
Abstract The twofold potential of F+ color centers at
the low coordinated surfaces of SrO for providing tun-
able laser activity and adsorption properties for atomic
halogens (F, Cl and Br) has been investigated using ab
initio electronic structure calculations. SrO clusters of
variable sizes were embedded in simulated Coulomb
fields that closely approximate the Madelung fields of
the host surfaces and the nearest neighbor ions to F+

were allowed to relax to equilibrium. Based on Stokes
shifted optical transition bands and horizontal shifts
along the configuration coordinate diagrams, the F+ laser
activity was found to decrease as the coordination num-
ber of the surface ions decreases from 5 (flat) to 4 (edge)
to 3 (corner). An attempt has been made to explain this
result in terms of Madelung potentials and optical–opti-
cal conversion efficiencies. All relaxed excited states are
deep below the conduction bands of the perfect ground
states, implying that F+ is a laser-suitable defect. The
most laser active flat surface is the least probable for re-
laxed excited state orientational destruction of F+. The
excited state at the edge has the highest energy, implying
exciton (energy) transfer to the flat and edge sites. F+ re-
laxation and defect-formation energies increase with in-
creasing surface coordination number. The Glasner–
Tompkins relation between the fundamental optical ab-
sorption of F+ in solids and the fundamental absorption
of the host crystals can be generalized to include the low
coordinated surfaces of SrO. The F+ color center chang-
es the nature of halogen–surface interaction (adsorption
energies) from physical adsorption to chemical adsorp-
tion. The halogen–surface interactions increase with in-
creasing electronegativity of the halogen. The calculated
adsorption energies can be explained in terms of surface
electrostatic potentials, and the covalent spin pairing
mechanism plays a dominant role in determining adsor-
bate–substrate interactions.

Keywords F+ laser · Halogen–surface interactions · SrO ·
Ab initio

Introduction

Modeling of solid state processes has reached the stage
at which applications to solid state lasers would be fruit-
ful. Theoretical modeling is an especially powerful tool
in searching for new materials. Investigations of host
crystals that can be operated as tunable solid state lasers
have stimulated considerable interest in the scientific
community. Frequent host crystals are rock-salt oxides,
perovskites, garnets, beryls, alkali halides, fluoroperovs-
kites, elpasolites, and fluorites. Usual impurities are the
ions of transition metals (mostly of the first series); ns2

elements; lanthanides, which usually enter the host crys-
tal as substitutional impurities; or alkali metal ions,
which give rise to laser-active color centers. [1, 2] The
first visible laser, using ruby, uses chromium as the ac-
tive element doped in aluminum oxide. Other examples
of vibronic lasers in oxide materials are Al2O3:Ti+,
GdScGe(SiO4)3:Cr+, MgO:Ni2+ and CaO:F+. [3] For
rock-salt oxides, the electron–hole centers such as F+,
are probably the least studied theoretically. [4] Color-
center lasers based on F+ defects in oxides have pro-
duced lasers covering the 0.8–3.65 µm wavelength range
with high outputs. However, at the present stage of de-
velopment, many of the crystals have a drawback in that
the effects of excitation encourage charge transfer and
defect migration, so that the laser performance degrades.
[3]

As far as tunable laser applications are concerned,
electron–phonon coupling provides the most important
property of broadened Stokes shifted optical transition
bands between absorption and emission and an almost
ideal four energy level scheme. [5] The electrons associ-
ated with a defect interact strongly with the surrounding
vibrating crystal ions, resulting in optical transitions,
which are allowed in a broad band around the defect-
specific central transitions. All color-center lasers real-
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ized so far are based on electronic defects and a laser-
suitable defect should have the following properties: (1)
one-electron center; (2) compact electronic states; and
(3) relaxed excited state (RES) deep below the conduc-
tion band. [5] The optical properties of the low coordi-
nated surfaces of MgO have been reported by Levine [6]
and by Garrone and Zecchina. [7] Quantum mechanical
calculations have been performed by Kotomin et al. [8]
and by Eglitis et al. [9] for electron–hole centers in
MgO, and by Shluger et al. [10] for the excited states at
the low coordinated (001) plane surface of MgO. More
recently, Shluger et al. [11] reported a dramatic depen-
dence of the calculated optical absorption and lumines-
cence energies of low coordinated sites at the surfaces
and nanoclusters of MgO on the oxygen coordination.
Experimentally, several optical features have been attrib-
uted to the presence of these sites. [12] However, ab in-
itio evaluation of laser performance at the surfaces of
rock-salt oxides is still lacking, and until recently the po-
tential of F+ color centers (an anion vacancy trapping an
electron in oxides) for useful laser action at the low co-
ordinated surfaces of SrO has not been paid enough the-
oretical attention. We have therefore made an attempt to
evaluate the F+ laser performance at the low coordinated
surfaces of SrO, in addition to some related properties
such as the RES orientational destruction of the center,
relaxation and formation energies, exciton (energy)
transfer, Glasner–Tompkins relation and the relative po-
sitions of the relaxed excited states with respect to the
conduction band of the perfect crystal using ab initio
methods of molecular electronic structure calculations.

