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Possibility of oS-center-exciton formation in BaFBr
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Extended-ion calculations have been performed in order to test the possibility of spontaneous off-

center motion of excitons in BaFBr. The off-center motion is a mode of decay to I',0 centers in the
material. The lattice distortion energy is computed self-consistently with the extended-ion method.
It is energetically favorable to form off-center excitons displaced roughly 2 a.u. along the molecular
axis for fluorine and bromine centers. The fluorine center is stabilized most due to its low-energy
F-center ground state.

INTRODUCTIC)N

When photons of energy exceeding the band-gap value
irradiate an ionic crystal, the free electrons and holes
which are created can interact to form a stable bound
state called an exciton. In ionic solids such as alkali
halides the hole is localized in the p orbitals of halogen
and the electron is in a more extended orbital. This
species becomes self-trapped at low temperature by virtue
of lattice distortions. The self-trapped exciton has been
viewed' as an electron bound to a Vz center (X2 ) in
alkali-halide crystals. Relaxation of the self-trapped exci-
ton can lead to F and H centers as shown in various
time-resolved spectroscopic studies.

Various calculations of the self-trapped exciton in al-

kali halides have been presented. These include Hartree-
Fock, pseudopotential, and complete neglect of
differential overlap treatments. Good agreement of elec-
tron excited-state energies with experiment have been
generally found. Recently the extended-ion model in the
hybrid approximation has been applied ' to off-center
configurations of the self-trapped exciton in alkali halides
and alkaline-earth halides. It has been found in these cal-
culations that the exciton spontaneously moves off center
by approximately 2 —4 a.u. along the axial direction, de-

pending upon the crystal. A stabilization of a few elec-
tron volts is noted in the closely interacting I', H pair in

the off-center configuration. Analysis of experimental
excited-state transition energies and spin densities has
provided support for the off-center model. The physical
reason for the distortion has been explained as due to a
deeper potential well for electrons at a F center relative
to an exciton. Thus the electronic stabilization can ac-
count for the energy required to deform the crystal lattice
as the off-center motion takes place. The purpose of this
paper is to determine whether the off-center instability is
possible in the alkaline-earth fIuorohalide, BaFBr.

The electronic energy of the self-trapped exciton is
computed with a one-electron Hartree-Fock method
known as the extended-ion model. Within this model the

electron is treated with a Aoating 1s Gaussian orbital
basis. The Schrodinger equation is solved in the field of
the ions surrounding the defect electron. These ions are
represented by the hybrid method described by Song&
et al. or the first-order pseudopotential terms intro-
duced by Bartram et a/. " The electron is described by a
fioating ls Gaussian orbital P; orthogonalized to the core
wave functions y, I.

c, l

The secular determinant is solved for this wave function
where the core states include 349 ions and are represent-
ed by the pseudopotential ion-size parameters which treat
screened Coulomb and exchange energies. The long-
range Coulomb energy is treated by Ewald summation.
We employ optimized Gaussian damping factors up to
0.10 a.u. on the molecular axis as in earlier implementa-
tions of this method. ' These calculations are per-
formed with a version of the hybrid method code
modified so as to treat the lower symmetry of the BaFBr
crystal.

The X2 molecular ion is treated at the relaxed intera-
tomic separation of the Vz center. This distance is deter-
mined in a classical atomistic calculation' using the
HADES computer code. ' The pseudopotential parame-
ters for the X and/or X species are taken from earlier
calculations with the pseudopotential method. Parame-
ters needed for the hybrid method are computed from
Hartree-Fock atomic orbitals. ' ' Madelung potentials
appropriate to the off-center positions of the molecular
species are computed by Ewald summations.

The energy of crystal-ion distortion is computed classi-
cally with the HADES code. This method uses a shell
model to describe ions interacting by Coulomb and
short-range potentials. Such potentials have been derived
for BaFBr.' The ion distortions are computed for the
charge distribution of the defect electron. This quantity
is determined by the extended-ion calculation. It is found
that when the molecular species is displaced along its axi-
al direction, the electron becomes concentrated in the re-
gion being vacated. For example, a displacement of 1.3
a.u. of the F2 center gives 83% of the defect electron in
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the vacated region as estimated from coefficients in the
wave function. The lattice ion displacements due to the
Vz oA-center motion and. the defect electron computed
from the HADES method are reintroduced in the
extended-ion method. This achieves a rudimentary self-
consistency between the two calculations. The change in
total energy of the system versus displacement is the sum

(2)

where E (R) is the steric or crystal distortion energy and
E~(R) is the lowest eigenvalue in the quantum-
mechanical calculation.
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RESULTS

The structure of BaFBr is tetragonal with layers of ions
as shown in Fig. 1. We observe that the layers normal to
the c axis consist of close-packed fiuoride-ion planes
separated by barium ions and two adjacent bromine-ion
planes. There are three distinct pathways for exciton de-
cay to F,H pairs which we will consider. These involve
o6'-center motion of the Vz center along the direction of
its molecular axis. These are sketched in Fig. 1 and con-
sist of (110) motion of the fluorine center, (100), and an
out-of-plane motion of the bromine center.

