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On the accurate prediction of the optical absorption energy of F-centers
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A systematic study of the different computational requirements that affect the accuracyatf the
initio prediction of excitation energies of F and Eenters 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 F
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 Fenter. 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 Physic§DOI: 10.1063/1.1381011

I. INTRODUCTION tions of the spin excitations governing the magnetic coupling

constants of wide gap insulators have been reported
The theoretical study of electronic excited states is a;ecent|y,l4—28 Likewise, the study ofl—d excitations in ox-

necessary step for understanding and interpreting electronjges and related ionic systems has been largely improved

spectra. Therefore, theoretical methods have been developg@m the earlier qualitative predictiofis®! now reaching al-

to obtain accurate information about spectroscopic propertiegost experimental accurad®;* and when necessary, fully

of molecular systemgee, for instance, Ref. 1 and referencesyejativistic calculations of the optical spectra are now

therein. Recent advances in electronic structure th&dty possible?®3 Finally, the accurate prediction of core level

have permitted us to reproduce the electronic spectra of @,qyra_including the fine details of satellites, and within

large nurr]‘nb(_er of small lt)cl) medium ,S'Zgg? _rIT_}?IeguIes W',th 4Cthe Dirac—Fock relativistic framework—completes this over-
curacy that is comparable to experiment.This Impressive o, on the high energy rangé3® The cases described

ach|eveme_nt permits us to mtgrpret the e.xperlmental SpeCtr%bove are not exclusive to pure solids; impurities and defects
and to assign the corresponding peaks in a rather univoca . .
can also be treated with the same level of accuracy, and this

manner. Unfortunately, there are no equivalent approaches |r]uster model approach has permitted us to solve important

. . . . C
lid state ph d the study of ted stat - . ; .
SOTd state physics, an © sudy of excited stares in eXproblems. This is the case with the recent study on the opti-
ﬁjfll spectra of the neutral AQ) impurity in a KCl host

tended systems is still in its infancyAmong the different
formalisms that have been proposed to study excited states 39.40 _ .
rystal;>*" the assignment of several spectroscopic features

extended systems, we mention the efficient approach sué:- _ X ) i
gested by Rohlfing and Loufé.This approach is based on of S'Q2 as due to wel_l-deﬁr_wed point defgé 5™ and the
the use of the two-particle Green’s function and provides af!€SCription of core excitons in several oxides.

accurate description of excitonic effects in semiconductors | "€ configuration interaction cluster model approach has
and simple ionic insulators such as LiF. also been applied to characterize the spectroscopic features

In spite of the difficulties encountered when attempting®f 0Xxygen vacancies—usually referred to as F-centers—in
to properly describe excited states in extended systems, thepéllk and surface Mgd2*" These studies corroborate the ex-
is quite a large number of situations in which accurate resultferimental assignment for bulk F-centers and attempt to as-
can be obtained. The common feature of these cases aris@§n the main features of surface F-centers. Unfortunately,
from the local character of the electronic excitations, andhe accuracy reached in this particular system is less satis-
therefore these systems can be studied by means of a clusfégtory than that reached in the cases discussed above. In
model approach and accurate configuration interaction wavct, it is well established that optical spectra of O deficient
functions. It is interesting to point out that such localizedMgO presents a characteristic band on the optical spectra at
excited states are encountered in a broad range of situations5 €V that is associated to the presence of bulk F-cefers.
with excitation energies ranging from0.001 eV for mag- Moreover, Chen, Williams, and Sibli&/have been able to
netic problems, to~200 eV for core-level excitations and decompose the band into two components due to F
ionization energie$® Several examples of accurate predic- centers—one single electron trapped in the O vacancy—at
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4.96 eV, and to neutral F centers—two electrons trapped ifABLE I. The different contracted ANO Gaussian basis sets on each shell

the O vacancy—at 5.03 eV. However the theoretical Cak:ugf (Mg and O atoms surrounding the O vacancy. The ANO are derived from
; . R ’ . 13s8p3d) and O(186p3d) primitive basis sets.