As far as adsorbate–substrate interactions are con-
cerned, metal oxide interfaces are known to be of consid-
erable practical and technological importance. [13, 14]
As a model substrate, the MgO (001) surface is probably
the most widely used for both experimental and theoreti-
cal studies. [15, 16, 17, 18] The simplicity of the MgO
cubic structure and the reported lack of strong structural
modifications upon metal deposition reduce the compu-
tational effort of numerical modeling. However, less the-
oretical attention has been paid to the other rock-salt ox-
ide surfaces, and for metal oxide interfaces the relative
importance of different energetic contributions to the ad-
hesion is rather poorly known. Moreover, understanding
the nature of adsorbate–substrate interactions is of great
importance in fields such as catalysis, corrosion, gas sen-
sors, and microelectronics. Adsorbate–substrate interac-
tions result from the tendency of the adsorbate valence
electrons to interact with the available substrate elec-
trons. This interaction can be expected to play a major
role if a small energy gap exists between the adsorbate
and the substrate surface, or if the adsorbate has an open
shell electronic configuration where covalent spin pair-
ing occurs with the substrate single electron. Studies of
interactions at the (001) surface of SrO prove the validity
of models at rock-salt oxides and expand the scope of
our physical understanding of the surface-defect proper-
ties of insulators. However, very little is yet known about
the interaction of atomic halogens F, Cl, and Br at SrO

low coordinated surfaces. We have therefore performed a
fairly extensive set of ab initio calculations to shed light
on the effects of F+ color centers on the interaction of F,
Cl, and Br at the flat surface of SrO as well as the rela-
tive roles of energy gaps and covalent spin pairing in 
the course of adsorbate–substrate interactions. To our
knowledge, theoretical modeling of SrO surface haloge-
nation is still lacking.

Methods

Crystal simulation

There are several methods to simulate crystals, either by
finite or infinite systems. In the case of finite systems, on-
ly local portions of the crystal are considered. For such an
approach, clusters of varying sizes are suitable approxima-
tions. Here one must distinguish between free clusters,
saturated clusters, and embedded clusters. Free clusters
are simply parts of the bulk, and their simulations should
work best if the structures of the stable clusters and of the
bulk are very similar. Since free clusters have rather large
closed surfaces due to the many surface sections around
the outer cluster atoms, it seems advantageous to saturate
the free valencies at all sites that are not supposed to re-
present the real crystal. This saturation can be achieved by
simulation with real atoms or pseudoatoms. Alternatively,
the free cluster can be embedded in an electric field of
point charges, which are an approximation for the rest of
the bulk. In the case of infinite systems, the influence of
the bulk can be taken into account by point charges rather
than by atoms. This procedure can be used for ionic crys-
tals with atoms of alternating charges. An approach that
preserves the transitional invariance of ideal crystals is the
primitive unit cell (PUC) method. This method uses Bloch
functions with many wave vectors, k, to account for the
transitional periodicity of the unit cell. However, instead
of using complex wavefunctions, it is possible to restrict
the calculations to k=0 in k space, and enlarge the unit cell
instead. [12] It is common to most applications of these
approaches that they restrict themselves to a slab consist-
ing of two or several layers for the representation of the
bulk, and this usually suffices to generate a good surface.
Early studies by Kunz and co-workers [19] and by 
Clobourn and Mackrodt [20] used clusters terminated by
full ionic charges and the choice of the appropriate
charges for the point ions has been discussed for an fcc
structure like MgO. [21] In the AIMP method, [22, 23] the
metal oxide clusters are first embedded, then the rest of
the crystal is taken to be full ionic charges. In the follow-
ing two subsections, we will follow a procedure previous-
ly reported for metal oxides. [24, 25, 26]

Bulk simulation

A finite SrO crystal of 288 point charges was first con-
structed. The Coulomb potentials along the X and Y axes
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of this crystal are zero by symmetry as in the host crys-
tal. The ±2 charges on the outer shells listed in Table 1
were then modified, using a fitting procedure, to make
the Coulomb potential at the four central sites closely ap-
proximate the Madelung potential of the host crystal, and
to make the Coulomb potential at the eight points with
coordinates (0,±R,±R) and (±R,0,±R) where R is half the
lattice distance, which for SrO is 2.61 Å, equal to zero as
it should be in the host crystal. With these charges,
0.818566 and 1.601818, the calculated Coulomb poten-
tials in the region occupied by the central ions, ca. 3.496
for (0,±R,±R) and ca. 0.0 for (±R,0,±R), are very close to
those in the unit cell of the host crystal, 3.496 for
(0,±R,±R) and 0.0 for (±R,0,±R).

Surface simulation

The low coordinated surface sites of SrO crystal repre-
sented in Fig. 1 were generated as follows:

1. All charged centers with Cartesian coordinates (±X),
(±Y) and (Z>0) were eliminated to generate a flat sur-
face with 176 charged centers occupying the three di-
mensional space (±X), (±Y) and (Z≤0).

2. All charged centers with Cartesian coordinates (±X),
(Y<–1) and (Z>0) were eliminated to generate an edge
surface with 121 charged centers occupying the three
dimensional space (±X), (Y≥–1) and (Z≤0).

3. All charged centers with Cartesian coordinates (X>1),
(Y<–1) and (Z>0) were eliminated to generate the Br–

corner surface with 81 charged centers occupying the
three dimensional space (X≤1), (Y≥–1) and (Z≤0).

