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F center in BaF,: Diffuse excited state
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The optical properties of the F center in Badfe of importance because the F center is a product of radiation
damage when the material is used as a luminescent radiation detector. Its optical excitation energy is 2.03 eV,
experimentally. We have applied computational modeling to study this process. Our method is based on a
guantum molecular cluster containing the defect, embedded in a shell-model crystal. When the excess electron
of the F center is kept localized in the molecular cluster, an excitation energy of 3.33 eV is found. When the
F-center electron is allowed to become much more diffuse, the ground state remains within the vacancy, but the
excited state delocalizes, and the excitation energy drops to about 2.56 eV, but the model is inaccurate because
guantum-mechanical features of distant ions are omitted. A polaronic representation of the single diffuse
electron is then carefully incorporated with the embedded quantum cluster treatment of the system. The
polaron in Bak is found to be beyond the intermediate-coupling regime. Feynman'’s path-integral results for
Frohlich’s polaron model give an effective mass of 3.12, in units of band mass. The resultant estimate of
F-center excitation energy is 2.04 eV. The successful combination of a quantum molecular cluster modeling
element with bulk crystal modeling elemeriband mass and polaron correctiamarrants further study along
these lines. Quantitative and physical limitations of the method and results are discussed.
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[. INTRODUCTION excellent agreement of the computed with the experimental
excitation energy encourages future work along the lines dis-
Barium fluoride is a luminescent gamma-ray detector macussed herein.
terial, with intrinsic luminescence at 6.36 and 5.64 eV. Ra- Electronic features of point defects that are localized
diation damage degrades the crystal's luminescent efficiencwithin a few ionic diameters can be computationally simu-
Thus it is important to understand the optical excitation prodated by theicecap methodology.® in which the ions af-
cesses of radiation damaged products. One set of produdiscted by the defect are treated along with the defect in a
of interest consists of O ions and F centers, produced gquantum molecular cluster which is embedded in a classical
by gamma rays in the dissociation of Qvacancy defect shell-model crystal. The molecular cluster is treated in a self-
complexes: consistent field unrestricted Hartree-Fock approximation
with many-body perturbation-theory correlation correction.
Calculations can include core pseudopotentials, or can in-
clude all the cluster electrons explicitly. Nuclear positions
and electronic structure in the molecular cluster are in equi-
In this equationyg is a fluoride vacancy, and.FAs an F librium with polarization and distortion in the embedding
center, an electron bound in a fluoride vacancy. shell-model crystal, for stationary states. For optical transi-
We have previously studied the above dissociation protions, polarization and distortion of the embedding crystal
cess, and the optical excitation of Qobtaining excitation taken from the initial state may be applied in the final state,
energies of 9.74 and 8.95 é\Radiation damage of Bafby  in conformity with the Franck-Condon principle. In a wide
gamma irradiation causes the emergence of an opticatange of point defect properties where experimental results
absorption band centered at 2.18 eV, ranging freth9 to  are available, this method has provided satisfactory
~3.0 eV? The band probably arises from overlapping linesagreement:’
from a variety of color centers and their aggregates. In addi- When we begin to examine, herein, the optical excitation
tively colored Bak, this is certainly the case, where Caven- of the F center in Baf-by theiceEcap method, we find that
ett, Hayes, and Huntéhave combined Faraday rotation with the excess electron in the ground state is well localized in the
optical absorption to resolve the F center, finding an excitavacancy, but in the excited state it is not. When the excitation
tion energy of 2.03 eV. None of these defects, thereforelargely removes the electron from the vacancy, the electronic
appears to strongly overlap the intrinsic luminescent frequenstructure of near-neighboring ions is significantly affected,
cies. In this work we study F-center excitation computation-and so is the total energy. Indeed, electronic density associ-
ally, in order to test agreement between theoretical modelingted with nearby ions should be thought of as participating
and experiment in such a system. We find an atomically loin, rather than reacting to, the excitation. Since this effect is
calized ground state and a substantially diffuse excited statevell represented in theecAp method, we want to retain the
This requires that the modeling method combines quantumgquantum molecular cluster in the excited-state calculation.
molecular cluster features for the localized state with bulkHowever, in the excited state, as we have said, one electron
crystal features for the diffuse state. The latter are impleis quite diffuse, though still bound to the vacancy. It is not
mented in terms of band-mass and polaronic effects. Theractical, in terms of computational constraints, to extend the