lations reported in previous works lead to an estimate of 6.(19(1368p3d) and O(186p3d) primitive basis sets

and 5.8 eV, for bulk F and Fcenters with too large an error Basis 1 Basis2  Basis 3 Basis 4 Basis 5

with respect to the experimental valfé$’ Attempts to im-

. M 3s3 4s3 4s3 4s3 4s3pld
prove the result by employing a more extended cluster model Eo)g)ﬁ 322:3 3522 4532 453pid 4s3zld
. . . . 12
and by taking into account possible geometry relaxation ef- (yq). 3s1p 3s2p 3s2p 3s2p 3s2p
fects were unsuccessful. It was concluded that the remaining (o), 3s2p . 3s2p

difference with respect to experiment was due to basis sets
limitations. This is an important point that must be solved
before attempting to reach a quantitative understanding of

other important features of these materials, such as Iumineﬁ]nctionsszt,ss
cence, or to extend the procedure to more complex material§cribe eléctr
In this work a systematic study is presented aimed to estatg

“.Sh the influence of .the' basis set's on the accurate COWP“‘ rimitive set and contracted using a general scheme in which
tion of F-center excna_tlon energies by means of EEXpl'C'tlyaII primitive functions contribute to each contracted basis
correlated wave functlo_ns. I_t W|I_I be shown Fhat accuratefunction. The Mg and O primitive basis sets are $883d)
result_s can _also be obtamed in this class of point defects, bLétnd (1@6p3d), respectively’® The adequacy of these basis
at quite a high computational cost. sets has been shown in a recent study of core level excitons
in MgO.*® Starting from the primitive sets described above,
Il. CLUSTER MODEL AND COMPUTATIONAL DETAILS up to five different contracted basis sets of increasing size
Following the strategy used in previous woff$/ a  have been employed; the number of ANO basis functions
cluster model was used to represent the oxygen vacancy-acluded in each shell of ions is reported in Table |. These
hereafter referred to as Vac—in bulk MgO. The clusterfive different basis sets systematically improve the descrip-
model is similar in size to that used in our previous work, buttion of the quantum mechanical region. For cluster A the five
more accurately described, i.e., all electrons in the clustesets were used, whereas only Basis 1 and BasEadle |
atoms are explicitly considered, a more efficient embeddingvere employed within the larger cluster B. This is enough to
technique is used, and rather large basis sets are employatheck the stability of the results with respect to the number
Hence, the cluster model contains the oxygen vacancy, itef ions included in the quantum mechanical region. It is
six-nearest neighbor Mg cations, the twelve second- worth pointing out that since these basis sets are based on the
nearest neighbor anions, and the eight cations in the thirdNO scheme they provide an effective representation of the
shell. To avoid an artificial polarization of the anions’ elec- atomic orbitals. An auxiliary basis consisting of,32p, and
tronic density they have been fully coordinated by the addi-Ld uncontracted Gaussian functions centered at the vacancy
tion of an extra shell of M§' ions represented bgb initioc  have been added mainly to help to characterize the different
model potential§AIMP).*°=>2Finally, an array of 292 opti- excited states. Exponents for this auxiliary basis have been
mized point chargés was added to the cluster model to optimized for the vacancy ground state within a cluster
account for the crystal Madelung potential. The total clustemodel and have been reported in previous wéfi<.
contains 343 centers and may be describevas) (Mg)¢ Second-order multiconfigurationab initio calculations
(0)1, (Mg)g (AIMP Mg?™),, (PointCharges),. Local re- have been carried out for the lowest-lying electronic states of
laxation effects have been shown to be of importance in surF and F centers of bulk MgO. For the F-centers the elec-
face F-centers, but rather negligible—less than 0.1 eV in théronic ground state is %Alg with two electrons in the outer-
excitation energies—for the bulk F-centéf$’ Therefore, most orbital ofa;; symmetry, which indeed is largely domi-
the ideal bulk geometry was always preserved. Finally, aaated by the vacancy basis functions. The low-lying excited
series of calculations was also carried out in a larger modektates are obtained by single excitation from &g to the
explicitly including the fourth shell of anions, the final clus- first virtual orbital which is oft;, symmetry, which has a
ter model being (Vac) (Mg)e (0O)1» (Mg)gs (O)g  clearly marked vacancy character. Both, singlet and triplet
(AIMP Mg?%) 4, (Point Charges),. These two clusters will coupling of the unpaired electrons in the excited configura-
be referred to as clusters A and B, respectively. tion have been considered; the resulting electronic states are
Since the main goal of this work is to investigate *T;, and 3T,,. The local character of ground and excited
whether the optical spectroscopic features of bulk MgOstates will be established in the forthcoming discussiode
F-centers can be accurately reproduced by means of a comfra). For the F center the same orbitals are involved, but
figuration interaction cluster model approach, it is necessarthere is only one electron in the,4 orbital in the ground
to avoid possible sources of errors. Therefore, all electronstate that is excited to the, orbital, the corresponding elec-
on the(Vac) (Mg)s (0)1, (Mg)g region of cluster A, and the tronic states beinéAlg and?T,,, respectively. Notice that
(Vac) (Mg)s (0)15 (Mg)g (O)g region of cluster B have in this case Complete Active Space Self Consistent Field
been explicitly considered. The molecular orbitals used tqCASSCH is equivalent to restricted open shell Hartree—
construct the many electron wave functions for the ground~ock. The N-electron wave functions are obtained by first
and excited states have been expressed as a linear combinkfining a complete active space, CAS, with two active elec-
tion of atomic natural orbital, ANO, Gaussian-type trons in thea;y andt,, orbitals for the F center, and one