The explicitly considered clusters of Fig. 2 were then
embedded within the central region of the crystal sur-
face. All the electrons of the embedded clusters were in-
cluded in the Hamiltonian of the ab initio calculations.
Other crystal sites entered the Hamiltonian either as full
or partial ionic charges as demonstrated in Table 1. 

Calculations

CC diagrams

The geometric relaxation of an F+ center in the ground
and excited states of an alkaline earth metal oxide is a
key quantity for laser activity due to vibronic coupling.
In other words, the possible energy level structure of an

Table 1 Specification of the finite lattices used for bulk, flat, edge and corner surfaces of SrO. R is half the lattice distance, which for
SrO is 2.61 Å, and r is the distance of the appropriate shell from the center of the lattice

r2/R2 Bulk Flat Edge Corner Charge |q|

Coordinates/R Number of Coordinates/R Number of Coordinates/R Number of Coordinates/R Number of 
(±X), (±Y), centers (±X), (±Y), centers (±X), (Y≥–1), centers (X≤1), (Y≥–1), centers
(±Z) (Z≤0) (Z≤0) (Z≤0)

2 1 1 0 4 1 1 0 4 1 1 0 4 1 1 0 4 2
6 1 1 2 8 1 1 2 4 1 1 2 4 1 1 2 4 2

10 3 1 0 8 3 1 0 8 3 1 0 6 3 1 0 4 2
14 3 1 2 16 3 1 2 8 3 1 2 6 3 1 2 4 2
18 1 1 4 8 1 1 4 4 1 1 4 4 1 1 4 4 2
18 3 3 0 4 3 3 0 4 3 3 0 2 3 3 0 1 2
22 3 3 2 8 3 3 2 4 3 3 2 2 3 3 2 1 2
26 5 1 0 8 5 1 0 8 5 1 0 6 5 1 0 4 2
26 3 1 4 16 3 1 4 8 3 1 4 6 3 1 4 4 2
30 5 1 2 16 5 1 2 8 5 1 2 6 5 1 2 4 2
34 3 3 4 8 3 3 4 4 3 3 4 2 3 3 4 1 2
34 5 3 0 8 5 3 0 8 5 3 0 4 5 3 0 2 2
38 5 3 2 16 5 3 2 8 5 3 2 4 5 3 2 2 2
38 1 1 6 8 1 1 6 4 1 1 6 4 1 1 6 4 2
42 5 1 4 16 5 1 4 8 5 1 4 6 5 1 4 4 2
46 3 1 6 16 3 1 6 8 3 1 6 6 3 1 6 4 2
50 5 5 0 4 5 5 0 4 5 5 0 2 5 5 0 1 2
50 5 3 4 16 5 3 4 8 5 3 4 4 5 3 4 2 2
50 7 1 0 8 7 1 0 8 7 1 0 6 7 1 0 4 2
54 5 5 2 8 5 5 2 4 5 5 2 2 5 5 2 1 2
54 3 3 6 8 3 3 6 4 3 3 6 2 3 3 6 1 2
58 7 3 0 8 7 3 0 8 7 3 0 4 7 3 0 2 2
66 5 5 4 8 5 5 4 4 5 5 4 2 5 5 4 1 2
54 7 1 2 16 7 1 2 8 7 1 2 6 7 1 2 4 0.818566
62 7 3 2 16 7 3 2 8 7 3 2 4 7 3 2 2 0.818566
66 1 1 8 8 1 1 8 4 1 1 8 4 1 1 8 4 1.601818
82 9 1 0 8 9 1 0 8 9 1 0 6 9 1 0 4 1.601818
86 9 1 2 16 9 1 2 8 9 1 2 6 9 1 2 4 1.601818

Σ=292 Σ=176 Σ=120 Σ=81
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F+ center electron is influenced by the shape and depth
of the electronic binding potential. This potential is de-
termined mainly by the distance and geometrical ar-
rangement of the nearest surrounding lattice ions, which
oscillate around their equilibrium positions. The ionic
equilibrium is different for different electronic states and
the electron–phonon coupling and its effect on the opti-
cal transitions can be illustrated with the configuration
coordinate CC diagram. [27] In the CC diagram, the
electronic energies in the ground and excited states are
plotted against the displacement of usually a single con-
figuration coordinate Q, which represents a certain local-
ized mode or normal mode of the lattice coupling to the
electron. This mode is sometimes called the linear cou-
pling (bond breathing or symmetric stretching) mode. In
other words, Q represents the simultaneous inward–out-
ward displacements of the nearest neighbor cations to the
defect site from the lattice interionic separation (Q=0.0)
along the axes joining them with the defect site. The oth-
er ions were retained in their original positions in the lat-
tice. Starting from the doublet ground state of an FA cen-
ter, an optical excitation produces a transition into the
excited states at fixed nuclear coordinates assuming the

Franck–Condon principle, i.e. vertical in the configura-
tion coordinate diagram. Due to the Gaussian-shaped
probability function for the lowest vibrational state, the
transition starts with highest probability from the equi-
librium position Q1. The electronic distribution reached
after excitation in the excited state is not in equilibrium
with the lattice at Q1. As a consequence, the ions oscil-
late towards a new equilibrium position. The vibrational
energy will be dissipated via anharmonicity into lattice
phonons and the electron–lattice system will reach the
new equilibrium position Q2, the relaxed excited state
(RES). After the mean lifetime, the excited electron re-
turns in a vertical emission process to the ground state,

