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ABSTRACT

The energy levels and wave functions of the ground and first few
singlet and triplet excited states of the F center in Mg0, Ca0 and Sr0
have been calculated as a function of the nearest neighbor ion positions.
Configuration coordinate curves for Alg' Eg and ng displacements have
been constructed and used to interpret the absorption and luminescence

bands of the F center. The energy of the ‘A, -~ Iy transition was set

¥} Tu
near the experimental value in each case by adjusting certain parameters

in the model. The calculated energy level schemes partially support the

interpretations of published experimental data on the luminescence bands

in Mg0 and Cal and suggest that the 3T]u > 'Alg Tuminescence in Sr0

should occur at roughly 0.4 eV. A luminescence band associated with the

F center in Sr0 has not yet been reported. Our calculstions of the

Jahn-Teller coupling constants indicate that the 3TI state is strongly

u

coupied to the Eg vibrational mode in Cal and to the ng mode in Mg0 and

Sro.

“Research sponsored by the U. S. Energy Resecarch and Development
Administration under contract with Union Carbide Corporation.



1. INTRODUCTION

In this paper we shall describe results of calculations that we have
made on the F center in MgD, CaD and Sr0; some of these have already been
reported but many have not. The F center in an alkaline-earth oxide is an
02_ vacancy at which two electrons are trapped. it and its one-electron
counterpart, the Fr center, are among several defect centers in the
alkaline-earth oxides that have received considerable attention from
experimentalists in recent years.] These studies have added greatly to
our knowledge of the optical and paramagnetic properties of defects in
these materials. The experimental situation i~ to be contrasted with the
theoretical one in which a scarcity of reliable calculations of the elec-
tronic states of these centers and their behavior with lattice distortions
has impeded the fundamental understanding of the experimental results.
These calculations are more difficult in the alkaline-earth oxides than
in the alkali halides due in part to the greater polarizabilit, of the 02~
icn as compared to a halide ion. The polarizability of the 02- ion is
difficult to treat adequately because of its strong dependence on its
crystalline environment, e.g., the charge at the defect site. Aiso it
should be kept in mind that the 02- ion is not stable in free space; only
through the action of the Madelung potential is it stabilized in the
crystal.

The model used 0 make the calculations reported in this paper will
be more fully described elsewhere. It is based on methods previously

developed for point defects in alkali-halides, e.v., the F center,z-b
5,6 7 and excitOns.8 This model emphasizes the importance

U center, M center

of the electronic structure of the ions neighboring the defect, the
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electronic and ionic polarization of the lattice, and lattice distortion
and its effects on the energy levels of the defect. The structure on the
neighboring ions gives rise to coulomb, exchange and overlap repulsive
contributions to the energy. Although these contributions may often be
smal) relative to the Madelung energy, they change significantly from

state to state and must be included. The electronic and ionic polarization
effects are also important for the energy and are frequently crucial for
the determination of the wave functions. Through these polarization
effects, rather small changes in energy may be accompanied by large changes
in the spatial extent of the wave functions. The inclusion of lattice
distortion or relaxation is essential for determining the Stokes shift
between absorption and emission, and for calculating the electron-phonon
coupling at the defect site. Our computer programs enable us to calculate
this coupling for A'g. Eg and ng modes of lattice distortion. This is
particularly important for centers whose optical bands show vibronie

structure such as the emission spectrum from the triplet state of the F

center in Ca0.
It. REVIEW OF PREVIOUS WORK

F center absorption bands have been identified in the spectra of
MgG, Cal, Sr0 and Bal, but the corresponding emission spectra have besen
positively identified ¢ .y for Mg0 and Ca0. The peak energies of these
bands as well as those for the £ center bands are summarized in Table 1.
The absorption band of the F center arises from an allowed transition
from the 'A