which are specially designed to accurately de-
on correlation effects while having a rather com-
act form. The ANO basis sets are derived from a large
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electron in the same active orbitals for the” Feenter TABLE II. Spatial extent of the trapped electron in MgO F and ¢enters
CASSC f . f h di | " . _obtained from Basis 4 at the CASSCF level. Results are in atomic units. The
( ] nge U”C_t'ons or the corresponding electronic sier size occupied by the atoms that are quantum mechanically treated is
states were first obtained and used as zero order wave fungiven in parenthesis.

tions for a subsequent second-order perturbation calculation
within the CASPT2 method developed by Andersson and Cluster A(6.89 a.u Cluster B(7.95 a.u)
co-workersf(')3 and widely used in spectroscopic probIeTss iNCenter  State {r?(ay)) (r3(t)) (rl(ay))  V(ré(ty))
molecule$?® and cluster models of extended system&:

1
This method can be applied to single and multideterminantal F 3'%3 g:gg 3.74 42'?918 3.66
wave functions, and reduces to the well-known second-order T, 3.05 5.70 3.09 4.92
Mgller—Plesset perturbation schetheo electron correlation Fr' o 2Ag 3.00 3.00
energy for closed shell zero-order wave functidhdt is Ty 3.67 3.63

worth pointing out that the CAS defined above is rather lim-
ited, in fact, it is the minimum possible to define the elec-

tronic states of interest. Consequently, the CASSCF excitapre, a necessary first step involves defining a suitable pro-
tion energies are meaningless and will not be reported hergequre to check the adequacy of the models defined in the
Let us just point out that CASSCF excitation energies argyrevious section. In previous works it has been suggested
always about 0.8—1.0 eV larger than the CASPT2 valueghat a finite model is adequate because the electron density of
where all Mg and O & and 2 electrons are explicitly cor- the electrons trapped at the oxygen vacancy are localized
related. precisely around this vacancy. For the ground state, this has

