. To this purpose
cluster model representation of MgO is used. However, r
resenting an extended system by means of an embe
cluster model is not free of limitations and one may wond
whether such an approach is physically reasonable. Th
Downloaded 03 Oct 2001 to 161.116.73.200. Redistribution subject to A
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fore, a necessary first step involves defining a suitable p
cedure to check the adequacy of the models defined in
previous section. In previous works it has been sugges
that a finite model is adequate because the electron densi
the electrons trapped at the oxygen vacancy are local
precisely around this vacancy. For the ground state, this
been illustrated by means of density plots60 whereas for the
excited states, the extent ofw, the orbital to which the elec-
tron is promoted, can been measured asA^r 2(w)&, the square
root of the expectation value of the square of ther operator
for this orbital.61 This technique has permitted us to valida
the use of a cluster model approach in rather different ph
cal situations. For instance, it permits us to differentiate
delocalized character of the MgO conduction band as op
site to the localized character of the one electron state re
ing from a transition from the Mg(2p) core level to the
conduction band.62 It has also been applied to show the l
calized character of the low-lying excited states arising fr
a single excitation from the trapped electrons in MgO,46 and
the local character of the core level excitons in Al2O3 and
SiO2 .45 In the present work we use the same procedure
show that extending the basis set on the cluster atoms
not change the physical description of the resulting el
tronic state. Results on Table II show that changing fo
more extended basis set, Basis 4, the extent of thea1g orbital
occupied by the trapped electron~s! is well localized inside
the cluster. Thisa1g orbital appears to be rather more loca
ized in the excited state as expected from the reduction f
double to single occupancy. It is interesting to remark t
the size of this orbital is almost the same when consider
the F1 center where, again, thea1g orbital is singly occu-
pied. Likewise, the extent of thet1u orbital is well localized
within the atoms that are quantum mechanically treat
Nevertheless, thet1u orbital size differs from singlet to triple
even if it is singly occupied in both cases. The smaller ext
of this orbital in the triplet state is a consequence of
inclusion of the Fermi hole already in the zero-ord
CASSCF wave function. Finally, we note that enlarging t
basis set does not increase the size of this orbital. On
contrary, with Basis 4A^r 2(w)&'5.7 a.u., whereas a valu
of 7.0 a.u. was obtained using a considerably smaller b
set and pseudopotentials to describe the cluster atoms.
more contracted description found here is a direct con
quence of the use of the atomic-like ANO basis set.

Having established the adequacy of the present
proach, we now turn our attention to the excitation energ

TABLE II. Spatial extent of the trapped electron in MgO F and F1 centers
obtained from Basis 4 at the CASSCF level. Results are in atomic units.
cluster size occupied by the atoms that are quantum mechanically trea
given in parenthesis.

Center State

Cluster A~6.89 a.u.! Cluster B~7.95 a.u.!

A^r 2(a1g)& A^r 2(t1u)& A^r 2(a1g)& A^r 2(t1u)&

F 1A1g 4.89 ¯ 4.91 ¯

3T1u 3.00 3.74 2.98 3.66
1T1u 3.05 5.70 3.09 4.92

F1 2A1g 3.00 ¯ 3.00 ¯

2T1u ¯ 3.67 ¯ 3.63
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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and their dependence with respect to the basis set~Table III!.
Overall, the excitation energies decrease with increasing
sis sets and seem to converge to the experimental result.
quality of the smallest basis set~Basis 1! is similar to that
used in previous work in which pseudopotentials were us
describe the effect of the core electrons of the cluster atom46

and, as expected, the present calculated excitation ene
are remarkably close to those reported in Ref. 46. For
largest basis set the excitation energy of the F center is
eV, only 0.4 eV~;9%! in error with respect to the exper
mental value of 5.03 eV. Unfortunately, the error correspo
ing to the charged F1 center is still too high and indicate
that the basis set requirements for this center are more s
gent. This is not completely unexpected, because the p
ence of this charged point defect will polarize the electro
structure of its surrounding to a larger extent than that of
neutral F center. For the F center, the calculated allow
excitation energy is roughly on the error method of CASPT
but on the high error bar, CASPT2 excitation energies
often within 0.1–0.2 eV of the experimental result.