1
the ground state of the F center is diamagnetic, it has no EPR signal

9 ground state to one or more ‘T‘u excited states. Since

and consequently must be detected opticatly. Both the F+ and the F
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centers in MgQ have absorption bands at about 5 eV and this led to some

initial uncertainty about the correctness of their idcntiﬂcation.9

As was noted in the previous section, there have been relatively few
theoretical caiculations made aon the F center in the alkaline earth oxides.
Neeley and Kemp have reported the results of an LCAQ {linear combination

of atomic orbitals) calculation using Gaussian-type orbitals on the F

10

center in Mg0 and Ca0. This calculation was made using the point-ion

lattice mode!l, without taking into account lattize relaxation and polariza-

tion corrections. Their prediction for the 'Alg -+ 'Tlu absorption energy

was 5.4 eV i~ Mg0 and 4.4 eV in Ca0. Bennett has reporied 3 more extensive
calculation of the F ceanter in MgC and cao." His mode! involved the
numerical solution of the Hartree~Fock-Slater equationslz to obtain the
orbitals for the defect electrons centered on an anion vacangcy, again

using a point-ion lattice potential. The effects of ionic polarization

of the nearest neighbor ions and estimates for the correlation energy of
the defect electrons were included. Bennet: fcund the absorption energies

to be 3.9 eV in MgD and 3.15 eV in Cad. These cailculations also predicted

energies for the z?su - IAlg emission peak of 2.53 eV in MgO and 1.93 eV
1 l

in a0, and 3.0 eV for the T, - A

o ig emission peak in Cal0. A recent

calculation on the F center in Mg0 and Cal was made by Ermoshkin ot ﬁl.l3

using a 26-atom cluster in the so-cailled extended Huckel approximation.

They calculated ‘A‘ - !T transition energies of 5.4 eV for HgO and

9 1u
4.17 eV for Ca0. Their calculaticn, which did not atlow for lattice dis-
tortion or polarization, placed the excited state well above the bottom
of the conduction band. Photoconductivity measurements in Mg0 show the
relaxed excited state of the F center to be ~ 0.06 eV below the bottom of

the conduction band.'“




“Ge
tit. OUTLINE OF THE MODEL

In the mode! used in making these calculations, the crystal is
divided into two regions. Near the defect the electronic structure on
the neighboring ions is treated in detail in a Hartree-Fock type approx-
imation, while in the outer region a simple effective mass approximation
is used. For the F center, the effective two-electron Hamiltonian includ-
ing the effects of dielectric polarization but neglecting l.ttice relaxa-

tion is expressable in the form
2
H(1,2) = F h(e) + v, (M
im]

where the effective one-electron Hamiltonian h(r) is described in some
detail in Ref. 3. The two-electron interactions, including additional
polarization contributions not found in one-electron centers, are con-
tained in Ulz.

We approximate the two-electron wave function for this system by the
expansion

0 *
¥ (1,2) = kz‘ck U (ryarg) X, (240850 (2)

in which + implies a singlet state of the F center and - implies a triplet.

The spin function X.(C,-Cz) has the usual form, and the two-electron basis
¢

k is expressed in terms of one-electron arbitals:

funztion

bplrgary) = Nl (29,00, ¢ 9,009, ,(r)] , (3)
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where N, is a normalization factor. This notation emphasizes the need to

k
specify two orbitals, i.e., k1 and k2, in order to determine the k-th
two-electron function. In helium-like atecms, a few terms of the form of

Eq. 3 can introduce approximately 85% fo the total correiation energy.

in the present calculations the one-electron orbitals 9,; are of the form
9,;(0) = N If, . (D) - v; 0550 <o 1> (4)

vhere ﬁki is an orbital renormaiization factor. The index v runs over all
the ions in the inner region and ¢vj(5) denotes the j-th one-electron

arbital on the v-th fon. The functions fki are of the form
f(0 = 182 7 112 " Bk 6,00 (5)

K is the cubic harmonic associated with the p~th component of the I'-th

Tp
irreducib'e representation of the 0h point group.

In the present calculations, we typically used six configurations of
the type given by Eqg. 3 for each state of the F center. The non-linear
parameters appearing in Eq. 5 were optimized for each symmetrized displace-
ment of the first-nearest-neighbor (Inn) ions. To obtain configuration
coordinate curves, the lattice relaxation energy was calculated within the

framawork of classical ionic theory and added to the electronic energy for

the various values of the configuration coordinate.