Fig. 1a–d Z=0 plane representation of the SrO crystal considered
in the calculations. a Bulk. b Flat. c Edge. d Corner

Fig. 2 The low coordinated surface clusters considered in the cal-
culations



and the subsequent lattice relaxation completes the opti-
cal cycle. [28]

To construct the CC diagrams, the ion clusters repre-
senting the F+ centers at the flat, edge, and corner surfac-
es of SrO were first embedded in the three dimensional
arrays of point ions described in the section Bulk simula-
tion. The representation of the ion clusters considered in
the calculations is given in Fig. 2. The absorption and
emission energies were then calculated as the difference
between the total energies of the ground and excited
states. For this purpose the relevant potential energy
curves were calculated, then according to the Franck–
Condon principle the absorption energy was calculated
as that for a vertical transition from the minimum of the
relaxed ground state to the excited state (with fixed
atomic coordinates). The luminescence energy was cal-
culated in a similar manner. Stokes shifts were then cal-
culated as the difference between absorption and emis-
sion energies.

(1)

CI-Singles method

The CIS method was employed for the calculations of F+

laser activity, exciton (energy) transfer, RES orientation-
al destruction, and reorientational efficiency. Based on
the formerly determined experimental geometry of SrO,
partial geometry optimizations were carried out manual-
ly to obtain the equilibrium configurations of the ground
and excited states. The CIS method, named CI-Singles,
uses the configuration interaction approach and model
excited states as combinations of single substitutions out
of the Hartree–Fock ground state. The CI-Singles theory
is an adequate zeroth-order treatment for many of the ex-
cited states of molecules. Treatments of large molecular
systems can be afforded by the avoidance of integral
storage and transformation, and thus the CI-Singles
method has a wide range of applicability. A satisfactory
exploration of potential energy surfaces and accurate
electronic properties of excited states is possible by the
use of an analytic CI-Singles gradient. [29, 30] The
method can provide reasonable accuracy for excitation
energies in comparison with the simplest way to find the
lowest relaxed excited state in wide gap insulators, self
consistent field calculations of the triplet state. [11]

DFT method

The density functional theory (DFT) method was em-
ployed for the calculations of F+ relaxation and forma-
tion energies, the differences between the band gaps and
exciton bands (Glasner–Tompkins relation), Mulliken
charges, and adsorption energies. Based on the experi-
mental geometry of SrO, partial geometry optimizations
were carried out manually to obtain the adsorbate–sub-
strate distances and energies. The DFT calculations were
performed using Becke’s three-parameter exchange

functional B3 with LYP correlation functional. [31] This
hybrid functional includes a mixture of a Hartree–Fock
exchange with DFT exchange correlation. The functional
B includes the Slater exchange along with corrections in-
volving the gradient of the density. [32] The correlation
functional LYP is that of Lee, Yang, and Parr, which in-
cludes both local and non-local terms. [33, 34]

CEP basis sets

The Stevens, Basch, and Krauss compact effective po-
tential (CEP) basis sets were employed in the calcula-
tions. [35, 36, 37] In these pseudopotential basis sets, the
double zeta calculations are referred to as CEP-31G and
the triple zeta calculations are referred to as CEP-121G.
However, there is only one CEP basis set defined beyond
the second row elements, and the previous two basis sets
are equivalent for these atoms. The CEP-121G basis set
was employed in the present calculations. For the s man-
ifold, a quadruple zeta representation of Gaussian type
orbitals was found to be necessary to obtain energies
within 0.001–0.003 a.u. of large, even-tempered basis set
results. For this size expansion, little accuracy was lost
by restricting the s and p basis sets for each atom to have
a common set of expansions. For the d manifold, a three-
GTO fit yields eigenfunctions, which are <0.001 a.u. dif-
ferent from large, even-tempered results. These poten-
tials and basis sets have been used to calculate the equi-
librium structure and spectroscopic properties of several
molecules. All of the computations reported in this paper
were carried out using the Gaussian 98 system. [38]

Results and discussion

F± laser oscillation and related properties

F+ laser oscillation

The configuration coordinate data of F+ centers at the
low coordinated surfaces of SrO are given in Table 2 and
the configuration coordinate curves are given in Fig. 3.
The strength of the electron–phonon coupling as reflect-
ed by the shifts in the equilibrium positions Q2–Q1 and
the values of Stokes shifts between the ground states and
the lowest lying excited states suggest that F+ laser oscil-
lation fades quickly as the oxygen coordination decreas-
es from 5 (flat) to 4 (edge) to 3 (corner), thus making the
flat surface the most attractive compared with the edge
and corner sites. The addition of oxygen basis functions
to F+ increased Stokes shifts, but the strength of the elec-
tron–phonon coupling was no longer reflected by the
shifts in the equilibrium positions Q2–Q1. 