In order to investigate the possible sources of error, s
eral benchmark calculations have been carried out. First
comment on the effect of geometry optimization of t
atomic positions in the region near the point defect. In
previous work,46 it was found that geometry optimization o
the MgO F center does not introduce significant changes
the geometry, and consequently the excitations change
to a little extent. For the F center, and using Basis 4,
same result is again obtained: thed(Vac–Mg) slightly de-
creases and therefore, slightly higher energies are expe
In fact, geometry optimization increases the excitation
ergy by less than 0.1 eV and its effect is opposite to tha
increasing the basis set size. However, for the F1 center the
optimization enlarges thed(Vac–Mg) distance around
2–3%, and this excitation appears at slightly lower energ
Nevertheless, the changes induced by geometry optimiza
are too small to account for the remaining error with resp
to the experimental value. Another potential source of er
arises from differential correlation effects at a higher order
perturbation. To investigate this effect we computed the
citation energy using cluster A and Basis 4, but enlarging
active space, i.e., improving the zero-order wave function
the second-order treatment. Including six active electr
and six active orbitals in the CASSCF calculation leads t
CASPT2 excitation energy of 5.64 eV to be compared w
5.59 eV which corresponds to the minimum CAS us
throughout this work. Enlarging the CAS further to six acti
electrons and eight active orbitals predicts an excitation

TABLE III. CASPT2 excitation energies~in eV! of the F and F1 centers of
MgO obtained using cluster A. The excitations are from the ground sta
the final state indicated in the table. Basis sets are those defined in Tab
The dipole permitted transitions are indicated in bold.

Center Final State Calculated Excitation Energies

Basis 1 Basis 2 Basis 3 Basis 4 Basis
F 3T1u 4.20 4.14 4.15 4.12 4.09

1T1u 5.90 5.80 5.78 5.59 5.44
F1 2T1u 6.04 6.01 6.01 5.95 5.88
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ergy of 5.65 eV. This is a very small effect and strong
suggests that correlation effects are not at the origin of
discrepancy with respect to the experiment. The only ad
tional effect that one may wish to consider before enlarg
the basis set even further is the cluster size. Table IV pres
a set of results obtained within Basis 4 and clusters A and
The inclusion of a fourth shell of quantum mechanical io
induces changes in the excitation energy of 0.05 eV only,
therefore cluster size does not appear to be the sourc
error.

Finally, we considered a further extent of the atomic b
sis. On the one hand, we substituted the vacancy basis
(3s2p1d) ANO basis set for oxygen. Using cluster A an
Basis 5 for the remaining cluster atoms, the F center allow
excitation energy becomes 5.48 eV, only 0.04 eV higher th
the value reported in Table III. On the other hand, we h
considered using a larger primitive set for the ANO basis
the quantum mechanical region of cluster A. This larg
ANO set is specially designed for cases in which differen
electronic correlation effects are important. The discuss
above suggests that this is not the case, and calculated re
do indeed support this statement. For Basis 5, the effec
improving the primitive set only reduces the allowed tran
tion of the F1 center from 5.95 to 5.92 eV.

IV. CONCLUSIONS

In this work, a systematic study of the different comp
tational requirements that affect the accuracy of theab initio
prediction of excitation energies of F and F1 centers on clus-
ter models of MgO has been presented. Using a rather
ited basis set results in excitation energies of the F and1

centers that are near to each other, as experimentally
served. However, the absolute value of the excitation ene
is in error by ;1 eV or ;20%. Increasing the basis se
reduces the calculated excitation energy for the allowed tr
sition reaching a value of 5.44 eV for the F center, only 9
in error with respect to experiment. However, improving t
quality of the basis set does not result in such a noticea
improvement of the excitation energy of the charged F1 cen-
ter. The origin of this difference is attributed to long ran
polarization effects in the case of the F1 center. Further at-
tempts to improve the calculated result by geometry opti
zation of the region near the oxygen vacancy, enlargemen
the cluster model, improvement of the primitive Gauss
set, or enlargement of the auxiliary basis set centered on
vacancy failed to further reduce the error. Likewise, co

to
II.

TABLE IV. CASPT2 excitation energies~in eV! of the F and F1 centers of
MgO obtained using Basis 1 and 4 together to clusters A and B. The e
tations are from the ground state to the final state indicated in the table.
dipole permitted transitions are indicated in bold.

Center Final State Calculated Excitation Energies

Basis 1 Basis 4

Cluster A Cluster B Cluster A Cluster B
F 3T1u 4.20 4.22 4.12 4.13

1T1u 5.90 5.96 5.59 5.63
F1 2T1u 6.04 6.02 5.95 5.92
IP license or copyright, see http://ojps.aip.org/jcpo/jcpcr.jsp
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straining the wave functions for the excited state to be sy
metry adapted has only a minor effect of;0.1 eV. Therefore,
it is concluded that the prediction of excitation energies
electrons trapped at oxygen vacancies in ionic oxides w
accuracy better than 0.4 eV requires very large basis s
and that it is better to improve the basis set on the atoms
the oxygen vacancy than to extend further the quantum
chanical cluster.
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