AN T
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i
§
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tv. DISCUSSION OF RESULTS

A. Calcium Oxide

in our work thus far we have placed the greatest emphasis on the F
center in Ca0 because it has been more thoroughly studied in that crystal
than in any of the other alkaline-earth oxides. Our results for the F
center in Ca0 are reported in part in Ref. 15. There we show the absorp-
tion and emission configuraticn coordinate curves for the four lowest

electronic levels of the F center. The energy of the 'A + IT]u transi-

19
tion was set near the experimental value of 3.1 eV by adiusting certain
parameters in the model, which then remain fixed during the emission.

An analysis of the wave functions associated with the four lowest absorp-
tion states shows that both electrons in the IA'g ground state are well
localized within the vacancy region. 0On the otherhand, in the 3Alg and
]Tlu states, the excited electron is almost completely outside the vacancy,
au.d in the 3Tlu state, the charge within the vacancy is a rapidly .arying
function - £ the Alg relaxation of the Inn ions. This behavior is illus-
trated in Table 2 where we give the integrated F center charge within the
second-nearest-neighbor distance for each of the four states. We display
our results for the emission states of the F center in Ca0 in Fig. 1,
where we plot the energies as a function of the Alg relaxation of the Inn
ions. These results differ slightly from those of Ref. 15 due to refine-
ments in our wave functions and minor changes in the model. Both sets of
] 1

. . f
calculations clearly predict that the 3T'u -+ Alg and the Tlu > AIg

transition should occur at roughly 2.0 eV. These results have been veri-

16,17

fied by recent studies of the luminescence spectrum by Bates and Wood
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that was stimulated by our earlier calculations. The F center emission
band at low temperatures peaks at 2.01 eV and shows a continuous shift
of intensity into a high-energy shoulder at 2.05 eV as the temperature
is raised above 300°K. At the same time, the lifetime of the luminescence
decreases rapidly indicating that this shoulder is probably associated
with the |T|u + lAlg emissien.

Studies of the paramagnetic resonance of the emitting level involved
in this emission line at low temperatures clearly showed that it has a

i8

substantial spin-triplet component.' These measurements further indicated

a strong Jahn-Teller coupling to the Eg vibrational modes and from later

work on the stress splittings of the zero-phonon line, it was concluded

that the coupling to AIg and T, modes is weak.‘9 Dur calculation of the

29
coupling of the emission states to the A'g, Eg and ng distortions of the
first-nearest-neighbor ions indicate that the 3Tlu state is strongly

coupled to the Eg mode. The lT|u siate is very weakly coupled to the Eg

ana ng modes due to the diffuseness of the tlu electron and is dominantly

coupled tc the A!g mode. For this state we calculate an Alg Huang-Rhys
factor of 10 and an effective frequency of 330 cm-l. Qur results for the

3T state are summarized in Table 3. Calculations for Eg and ng distor-

1u
tions were carried out at the minimum value of the A'g displacements. We

assumed that the A'g, Eg and T, components of the lattice relaxation

2g
simply superimpose, as in linear coupling theory, although the calculations
indicated considerable quadratic coupling in the 3T'u state for A]g relaxa-
tion.

To further support the above interpretation of the 2.0 eV emission

band, a calculation was made of the temperature dependence of the band

3
%
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shapes at temperaturss above 25°C.'7 These calculations were based on a
model in which two distinct sets of configuration coordinate curves were
assumed for the 3T + ‘A and |T > ]A luminescence bands. The
lu g lu g

justification for this assumption is that in the fairly compact 3Tlu
electronic state, the coupling to the lattice is primarily by way of the
E_ vibrational modes whereas, in the much more diffuse IT‘u state, the
coupling is principaliy to A]g modes. The two sets of curves are inter-

3

.. 1
connected because transitions from the 1u state to the TIu state can

occur as the temperature is raised. The results of this calculation are
shewn in Fig, 2 and are in good agreement with the observed spectra.l7
The emission curves shown in Fig. 1 also suggest the possibility of observ-
ing the 3Tlu + 3A]g transition using excited-state absorption spectroscopy.
Measurements of this type have been made for the XE or Vk center in several

alkali halides.20 Our calculations predict a transition energy of approx-

imately .7 eV,

B. Magnesium Oxide

The results of ocur calculations to date on the F center in Mg0 have
been less satisfactory than in CaD due, we believe, to the greater differ-

2* and 0% jons

ences in the relative cizes and polarizabilities of the Mg
compared to those of the Ca2+ and 02- ions in Ca0. These differences

lead to much larger polarization effects in the emission states and these
appear to be primarily responsible for the significantly larger Stokes
shift observed in Mg0 as compared to that in Ca0 (2.6 eV vs. 1.1 eV).