The strong dependence of the absorption and emis-
sion energies, and consequently Stokes shifts, on ion co-
ordination is probably due to the combination of several
factors. Some have already been discussed by Garrone,
Zecchina, and Stone [39] and include the reduction of

318
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the Madelung potential at low coordinated sites, which
leads to their substantial relaxation with respect to ideal
geometry and to strong electron-density redistribution.
However, the reduction of the Madelung potential alone
cannot quantitatively explain the experimental data. This
is perhaps not surprising because, as demonstrated in the

Table 2 Minima of the ground state (Q1) the low lying excited
state (Q2), horizontal shifts along the configuration coordinate
(Q2–Q1) for absorbed and emission transition energies ∆E between
the ground state (g) and the excited state (e) of F+ at SrO surface

calculated at the CIS level. All lengths are given in Å and energies
in eV. Lower figures in each case represent the data after adding O
basis functions to F+

Q1 Q2 Q2–Q1 ∆Eabsorption (g→e) ∆Eemission (g←e) Stokes shifts

Flat 0.360 0.433 0.073 0.857 0.319 0.538
0.270 0.320 0.050 1.487 0.882 0.605

Edge 0.384 0.444 0.060 1.065 0.759 0.307
0.300 0.350 0.050 1.360 0.961 0.399

Corner 0.423 0.448 0.026 0.712 0.606 0.106
0.320 0.370 0.050 0.933 0.572 0.361

Fig. 3 The configuration coordinate diagrams of the low coordi-
nated surfaces of Sr with F+ center. Minima of the ground states
(Q1) and the low lying excited states (Q2)

calculations of Shluger et al., [40] both the degree of lo-
calization of the excited state and its nature depend on its
location. Strong localization of the excited states on cer-
tain sites makes the Madelung argument less applicable.

With small Stokes shifts, the optical–optical conver-
sion efficiency will be increased. On the other hand, the
reabsorption of emitted light by other F+ centers will
also be increased. If the negative effect of reabsorption is
stronger than the positive effect due to the conversion ef-
ficiency, then the laser activity will be decreased. Inspec-
tion of Table 2 reveals that the negative effect of reab-
sorption depends on surface coordination. In other
words, the negative effect of reabsorption increases
when one goes from the flat (5) to the edge (4) to the
corner (3) surface.

A laser-suitable defect should have relaxed excited
states deep below the conduction band of the perfect
crystal. [5] To examine this issue, we consider the band
structure of SrO surface, i.e. the positions of the one-
electron defect levels with respect to the perfect surface
bands. In Table 3, we present the tops of the valence
bands (VB) and the bottoms of the conduction bands
(CB) for the ground states of the defect-free surfaces 
as well as the highest occupied molecular orbitals 
(HOMOs) and the lowest unoccupied molecular orbit-
als (LUMOs) for the relaxed excited states of the de-
fect-containing surfaces. As shown, all relaxed excited
state defect level LUMOs are below the lower edges of
the conduction bands of the defect-free surface’s CB by
ca. 2.36–2.46 eV, implying that F+ is a laser-suitable
defect.

Table 3 The tops of valence bands VB and the bottoms of con-
duction bands CB of the defect-free surfaces in the ground states
and the HOMOs and LUMOs of the defect-containing surfaces in
the relaxed excited states of the low coordinated surfaces of SrO.
Energies are given in eV

Defect-free surfaces Defect-containing surfaces 
ground states relaxed excited states

VB CB HOMO LUMO

Flat –7.74 –1.46 –6.48 –3.82
Edge –7.75 –1.44 –7.36 –4.04
Corner –4.72 –0.81 –6.61 –3.27
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RES orientational destruction

One consequence of the RES saddle point configuration
of F+ centers is a temperature-independent ionic reorien-
tation during the pump cycle, i.e. a change of the center
axis into a perpendicular (equivalent) orientation. A sad-
dle point may be defined as a point at which a certain
configuration has the maximum activation energy along
a given path. The previous effect can be understood from
Fig. 4, where it is seen that after the emission process the
bulk or surface anion has a chance of hopping to the
〈110〉 anion vacancy site opposite its starting location.
Therefore, if an F+ center system is excited in either one
of its absorption bands with polarized light having its
propagation direction parallel to a 〈100〉 axis and the
electric field vector E parallel to a perpendicular 〈100〉
axis, the F+ centers excited by the E vector will quickly
switch to 〈100〉 directions, where they are no longer ex-
cited and the system will become experimentally trans-
parent for the excitation light. [5]

To examine the RES orientational destruction of F+

theoretically, we calculated the total electronic energies
of the original RES ion configuration (∆=0.0) and the
RES ion configurations obtained by moving one of the
next nearest neighbor anions to the defect site along the
〈110〉 axis (∆=0.25, 0.50, 0.75, and 1). In each case the
nearest neighbor cations to the defect site were relaxed
to equilibrium. The total electronic energies of the RES
ion configurations as a function of the migration path ∆
are given in Fig. 5. The differences between the energies
of the original RES ion configuration and the RES sad-
dle point ion configuration (the energy barriers to
orientational destruction in laser experiment) are given
in Table 4. As shown in Table 4 and Fig. 5, the orientat-
ional destruction of F+ centers depends on the location of
the anionic species as well as the surface coordination
number. The destruction of F+ by surface oxygen was
easier than that by bulk oxygen, and while the flat sur-
face was relatively the most probable surface for
orientational destruction of F+ by bulk oxygen, the cor-

ner surface was relatively the most probable surface for
orientational destruction of F+ by surface oxygen. Since
the energy barrier to the migration of surface oxygen at
the corner surface is smaller than the energy barrier to
the migration of bulk oxygen at the flat surface, we may
conclude that the least laser-active corner is fortunately
the most probable site for orientational destruction of F+.
Experimentally, in order to avoid orientational destruc-
tion, the pump polarization and direction of propagation
of the pump beam inside the crystal must be chosen such
that they are not parallel to a 〈100〉 direction. 