{y+(0* -vp)}—{O +F}.
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quantum cluster to include all ions that are significantly over-applications of the methd82° showed that it could not be
lapped by this diffuse electron. extended consistently and uniformly to F-center emission, or

In the past, diffuse states in crystals have been describg¢ the absorption by impurity-related, Fand kg centers, in
in terms of a semicontinuum model, with a single quantum-the alkali halides.
mechanical electron, where polarization effects, both static In Sec. Il, we describe our computational model for local-
and dynamic, due to both the binding center and a singlézed electronic states in BaFIn Sec. II_I we give our results
quantum-mechanical electron, are treated by describing th®" vacancy-localized ground and excited states of the F cen-
realistic, the electron’s effective mass must contain the effecine ground state to be localized in the vacancy, but the ex-
of the crystal's periodic atomistic structure: the band masgited state to be diffuse, largely outside the vacancy. In Sec.
must be introduced. In addition, the effect of crystal vibra-IV also, we discuss a polaronic correction for the diffuse
tion on the e|ectron’s dynamics must be inc|uded: th|s intro_eXCi.ted State-. In Sec.V the eValuation Of the eﬁeCtive mass iS
duces a polaron factor to further modify the electron’s effecCarried out in terms of band theory and Feynman's path-
tive mass. The physical features involved in such dr_negral polaron theory. In Sec. VI the results are summa-
description are complicated, and many forms of theoreticafized, and our conclusions are stated.
analysis have been discussed, notably by Féw@and by
Stoneh'arﬁ.1 In both of the latter Wprkjé’*”als_;q will be found Il COMPUTATIONAL MODEL
extensive discussions of the optical transition process.

Theories of the polaron factor for the effective mass fall We approach the simulation of a point defect, the F center
into four categories: weak couplifg, intermediate in BaF,, in terms of a quantum molecular cluster embedded
coupling®® strong couplind? and the Feynman methdd!® in a classical crystal. The Baferystal in the fluorite struc-
the latter valid, in principle, for all values of coupling. For ture consists of a simple cubic fluoride sublattice ofibns,
computational simulation, it is essential to apply the versiorwith a B&* ion at the center of every other cube. The quan-
of polaron theory that is appropriate for the material in questum cluster is centered on a fluoride site, and is treated in an
tion, BaF, in the present case. In Sec. V we shall see that theinrestricted Hartree-Fock approximation. It consists of the
coupling constant for Baffalls outside the ranges of appli- four B&* nearest-neighbor ions described in terms of effec-
cability for weak-, intermediate-, and strong-coupling theo-tive potentials of the Kunz-Klein typ®,and the six second-
ries, leaving us to rely on the Feynman method. Fowler'sneighbor F ions with an all-electron treatment. The embed-
discussion of diffuse F-center stat®icludes polaronic ef- ding is in terms of the shell model of Catlow, Norgett, and
fects only in the effective dielectric constant and Stoneham'Ross>’ The IcEcap method™® is applied, in which polariza-
discussion extends over the whole range of couplingion and distortion of the embedding crystal are consistent
strengths. We shall return to a comment of Stoneham’s inwith ionic and F-center charges in the cluster region. The
Sec. V. quantum cluster basis set has three parts. On tié Bms