Thus the difficulties alluded to earlier in adequately treating the polar-

izability of the 02- ion magnify any inadequacies that are inherent in

that part of the model used to treat these effects. For this reason, we




-10~

have found it ne:essary, in the calculation to date, to adjust certain

of the emission parameters in our model from their preset values in order
to obtain reasonable agreement with the experimantal Stokes shift; (his
adjustment was not necessary in Ca0,

Qur results for the absorption and emission states of the F center
in Mg0 are given in Figs. 3 and b4 respectively. These figures, as well
as those of Ref. 15, show the bottom of the conduction band and a few
words concerning its calculation are in order, Within the context of
our model, the bottom of the conduction band includes polarization-
correlation effects introduced by polaron theory and the energy c(azg) of
the eleciron which remains well Jocalized within the vacancy when the
excited electron is removed to the bottom of the conduction band. Thus
the electronic energy is given by the expression

(3 = e(alg) e * v, (6)

cond p

The polarization-correlation energy, Up, is calculated using tne Toyozawa,z
Ha«en-Schottky22 form for the polarization potential. The bottom of the
conduction band in these figures depends on the value of the configuration
coordinate because it also includes the lattice reiaxation energy.

The difference between the configuration coordinate curves for absorp-
tion and emission can be explained briefly as follows. In the IA‘g ground
state of the center, the charge density of the two electrons is almost
entirely confined to the vacancy, but in the 'T]u state, even in absorp-
tion, the excited electron is almost completely outside of the vacai vy.

The ions are unable to respond to the change in the effective charge of
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the vacancy during the optical transiticn, but once in the excited state,
the ions can adjust to this change and, to some extent, follow the motion
of the electron; the diffuse excited states are therefore shifted in energy
relative to the compact states.

The integrated F center charge within the second-nearest-neighbor
distance for the lowest energy absorption state of each symmetry is given
in Table 2. In Fig. 3 we show two excited states of lTlu symmetry. The
energy separation between these states is 0.2 eV and transitions to both
states are probably involved in the F band. We obtain similar results
for the F center absorption band in Ca0.

A luminescence band associated with the F center absorption in Mg0
has been observed at roughly 2.4 ev.9 From the emission curves shown in
Fig. 4, we attribute this band to the 3Tlu - 'A,g and ITIu -> lAlg transi-
tions. In all of our emission state calculations for this center we find
these transitions to be within 0.1 eV of each other., As was true in the
case of Ca0, the excitec electron in the lTlu state is very diffuse and
the dominant coupling is to the A!g mode with only weak coupling to the
Eg and ng modes. The !T]u - ‘Alg transition energy is calculated to be
2.5 eV. For this state we calculate an AIg Huang-Rhys factor of 14 and
an effective freauzncy of 629 cm-l. The relaxed excited IT'u state shown
in Fig. 4 lies 0.03 eV below the bottom of the conduction band. This
separat 'on gives good agreement with the 0.06 eV separation predicted by
photoconductivity measurements.]h Our calcuiations for the coupling of
the 3T!u emission state to the Alg’ Eg and ng modes are summarized in
Table 3. These results predict a much stronger coupling of this state to
the T

2
of 2.55 eV.

o than to the Eg mode. We calculate a 3Tlu + IAIg transition ensargy
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Further theoretical analysis of the luminescence of the F center in
Mg0 would be greatly aided by more complete experimental information about
the temperature dependence of the bands and about the ordering of the
emitting levels. Definitive experiments on the optical paramagnetic reson-
ance properties of Mg0 comparable in detail to those now available for

18,19

Ca0 would be very useful.

C. Strontium Oxide

Little is known experimentally about the F center in 5r0, and no
prior theorstical studies have been reported. The absorption band for the
F center has been identified and peaks at about 2.5 eV;23 no luminescence
bands have been reported.