We consider the energy change involved in relaxation
of the F2 exciton by (110) motion in Fig. 2. The initial

F2 ion has an internuclear distance of 3.82 a.u. As the
ion is moved the steric energy increases and the electron-
ic energy computed in the hybrid method decreases. The
total stabilization is 3.5 eV for an equilibrium o6'-center

Displacement (a u )

FIG. 2. Energy profile vs displacement of center of mass of
F2 species in (110) direction. (a) Full hybrid method; (b) pseu-
dopotential method.

displacement of 2.13 a.u. When the pseudopotential cal-
culation is performed for this system (using only A, B pa-
rameters of Bartiam et al. ") we find a stabilization of 3
eV with a displacement of 2. 1 a.u. as shown in Fig. 2(b).
Both levels of computation predict a stabilization of the
exciton can occur if the molecular axis moves oF center.

Energy changes accompanying Br& oft'-center dis-
placement are shown in Fig. 3. We consider the (100)
motion in Fig. 3(a). A stabilization of 0.5 eV is predicted
at an equilibrium displacement of 2.5 a.u. as computed by
the hybrid method. A larger stabilization of 1.2 eV is
computed by the pseudopotential method as shown in
Table I. In both cases an activation barrier of a few
tenths of 1 eV is observed. It is unclear how accurate this
barrier value is since it reAects the balance of two ener-
gies. Lastly, we note that the energy change accompany-
ing the Br2 oft'-center motion is less than in the previous
case of the F2 o6'-center motion.
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FIG. 1. The unit cell of BaFBr is shown along with three
possible displacement pathways for the self-trapped exciton: A,
Auorine (110) motion; 8, bromine (100) motion; C, bromine
out-of-plane motion.

Displacement (a.u. )

FIG. 3. Energy profile vs displacement of center of mass of
Br2 species. (a) (100) direction computed by hybrid model; (b)
out-of-plane direction computed by pseudopotential model.
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TABLE I. Computed properties of the off-center exciton.

Pseudopotential Hybrid

Species

F
Br2
Br&

Decay
path

(110)
(100)

out-of-plane

Internuclear
distance

(A)

2.02
3.13
2.92

Displacement'
(a.u. )

2.1

2.5
1.5

AE
(ev)

3.0
1.2
0.5

Displacement'
(a.u. )

2.1

2.5
2.0

hE
(ev)

3.5
0.5
0.9

'Displacement of the center of mass of the molecule from the on-center site.
See Eq. (2).

The off-center motion of a Br2 center in an out-of-
plane direction is considered in Fig. 3(b). A stabilization
energy of 0.5 eV is computed for a displacement of 1.5
a.u. Activation barriers for this motion are not observed.
We note that the degree of stabilization for off-center
motion is similar to that for the (100) motion and much
less than for the F2 off-center motion.

DISCUSSION

The possibility of formation of the off-center exciton in
the alkaline-earth Auorohalides seems plausible based
upon these calculations. In the case of Auorine and out-
.of-plane bromine excitons there is no energy barrier to
motion from the centered position. The off-center
Auorine exciton is stabilized more than the bromine exci-
ton versus the centered position. This result is reasonable
since the ground state of the Auorine F center is at least 2
eV deeper than the ground state of the bromine F center
as shown in extended-ion calculations' in this system.
Thus the nearest neighbor (F,H)-center pair is more
stable if the E-center ground state is deeper.

The mode of (F,H)-center production from band-gap

irradiation of BaFBr can clearly involve an exciton which
undergoes an off-center motion. Once the near-neighbor
F,H center is formed, diffusion of the H center must
occur in order to avoid recombination. This diffusion is
known to take place in alkaline-halide crystals with a low
activation energy on the order of 10 meV. Thus the F,H
near-neighbor pair can separate and lead to free charged
defect species in the crystal.

These calculations are a first step in providing some
plausible arguments for the off-center exciton in
alkaline-earth Auorohalides. The method of calculation
is approximate and is viewed as qualitative at this stage.
It would be important to treat the electronic and lattice
distortion components within the framework of a single
method. The three directions of off-center motion are
somewhat restricted and even more complicated motion
might occur in these low-symmetry materials.
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