In the semicontinuum theory of F-center excitation, thereare 6 orbitals consisting of two Gaussian components ini-
is one quantum-mechanical electron, and the entire crystal igally fitted to the tail of a WTBS orbitad® and then opti-
modeled as a continuum, with the vacancy represented by mized in the F-center ground state. The fluoride ions have
simple effective potential. Discrete ion methods also exist(43/4) orbital sets originally from Huzinag®, optimized it-
ranging from point-ioh’ to the present embedded quantumeratively between perfect-crystal embedded clusters,
cluster models. One method, that includes quantumfluoride-centered (Bd), (F); and Ba&"-centered
mechanical ionic features for a substantial number of ions(Ba&?"), (F)g. Specifically, for a given perfect-crystal clus-
and that has been appliddter alia, to the F center in BaF;  ter, say fluorine centered, the atomic-orbital basis functions
is the method of Bartram and Stoneh&in that work, of the central ion are optimized, keeping all other orbitals
systematic approximations are made to atomic pseuddixed. The optimized fluorine basis set is then transferred to
potentialst® These pseudopotentials are applied in derivingthe other cluster, in this case barium centered. The basis
the F-center excitation energy in the 17 rocksalt-type alkalfunctions of the central barium ion only are then optimized,
halides, and in Cal; SrF, and Bak. In comparison with  keeping all others fixed. The optimized barium basis set is
experiment, the results are not very good. However, introthen transferred to the fluorine-centered cluster, where the
duction of a single scaling factor (¥=0.53"") into all of  previously optimized fluorine basis functions are also in-
the pseudopotentials produces remarkable agreement wiltalled. The process is then iterated to convergence. Optimi-
experiment across the whole range of crystals. Nearestation of a given atomic orbital proceeds as follows. The
neighbor ionic displacements and ionic polarizations are inmost diffuse primitive atomic orbita{Gaussian localized
cluded in the model. The success of this semiempirical ionhas its longest-range exponential coefficient fixed, to avoid
size effect in collating such a range of data was a significanspurious delocalization into the surrounding classical shell-
achievement in showing that the quantum-mechanical struanodel embedding region. Contraction coefficients and expo-
ture of the nearby ions, along with distortion and polarizationnential coefficients are then successively optimized, going
of the nearby crystal, is essential for quantitative modelingfrom the contraction coefficient of the second most diffuse
The calculated excitation energy for the F center in BaF primitive to its exponential coefficient, then to the next most
with this method was 2.08 eV. The authors were unable taiffuse primitive, and so on. The process is iterated to con-
identify the physical source of the scaling effect, and latervergence for a given atomic-orbital basis function, before
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proceeding to another. The process is further iterated to corcapable of evaluating a variety of experimental properties of
vergence within the basis set for a given ion. Optimization inF centers and other point defects. In general, spin densities
all cases is in terms of total-energy minimization. Conver-can be evaluated at neighboring nuclei. They are propor-
gence in all cases is to an accuracy of approximately 0.01 eVional to isotropic hyperfine constants that can be measured,
In addition, fluoride 3, 3p, and 3 orbitals are initially in Some cases, by thenbor method:"* for both ground
concocted by scaling from Kr, with tails of limited range to and relaxed excited states. Such a comparison between com-

avoid basis-set superposition, and then optimized in th@utation and experiment has peen carried out, for example,
F-center ground state. for the F-center ground state in Naffn the present case,
The F-center basis consists of vacancy-centexednd BaF,, such experimental data are unavailable, either for the
p-type orbitals for ground and excited states, respectively',:'cem?r ground state_or relaxed excited state. The fact that
optimized in the embedded cluster. In BaRhe ionic sites the barium nearest neighbors of the F center are treated here
are not centers of symmetry. Thus, the stationary states of tH8 t€rms of a rigid effective core potential means that spin
F center will not be of definite parity. However, in a calcu- polarization of these ions is not included in our model. This
lation that includes botls- and p-type orbitals, the ground effecfc,_of course, contrlbutes to the spin density. While spin
state is dominated by tretype (=0) component, since the densities and s_pln-densny plots can be generated,_ the Iac_k of
p-type (=1) components have zero amplitude in the Fockrelevant experimental data renders such work uninteresting.
eigenvector that corresponds to the excess electron. Our udomic positions adjacent to point defects may in some cases
of an even-parity purestype ground state dictates a pure be directly qbtalnable experimentally from the extended
odd-parityp-type excited state, at the same level of approxi-X"ay _absorptlon fine-structure meth?deone are available
mation. It is then consistent to neglect the distortion of theXperimentally for the F center in BaFnor are we able to
ground-state embedded molecular cluster. In the excite§onfidently predict them due to the mismatch that we men-
state, as we have mentioned, the electronic distribution ifoned between cluster and shell-model interionic forces. The
changed from that of the ground state, although the ionidelaxed excited state, and the optical emission to the unre-
basis sets are unchanged. This corresponds to the situation!fi€d ground state for F centers, can be determined from
which the electronic structure of these ions responds instadCECAP studies, but experimental data are unavailable for the
taneously as part of the electronic excitation. On the othef center in Bak. The present work is an initial study of a
hand, the shell positiong@s well as core positiofisin these diffuse electronic state in the context of a small embedded
calculations, are held fixed through the excitation. This is théluantum cluster computation. Accordingly, other computa-
extreme form of the Franck-Condon principle. If one thinkstional details of the F center in Bafare not included.
of core-shell displacement as literally representing, approxi-
mately, distortion of the ion’s electronic structure, then to be [ll. RESULTS: VACANCY-LOCALIZED STATES
consistent with what happens in the quantum cluster in the The ground and excited states for the F center have