A further technical point deserves some additional com{een illustrated by means of density pfSteshereas for the
ments. In the present calculations oily, symmetry is im-  excited states, the extent of the orbital to which the elec-
posed. For the excited states this can lead to a broken syryyn is promoted, can been measured/as(¢)), the square
metry solution where the excited electron is localized in ong gt of the expectation value of the square of theperator
component of the three-fold degenerafg instead of being  fo this orbital®! This technique has permitted us to validate
equally distributed among the three degenerate componenige yse of a cluster model approach in rather different physi-
This is a consequence of using symmetry adapted molecul@y) sjtuations. For instance, it permits us to differentiate the
orbitals. Since each component of thg manifold reduces  gelocalized character of the MgO conduction band as oppo-
to a different irreducible representation of til, point  gijte to the localized character of the one electron state result-
group, it is not possible to average orbitals. Running calcumg from a transition from the Mg(@) core level to the
lations imposing either the real,@ymmetry or no symmetry  conduction band? It has also been applied to show the lo-
at all permits to check the importance of breaking the symcgjized character of the low-lying excited states arising from
metry on the calculated excitation energies. Technically, thig, single excitation from the trapped electrons in M§@nd
has to be carried out by explicitly removing all symmetry {ne |ocal character of the core level excitons in@J and
constraints and averaging all three orbitals of themani- Si0,.*® In the present work we use the same procedure to
fold in a CASSCF calculation where the active space conghow that extending the basis set on the cluster atoms does
tains four vacancy orbitals, the 4 and the three components ot change the physical description of the resulting elec-
of thet,,, manifold, and involves two active electrons. In this {,gnic state. Results on Table Il show that changing for a
way the threea, t7, solutions are degenerate. Unfortu- more extended basis set, Basis 4, the extent oferbital
nately, within the present basis sets and the number of ato”b'?:cupied by the trapped elect(shis well localized inside
being quantum mechanically described, CASPT2 calculathe cluster. This,, orbital appears to be rather more local-
tions with no symmetry become too expensive and have nQbe( in the excited state as expected from the reduction from
been carried out. Nevertheless, at the CASSCF level, it igouble to single occupancy. It is interesting to remark that
found that the broken symmetry solution is as much as 0.}he sjze of this orbital is almost the same when considering
eV lower than the solution which keeps the regl§9mme-  the F center where, again, the, orbital is singly occu-
try. pied. Likewise, the extent of thig,, orbital is well localized

All calculations have been carried out using theyithin the atoms that are quantum mechanically treated.
MOLCAS 4 suite of progrants implemented in HP J282 and Nevertheless, the, orbital size differs from singlet to triplet
J2240 workstations. even if it is singly occupied in both cases. The smaller extent
of this orbital in the triplet state is a consequence of the
inclusion of the Fermi hole already in the zero-order,
CASSCF wave function. Finally, we note that enlarging the

The main purpose of the present work is to establish théasis set does not increase the size of this orbital. On the
computational requirements, especially the quality of the baeontrary, with Basis 4\/(r2(<p))%5.7 a.u., whereas a value
sis set, that are needed for an accurate description of the &f 7.0 a.u. was obtained using a considerably smaller basis
and F~ center excitation energies in MgO. To this purpose, aset and pseudopotentials to describe the cluster atoms. The
cluster model representation of MgO is used. However, repmore contracted description found here is a direct conse-
resenting an extended system by means of an embeddedence of the use of the atomic-like ANO basis set.
cluster model is not free of limitations and one may wonder  Having established the adequacy of the present ap-
whether such an approach is physically reasonable. Ther@roach, we now turn our attention to the excitation energies

IIl. RESULTS AND DISCUSSION
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TABLE Ill. CASPT2 excitation energie§n eV) of the F and F centers of ~ TABLE IV. CASPT2 excitation energie@n eV) of the F and F centers of
MgO obtained using cluster A. The excitations are from the ground state tdlgO obtained using Basis 1 and 4 together to clusters A and B. The exci-
the final state indicated in the table. Basis sets are those defined in Table Kiations are from the ground state to the final state indicated in the table. The

The dipole permitted transitions are indicated in bold. dipole permitted transitions are indicated in bold.
Center  Final State Calculated Excitation Energies Center Final State Calculated Excitation Energies
Basis 1 Basis2 Basis3 Basis4 Basisb5 Basis 1 Basis 4
F o 4.20 4.14 4.15 4.12 4.09
T 590 5.80 578 559 544 , Cluster A Cluster B Cluster A Cluster B
Fr T 604 601 601 595 588 F T 4.20 4.22 4.12 4.13
T 5.90 5.96 5.59 5.63
F* T 6.04 6.02 5.95 5.92

and their dependence with respect to the basigTsdtle lI).