The results of our calculations for the lowest lying states of the F
center in Sr0 are shown in Fig. 5; they are gqualitatively similar to those
for the F center in Mg0 and Ca0, but differ markedly in their details.

The IAIg -+ IT]u absorption cccurs at 2.47 eV for a 3% outward distortion
of the first-nearest~neighbor Sr2+ ions. We calculate an oscillator
strength for this transition of 1.68. For small distortions, the ]Tlu

and 3Alg states were found to be considerably more localized than they
were in either Mg0 or Ca0. The integrated charge densities out to second-
nearest-neighbors, shown in Table 2, clearly demonstrate the sensitivity
of the electronic wave functions for these states to the positions of the
nearest neighbor Sr2+ ions. The rapid variation in the localization of
the wave function in the region § = 0% to 8§ = 6% accounts for the non-
parabolic shape of the energy curves for these states.

Qur calcuiations of the coupling of the ]Tlu state to the Alg’ Eg

and ng modes are summarized in Table 4. These results indicate that the
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]Tlu absorption state in Sr0 is dominantly coupled to the ng mode and
has relatively weaker coupling to the A]g and Eg modes. This is in sharp
contrast with the predominant A'g coupling of the IT‘u state in Mg0 and
Ca0.

The calculated curves predict a ‘T]u > ’Alg emission band at about
1.5 eV. From Table 2 we observe that the excited electron in the ]T'u
state is quite diffuse in the region of the minimum; this is reflected
in the dominance of the A]g coupling of this state in emission. Our cal-
culations for the 3T]u state reveal a minimum in the AIg configuration
coordinate curve at about a 1% inward distortion of the nearest neighbors
relative to the location of the minimum in the ground state curve. Our

calculation of the coupling parameters of this state to the A Eg and

ig”
ng modes is summarized in Table 3. They show that the 3T]u state is
dominantly coupled tc the T20 mode and that the Jahn-Teller lowering of
the energy is 0.18 eV. We calculate a 3T|u - IA?g transition energy of
0.4 eV. This small value may in part account for the fact that a lumin-
escence band has not yetr been observed for the F center in Sro0.

Our calculations also suggest the possibility of observing the
excited state absorption for the 3Tlu - 3Alg transition at about 1.9 to
2.0 eV. Both the 3Tlu and 3Alg wave functions are compact in the region

of the predicted absorption and we calculate an oscillator strength for

this transition of 0.4,
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V. SUMMARY

OQur calculated results for the F center ahsorption and emission bands
tn Mg0, Ca0 and Sr0 agree reasonably well with available experimental data.
This is to be expected for the peak energy of the absorption bands since
the calculated and measured positions were forced to coincide approximately
by our choice of €uF in Eq. 6. Of greater significance is our calculation
of the emission states for these centers.

As was mentioned in Section IV, the theoretical emission states shown
in Fi3. 1 have already proven useful in illucidating several aspects of
the emission spectra in Cal0. Prior to this study, it was believed that

the IT + IA emission occurred at 2.5 eV, with the £ S IA'g oceurring

Tu 1g lu

at 2.0 eV.zn A subsequent theoretical calculationl' lent support to this

interpretation of the obsarved emission spectia. However, all attempts

to adjust the parameters in our model to yield emission bands at these two
energies while at the same time keeping the absorption at about 3.1 eV
failed. 1In all these calculations, our model consistently predicted that
both transitions should occur within about a tenth of an eV of one another.
This led to the recent reexamination of the emission spectra of the F
center in Ca0 by Bates and WOod,I6 where they showed that the 2.5 eV band

is not related to a transition of the F center. The near degeneracy of

the 3T, - IA and ITIu > 'A]g transitions shows up in the temperature

lu 1g
dependence of the 2 eV luminescence band,l7 where a two-peaked structure

is observed at 300 C. Our calculations show that at low temperatures,

the 3T > ‘A transition is dominant and as the temperature increases,

lu 1g

the ]Tlu - IA'g band contribution also increases. The calculated strength

. 3 .
of the coupling of the T]u electronic state to the Alg’ Eg and ng
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vibrational modes in Ca0 tends to support the conclusions drawn by Edel
et al.m’]9 from their optically detected paramagnetic resonance measure-
ments that the Jahn-Teller coupling of this state to the Eg modes is
strong and that to the Alg and ng modes is weak. The results of our
calculations, the available experimental data on the band shapes, and

the shell model fits to neutron inelastic scattering data from the phonons
in Ca0 put us in a position to calculate both the absorption and emission
band shapes for this center. However, the overlap of the f and F+ bands
make it difficult to determine the absorption band shape experimentally.
Unlike the absorption band the emission band at low temperatures is well
defined; it shows a zero-phonon line and considerable vibronic structure.
We are in the process of calculating the emission band shape and will
report on it at a later time.