excitation, one r_mght allow the shell_s of shell-model ions tOvacancy-centered orbitals with radial dependencies of the

relax to equilibrium also, in the excited state. In fact, how—form exp(—ar?), with exponential coefficientsr, and a

ever, it is not clear just how to handle shell-model polariza- P ’ EXp s N
respectively. The radial dependence of the vacancy-centered

tion in an optical transition. The reasons are twofold. First, itorbital amplitude sauared is represented in terms of ra0e
is well known that the shell model is a parametrized model, P q P 9

and that in particular there is no obvious relationship be- R=(2a) 12 (1)
tween the shells and the more malleable part of the ion’s
electronic structure. This is clear when one realizes that peR is the distance at which the square of theype orbital
fectly good shell models exist with positively charged shellswith a5 has a valuee™*=0.368 of its maximum, while the
The other feature of the shell model that gives pause when gquare of thep-type orbital witha, has its maximum aR,
comes to too literal physical interpretation is the identicallywith over 60% of the electron’s charge lying beyond this
zero mass assigned to the shells. In any case, the approadistance. The nearest-neighbor spacing of the fluoride sublat-
that we use here, with frozen shells for the excitation, hagice, 3.10005 A, is here referred to as the unit of SCALE.
been used successfully in other problems where detaile@ihus the four nearest neighbors of the F center aré Bans
comparison with experiment is availabfe. at a distance 06v3=0.8660 SCALE, and the six second-
The perfect-crystal (Bd), (F), cluster with an opti- neighbor F ions are at 1.0 SCALE.
mized basis set is found to equilibrate with the embedding For values ofe such thatR<1, there are minima of the
shell-model crystal with about 10% inward relaxations fortotal energy with respect to variations of; and «,, for
both B&" and F . This represents a mismatch of the mod-ground and unrelaxed excited states, respectively. These
eling between the quantum cluster and its shell-model emminima can be seen in Fig. 1. The respective rangefRare
bedding. It should be taken into account when evaluating=0.4183 andR,=0.4459 SCALE. When these are compared
distortion due to the F center. The ground-state F-center cluswith the nearest-neighbor distance of 0.8660 SCALE, we see
ter is found to equilibrate with the same relaxation, to twothat they both represent wave functions that are well local-
significant figures in the atomic displacements. We thereforézed within the vacancy. They correspond to a calculated
proceed by assuming that distortion due to the F center isxcitation energy of 3.33 eV, which compares badly with the
negligible in this system. experimental value of 2.03 é\However, from Fig. 1 we see
The computational model and method employed here arthat the excited state has a second minimum at a much larger

014109-3



J. M. VAIL, W. A. COISH, H. HE, AND A. YANG PHYSICAL REVIEW B 66, 014109 (2002

WF als, and from some Forbitals. Correspondinglyj, contrib-

' utes a small amount to many molecular orbitals that pre-
] W dominantly describe the fluoride ions. It is therefore not
* \\.v.,./- justified to identifye™ ases; ;.

251 [ What should be done, ideally, is to identi§f) as the

207 P energy of an electron in the orbita,, interacting with the

151 " shell-model ions of the embedding region, and with the
104 / —=— Exoited state guantum-mechanical ions of the quantum cluster. The latter
T - e Groundsie interaction is dominated by the Coulomb field of the ionic
0ol charges in the quantum cluster. Several facts tend to support
05 the approach that neglects the non-point-charge parts of the