Fig. 4 Representation of the RES ion configurations responsible
for orientational destruction of F+ center at the low coordinated
surfaces of SrO

Fig. 5a–c The energetics of the RES orientational destruction of
F+ center at the low coordinated surfaces of SrO due to the migra-
tion of the bulk and surface anions along 〈110〉 axis. a Flat. 
b Edge. c corner

Table 4 The barrier heights of the RSE orientational destruction
of F+ center at the low coordinated surfaces of SrO due to the mi-
gration of the bulk and surface anions along the 〈110〉 axes. Ener-
gies are given in Hartrees

Bulk O–2 Surface O–2

Flat 0.161 0.123
Edge 0.165 0.110
Corner 0.192 0.103
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Reorientation efficiency and optical memories

It is possible to use the reorientation properties of defects
under the action of polarized light to store information.
[6] The reorientation efficiency is directly proportional
to the recording sensitivity. Since the reorientation effi-
ciency of the present F+ center depends on surface coor-
dination number, we may expect from Table 4 a relative-
ly high recording sensitivity for the flat surface due to
the migration of bulk oxygen, and for the corner surface
due to the migration of surface oxygen. Since the energy
barrier to the migration of surface oxygen at the corner
surface is smaller than the energy barrier to the migra-
tion of bulk oxygen at the flat surface, we may expect
the corner surface to give the maximum possible record-
ing sensitivity.

Exciton (energy) transfer

Excitation transfer for vibronic materials was first for-
mulated by Forster [41] and Dexter. [42] Orbach [43]
discussed the factors affecting excitation transfer be-
tween ions in vibronic laser materials, gave examples of
the important excitation transfer mechanisms, and intro-
duced a new method for utilization of collision-induced
electric-dipole radiation and collision-induced excitation
transfer in the solid state.

The relative total energies of the excited states at dif-
ferent low coordinated surface sites could be used as the
first indicator of whether the exciton excited at a particu-
lar surface site would transfer to another site. In order to
be able to compare the results for different shapes and
sizes of quantum clusters, the relative energies of the ex-
cited states for different coordinations were estimated
following the method of Shluger et al. [11] The ioniza-
tion energies I for the clusters were calculated using the
CIS method. Assuming the vacuum level for all systems
considered, the ground state total energies were placed at
–I as shown in Fig. 6. Then the energies of the excited
states were located with respect to the defined positions
of the ground states using the excitation energies. As can
be seen from Fig. 6, the excited state at the edge site has
the highest energy relative to the flat and corner sites.
The excited state at the edge has higher energy than that
at the flat surface, and the latter is higher than at the cor-
ner. In other words the relative energies at the low coor-
dinated surfaces of SrO are sensitive to F+ imperfections
and there is a possibility for exciton transfer from the
edge site to the other coordinated flat and corner sites.
Cox and Williams [44] argued that the excited state at
the surface is in the positive spectrum. Shluger et al. [11]
suggested that it could have negative values for MgO.
Our estimates suggest that it has only positive values for
SrO, in agreement with the estimates of Cox and 
Williams.

F+ relaxation and formation energies

Since F+ laser activity is related to surface coordination,
an attempt has been made to calculate F+ relaxation and
formation energies at the low coordinated surfaces of
SrO. Surface relaxation energies due to defect formation
were calculated by subtracting the total electronic energy
of the relaxed configuration (relaxed to equilibrium)
from that of the unrelaxed configuration

(2)

Surface relaxation energies are given in Table 5, from
which we conclude that surface relaxation energies de-
crease with decreasing surface coordination number.
This means that the flat surface requires the largest
amount of energy to relax to equilibrium.

Surface defect formation energies or defect creation
probability were calculated by subtracting the sum of the
total energies of the reactants from those of the products

(3)

Fig. 6a–c Diagram representing the relative energies of the
ground and excited states of the low coordinated surface sites of
SrO using the CIS method. a Flat. b Edge. c Corner

Table 5 Equilibrium relaxation
energies of the defect-contain-
ing surfaces of SrO calculated
at the DFT level. Energies are
given in eV

Flat 2.694
Edge 2.505
Corner 2.011
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Here the reactants are the defect-free surfaces, and the
products are the F+ defect-containing surfaces (relaxed
to equilibrium) and O– anions. The defect-formation en-
ergies are given in Table 6, from which we conclude that
F+ defect-formation energies decrease with decreasing
surface coordination number. This means that the most
laser-active flat surface requires the largest amount of
energy to create the F+ center. In other words, the F+

center at the most laser-active flat surface enjoys the
largest continued stability, although it needs the largest
amount of energy to relax to equilibrium.

The Glasner–Tompkins relation

Glasner and Tompkins [45] reported an empirical rela-
tionship between the principal optical absorption of F
centers in solids and the fundamental absorption of the
host crystal. The difference between the first exciton ab-
sorption energy EX and the F band energy EF was found
to depend almost exclusively on the negative ion species.
In other words, the Glasner–Tompkins empirical rule
suggests that the energy difference between the funda-
mental absorption of an alkali halide and the F band is
very nearly a function of the halide species alone. EX,
EF, EX–EF, and 〈EX–EF〉 for 12 alkali halides have been
reported by Malghani and Smith, [46, 47] and for LiH
and LiF by Shalabi et al. [48] The dependence of the
Glasner–Tompkins relation on the dopant cation and sur-
face coordination number of MgO, KCl, and AgBr has
also been reported by Shalabi et al. [49, 50, 51] Here we
make an additional attempt to generalize this relation to
include the low coordinated surfaces of SrO.