Comparisons similar to those made above of our results for the
emission states of the F center in Mg0 are hampered by the absence of
experimental studies on the 2.4 eV luminescence band in Mg0 of the kind
described for Ca0; a luminescence band associated with the F center in
Sr0 has not been reported. Further studies of the shape of the F center
absorption band in Sr0, similar to those of Hughes and Webb25 for the F'
center in that crystal, are needed. They might establish the existence
and the nature of the Jahn-Teller coupling in the ]Tlu state which the
calculations tentatively precict.

Our results for the F center in all three crystals suggest that
excited state spectroscopy within the triplet sub-system of levels should

be possible. The long lifetime of the 3T state should make a pseudo

Tu

two-photon type of experiment feasible. As well as being of intrinsic
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interest, the results would provide useful informaiion about the predic-

tions of our calculations and, more importantly, about the nature of the

Jahn-Teller couplings in the 3T1u state.

L AR A
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INTEGRATED CHARGE WITHIN THE 2nn SHELL OF [ONS AS A
OUTWARD DISTORTION OF THE Inn IONS

FUNCTION OF THE A;
RGY STATE OF EACH SYMMETRY.

FOR THE LOWEST ENE

-2~

TABLE 2

Mg0

a ] 3 ] 3
6 Alg Alg LEYY T
0 1.97 1.05 1.20 1.90
2 1.96 1.03 .08 1.85
I 1.94 1.01 1.03 1.76
6 1.93 1.01 1.01 1.59
8 1.90 1.01 1.00 1.28
10 1.86 0.99 0.99 1.08
Ca0

0 1.98 1.05 1.04 1.93
2 1.98 1.02 1.01 1.88
I 1.97 1.01 1.01 1.72
6 1.96 1.01 1.00 1.52
8 1.93 1.00 1.00 1.05
10 1.89 1.00 1.00 1.00
Sr0

0 1.90 1.81 1.82 1.90
2 1.87 1.65 .59 1.87
I 1.82 1.21 1.18 1.81
6 1.75 1.11 1.02 1.69
8 1.73 1.03 1.01 1.57
10 i.6h 1.00 1.00 1.03

as measures the outward distortion of the Inn ions in

% of the perfect lattice anion-cation distanca.
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TABLE 3. SUMMARY OF RESULTS FOR THE COUPLING OF THE
3T|u EMISSION STATE TO THE LATTICE MODES.
FREQUENCIES ARE GIVEN IN UNITS OF cm ! AND
ENERGIES ARE IN eV.

Mg0 Cad Sr0

SA‘ 1.4 0.1 1.1

g
Sg 0.3 2.1 0.6
g
St 2.2 0.8 8.5
2g . . .
Vv
Ag 457 33 175

Vv -

Eg 425 266 149

V.

ng 434 286 169
EJT(Eg) -0.02 (6z>0) -0.07 (62>o) ~-0.01 (az<o)
E ) -0.12 -0.03 -0.18




TABLE 4. SUMMARY OF RESULTS FOR THE COUPLING OF THE
IT“l ABSORPTION STATE (N SrO TO THE LATTICE.
FREQUENCIES ARE GIVEN IN UNITS OF cm-' AND

ENERGIES ARE IN eV.

Mode S EJT v

A‘g 2.43 -- 226.4
l-:g 0.86 -0.016 151.6
T 12.329 -0.257 167.4




Fig.
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FIGURE CAPTIONS

Ca0 F center emission. Alg lattice relaxation.
Calculated luminescence spectra of F centers in CaO.
Mg0 F center absorption. AIg lattice reiaxation.

Mg0 F center emission, AIg lattice relaxastion.

Sr0 F center absorption and emission. A‘g lattice relaxation.
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