Overall, the excitation energies decrease with increasing bqgrgy of 5.65 eV. This is a very small effect and strongly
sis sets and seem to converge to the experimental result. TRgiggests that correlation effects are not at the origin of the
quality of the smallest basis séBasis 1 is similar to that  giscrepancy with respect to the experiment. The only addi-
used in previous work in which pseudopotentials were use t§onal effect that one may wish to consider before enlarging
describe the effect of the core electrons of the cluster &bmsthe basis set even further is the cluster size. Table IV presents
and, as expected, the present calculated excitation energigsset of results obtained within Basis 4 and clusters A and B.
are remarkably close to those reported in Ref. 46. For thehe inclusion of a fourth shell of quantum mechanical ions
largest basis set the excitation energy of the F center is 5.4fquces changes in the excitation energy of 0.05 eV only, and
eV, only 0.4 eV(~9%) in error with respect to the experi- therefore cluster size does not appear to be the source of
mental value of 5.03 eV. Unfortunately, the error correspondgyror.
ing to the charged F center is still too high and indicates Finally, we considered a further extent of the atomic ba-
that the basis set requirements for this center are more strikjs, On the one hand, we substituted the vacancy basis for a
gent. This is not completely unexpected, because the pregszsop1d) ANO basis set for oxygen. Using cluster A and
ence of this charged point defect will polarize the electronicgasis 5 for the remaining cluster atoms, the F center allowed
structure of its surrounding to a larger extent than that of thexcitation energy becomes 5.48 eV, only 0.04 eV higher than
neutral F center. For the F center, the calculated alloweghe value reported in Table Ill. On the other hand, we had
excitation energy is roughly on the error method of CASPT2 considered using a larger primitive set for the ANO basis for
but on the high error bar, CASPT2 excitation energies arghe quantum mechanical region of cluster A. This larger
often within 0.1-0.2 eV of the experimental result. ANO set is specially designed for cases in which differential
In order to investigate the possible sources of error, sevg|ectronic correlation effects are important. The discussion
eral benchmark calculations have been carried out. First, Wghove suggests that this is not the case, and calculated results
comment on the effect of geometry optimization of thedo indeed support this statement. For Basis 5, the effect of

atomic positions in the region near the point defect. In &mproving the primitive set only reduces the allowed transi-
previous work{® it was found that geometry optimization of tion of the E' center from 5.95 to 5.92 eV.

the MgO F center does not introduce significant changes on

the geometry, and consequently the excitations change on

to a little extent. For the F center, and using Basis 4, the‘Y/' CONCLUSIONS

same result is again obtained: tHéVac—Mg) slightly de- In this work, a systematic study of the different compu-
creases and therefore, slightly higher energies are expecte@tional requirements that affect the accuracy ofahenitio

In fact, geometry optimization increases the excitation enprediction of excitation energies of F and Eenters on clus-
ergy by less than 0.1 eV and its effect is opposite to that ofer models of MgO has been presented. Using a rather lim-
increasing the basis set size. However, for tiecEnter the ited basis set results in excitation energies of the F ahd F
optimization enlarges thed(Vac—Mg) distance around centers that are near to each other, as experimentally ob-
2-3%, and this excitation appears at slightly lower energiesserved. However, the absolute value of the excitation energy
Nevertheless, the changes induced by geometry optimizatios in error by ~1 eV or ~20%. Increasing the basis set
are too small to account for the remaining error with respecteduces the calculated excitation energy for the allowed tran-
to the experimental value. Another potential source of errosition reaching a value of 5.44 eV for the F center, only 9%
arises from differential correlation effects at a higher order ofin error with respect to experiment. However, improving the
perturbation. To investigate this effect we computed the exguality of the basis set does not result in such a noticeable
citation energy using cluster A and Basis 4, but enlarging thémprovement of the excitation energy of the chargédcEn-
active space, i.e., improving the zero-order wave function foter. The origin of this difference is attributed to long range
the second-order treatment. Including six active electrongolarization effects in the case of thé Eenter. Further at-
and six active orbitals in the CASSCF calculation leads to dempts to improve the calculated result by geometry optimi-
CASPT2 excitation energy of 5.64 eV to be compared withzation of the region near the oxygen vacancy, enlargement of
5.59 eV which corresponds to the minimum CAS usedthe cluster model, improvement of the primitive Gaussian
throughout this work. Enlarging the CAS further to six active set, or enlargement of the auxiliary basis set centered on the
electrons and eight active orbitals predicts an excitation envacancy failed to further reduce the error. Likewise, con-
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