To apply the Glasner–Tompkins relation to the pres-
ent F+ center, we must calculate the corresponding band
gaps and exciton bands. A complete treatment for under-
standing the host dependence of band gaps would in-
volve theories of excitons [52, 53, 54] and defects [55,
56, 57, 58, 59] which take into account the band struc-
ture. Since this will be a major undertaking and well be-
yond our present goal, we will use the simple electron-
transfer model of the fundamental optical absorption of
ionic solids developed by Hilsch and Pohl. [60, 61] This
model, in its simplest form, explains the fundamental op-
tical absorption EX as the transfer of an electron from a
negative ion to a neighboring positive ion, both placed
adjacent to the defect site. It seems likely that all color
centers have perturbed excitons formed near them. [62,
63, 64, 65] We have therefore calculated EX as the
change in Coulomb energy, associated with the transfer
of either one or two electrons EX1 and EX2 from an oxide
anion to a neighboring strontium cation, both placed ad-

jacent to the F+ center, and calculate EF
+ as the energy

difference between the HOMO and LUMO energy lev-
els. The correlation between the oxide-ion coordination,
the F+ center and the energy difference between the exci-
ton bands EX1 and EX2, and band gaps EF

+ are given in
Table 7. As one can see from Table 7, the results empha-
size the dependence of the energy differences on the ox-
ide coordination. The energy difference is reduced as the
oxide ion coordination decreases, generalizing in turn
the Glasner–Tompkins relation to include the surface co-
ordination of SrO.

The halogen–surface interactions

Electrostatic potentials

To shed light on the possible electrostatic contributions
to the halogen–surface interactions of the defect-free and
defect-containing surfaces, we calculated the electrostat-
ic potential curves at the oxygen site of the defect-free
surface and the F+ site of the defect-containing surface.
The electrostatic potential curves are shown in Fig. 7,
from which we conclude that the electrostatic potentials
due to the defect-free and defect-containing surfaces are
very different for adsorbate–substrate interactions, thus
leading to different electric fields and electric field de-
rivatives. Since the electrostatic interaction of the adat-
om with the surface will consist mainly of electric field-
induced dipole and electric field derivatives-induced
quadrupole moments, one expects that the classical con-
tributions to the adsorbate–substrate interactions are very
different for the defect-free and defect-containing surfac-
es of SrO.

Adsorbate–substrate interactions

To examine the adsorbate–substrate interactions of the ti-
tle halogens (F, Cl, and Br) under the effect of F+ imper-
fection, we calculated the adsorption energies on two
equivalent sites, the oxygen ion site of the defect-free
surface and the F+ site of the defect-containing surface,
Fig. 8. The nearest and next nearest neighbor ions to the
oxygen or F+ site are considered in the calculations. The
nearest neighbor ions to the F+ site were first allowed to
relax to equilibrium. The adsorbate–substrate distances
were then optimized in each case. The corresponding re-
sults of the equilibrium adsorbate–substrate distances

Table 6 The defect formation energies of SrO surface calculated
at the DFT level. Energies are given in eV

Flat (Sr9O14)→F+-Sr9O13+O– 12.096
Edge (Sr6O10)→F+-Sr6O9+O– 10.867
Corner (Sr4O7)→F+-Sr4O6+O– 3.154

Table 7 F+ band gaps EF
+ and exciton bands Ex1 and Ex2 of the

defect-containing surfaces of SrO calculated at the DFT level. En-
ergies are given in eV

EF
+ Ex1 Ex2 Ex1–EF

+ Ex2–EF
+

Flat 0.849 30.96 46.59 30.11 45.75
Edge 1.002 30.24 45.09 29.24 44.09
Corner 1.000 28.13 41.15 27.13 40.15
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and interactions (adsorption energies) are collected in
Table 8. 

We may first note that the adsorption site over the
oxygen atom is the energetically most favorable as con-
firmed by experimental data [66] and LDA-type calcula-
tions. [67, 68, 69, 70] Now, as shown in Table 8, the in-
teraction energies of the considered halogens with the

oxygen site of the defect-free surface were endothermic,
while those with the F+ site of the defect-containing sur-
face were exothermic and the adsorbates were electroni-
cally stable. The F+ center enhances the adsorption ener-
gies of halogens significantly and changes the nature of
adsorption from physical adsorption to chemical adsorp-
tion, assuming a boundary value of ca.–1.5 eV between
both types of adsorption. However, since there are no ba-
sis functions on F+, the observed chemisorption may be
due to a basis set superposition effect, as the basis set of
the incoming halogen is used to stabilize the electron of
the F+ center. To test this point, oxygen basis functions
were added to F+ and the adsorption energies calculated.

Fig. 7 The electrostatic potential curves of the defect-free Sr9O14
and defect-containing F+-Sr9O13 surfaces of SrO

Fig. 8 The adsorption of F, Cl and Br over the defect-free
(Sr9O14) and defect-containing (F+-Sr9O13) surfaces of SrO

Table 8 Optimal adsorption energies Eads. and adsorbate-substrate
distances Re of F, Cl, and Br over the defect-free and defect-con-
taining flat surfaces of SrO calculated at the DFT level. Energies
are given in eV and distances in Å. The bottom figures refer to the
data after adding O basis functions to F+

F Cl Br

Re Eads Re Eads Re Eads

Sr9O14 2.2 0.835 2.5 1.514 2.5 1.851
F+-Sr9O13 –0.2 –5.923 0.2 –3.790 1.2 –2.040

0.0 –8.423 0.0 –6.900 1.0 –5.232



As can be seen from the bottom figures of Table 8, the
addition of an oxygen basis function enhanced the ad-
sorption energies significantly, without altering the ob-
served trend.

As shown in Table 8, the adsorption energies at the
defect-free surface are endothermic (+Eads.) while those
at the defect-containing surface were exothermic (–Eads).
If we consider the adsorption energies to increase with
increasing exothermicity (–Eads) and/or decreasing endo-
thermicity (+Eads) the order of adsorption energies on
both the defect-free and defect-containing surfaces
should be essentially the same: F>Cl>Br, pointing to a
dependence on the periodic properties of group VIIB
halogens. While the calculated adsorption energy was di-
rectly proportional to the electronegativity of the halo-
gen, the calculated adsorbate–substrate distance was in-
versely proportional, except for Cl and Br at the defect-
free surface, where they were identical. The F atom pen-
etrates the surface layer of the defect-containing surface
and offers the maximum adsorbate–substrate interac-
tions.

The significant increase in adsorption energies due to
F+ may be explained on the basis of spin pairing between
the halogen single electron and the F+ single electron.
Here, the term “covalent spin pairing” may be suggested
instead of “spin pairing” since the latter is based on the
view of rigid two particles, while the former expresses
the sense of smearing and overlapping. On the other
hand, the pattern of adsorption energies is consistent
with that expected from the electrostatic potential
curves, where distinct differences in adsorption energies
occur between the defect-free and the defect-containing
surfaces.

The roles of energy gaps and covalent spin pairing

To clarify the roles of (i) the energy gap between the ad-
sorbate and the substrate, and (ii) the spin pairing be-
tween the adsorbate single electron and the substrate F+

electron, in the course of adsorbate–substrate interac-
tions, we calculated the highest occupied atomic orbital
(HOAO) and the lowest unoccupied atomic orbital
(LUAO) for each of the halogens considered, the top of
the valence band (VB) and the bottom of the conduction
band (CB) of the defect-free surface, and the highest oc-
cupied molecular orbital (HOMO) and the lowest unoc-
cupied molecular orbital (LUMO) of the defect-contain-
ing surface. The calculated energy levels are shown in
Fig. 9.

As shown in Fig. 9, covalent spin pairing is only al-
lowed between the halogen and the defect-containing
surface. The strength of adsorption follows the order
F>Cl>Br despite the fact that the energy gaps between
the HOAOs of the halogen atoms and the HOMO of the
defect-containing surface increase from Br to Cl to F.
This implies that covalent spin pairing, rather than the
energy gap factor, plays the dominant role in the course
of adsorbate–substrate interactions, and that the large in-
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crease in adsorption energies following surface imper-
fection is mainly attributed to the role of covalent spin
pairing.

Band gaps and electrical conductivity

Figure 9 shows that the defect-free surface of SrO cannot
be made semiconducting by F+ imperfections. The band
gap of the defect-free surface was not reduced to a value
less than 2 eV, which is the domain of band gaps of
semiconducting materials. However, the narrowing of
band gaps suggests that the electrical conductivity of the
insulator SrO can be enhanced under the effect of the F+-
trapped electron, in analogy with the behavior of the F-
trapped electron in alkali hydrides and halides.

Conclusions

Ab initio molecular electronic structure calculations
have been carried out to examine two practically impor-
tant applications of F+ (tunable laser activity and halo-
gen–surface interactions) at the low coordinated surfaces

Fig. 9 HOMOs and LUMOs of the halogen atoms F, Cl, and Br;
VB and CB of the defect-free surface (Sr9O14) and HOMO and
LUMO of the defect-containing surface (F+-Sr9O13)
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of SrO. Two commonly used methods, CIS and DFT,
have been employed, and clusters of variable sizes rang-
ing from 11 to 23 atoms have been embedded in simulat-
ed Coulomb fields of the low coordinated surfaces of
SrO. Relaxation to equilibrium was taken into account
and the CEP-121G basis set was used. Concerning the
first application, the F+ center was found to be laser ac-
tive and the corresponding laser activity was dependent
on the reduced oxygen coordination. Exciton (energy)
transfer takes place from the edge to the flat and corner
sites, and the Glasner–Tompkins relation is generalized
to include the low coordinated surfaces of SrO. Concern-
ing the second application, F+ was found to change the
nature of halogen–surface interaction from physical ad-
sorption to chemical adsorption. A direct proportionality
(or trend) exists between the strength of the halogen–sur-
face interaction and the electronegativity of the halogen.
The covalent spin pairing mode plays the dominant role
relative to that of the energy gap in the course of the ad-
sorbate–substrate interactions. We hope the present study
stimulates further investigations of other twofold poten-
tial defects for more desirable properties of laser oscilla-
tion and surface adsorption.
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