0F 04 05 08 1012 14 16 18 20 22 24 20 28 self-consistent fieldscf. A p-type orbitalys,, oriented along
FIG. 1. F center in Baf total energyE (eV) of ground and  thez axis, say, is zero at four of the six second-neighbor F
unrelaxed excited states as a function of raRJ&CALE), relative  ion sites. The contribution of these ions to the scf seen by the
to the ground-state minimum, without polaronic correction. excess electron is therefore very small. The four nearest-
neighbor B&" ions are modeled by the KKLP effective
value of R. This leads us to question the vacancy-localizedpotentials?® which are spherically symmetric, quite compact,

picture of the F-center excited state. and include exchange only intraionically. The two Fons
that are most strongly overlapped by the orbitgl are lo-
IV. DIEEUSE STATES: A POLARONIC MODEL cated well within the distance at which this orbital achieves

its maximum value, and they span a small spatial region

Diffuse states, particularly excited states, are common itompared to that spanned by the excess electron.
color centers. However, the model described in Sec. Il is not On the basis of the preceding considerations, we have
suitable for such states because it does not contain quanturgyaluated the energy of an orbitd, in the presence of a
mechanical features of the ions beyond the quantum clustegrystal with a vacancy where all of the ions are represented
These quantum-mechanical effects, at the Hartree-Focky the shell model. This energy as a functionRyfas with
level, are first, the spatial extent of the electronic distributiongng(R)' has a finite, positive-energy asymptote Rs»o
of the ions, and second, the Pauli repulSion or eXChange etWrEh different asymptotes for one-electron and many-
fect. The first contributes to a potential that alternates bee|ectron CasesThe p0|aronic correction, which we shall in-
tween attractive and repulsive as the electron passes froffpquce shortly, gives an energyR), Eq. (2), with a zero-
Cation to anion over a distance Of the Ol’del’ Of SCALE. Theenergy asymptote_ The asymptotic energy from the discrete,
second is consistently repulsive. shell-model-based calculation must therefore be added to

We begin by considering total enerdyvs rangeR for  z(R), or alternatively subtracted from the one-electron en-
both ground and unrelaxed excited states: See Fig. 1. We finggy (1) in a shell-model crystal with a vacancy. The result
E rising monotonically withR for R=<1 for the ground state, s the latter procedure is an estimatestf)(R), with a zero-

suggesting that this state is indeed vacancy localized. For ﬂ'@ﬁergy asymptote, which has been fitted as follows:
excited state, however, a second, lower minimum occurs at

R=1.4709 SCALE, corresponding to an excitation of 2.56 eV(R)=(-BR N+ CRM), @)
eV, a drop of 0.77 eV from the vacancy-localized excited-
state result. with energy in eV anR in SCALE, where
We now undertake to correct in some approximate way
for the inadequacy of the model for diffuse states. We pro- B=1.49918, N=3.48233,
pose to do this by removing the contributieft) to the total
energy from the excited-state electron, and replacing it by the C=1.16882, M=3.80455.
energy of a polaron in a dielectric continuum, based on the
effective band mass of the crystal. The x? value of the fit is 0.0126see any textbook on data

Thus, if Ee, is the excited-state energy calculated with analysis, for example, Bevington and Robin&on
the original model an& is the polaron energy, then the  Following the approach of Fhich,'?> we now represent
corrected excited-state enerfy,. is the excess electron’s energyin terms of a polaronic single-
particle Hamiltoniarh, as follows:

Eexd R)={EeR) —eV(R)+3(R)}. (2)

o . _ E=(ylhly), 4
The original total energ¥.{(R) includes the Fock eigen-
value for the excited-state electron, which turns out to be thavhere ¢ is the normalized single-particle excited-state
highest occupied spin-up eigenvalue: we denote it;as. It orbital,
corresponds to the only occupied Fock eigenstate that is
dominated by the vacancy-centengdype orbital s,. This <r|<//>E¢//(r)=31’2(2a/7-r)3’4e*“r2 cosé, (5)
eigenstate, however, is a true molecular orbital, containing
small but significant contributions from both Ba6és orbit-  and
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P A
2m*  AqegKr

2 e2

} (SI). (6)

In Eqg. (6) m* is the effective mass an is the effective

dielectric constant. This model assumes that the diffuse eIe(k-
tron sees the crystal essentially as a dielectric continuum. IRO

Hartree-Bohr atomic units, E@6) becomes

B m V2 1
h= _FX7—W . (7)
Now from Eq.(5),
m v? 9 m
W(¢|—7|¢>=§XWXQ (Hy), (8)
and
11 Z(Za 12
— g == — 9

We must convert Eq$8) and(9) from Hartree-Bohr units to
eV-SCALE units. Now

3.10005 A
0.529 Alag
where a, is the Bohr radius. From Eq(l), let R’ be

(2a) Y2 where « is in ay,? and thusR’ is in units a.
Equations(4) and (7)—(9) now become

1(SCALE) =(

—5.8602,, (10)

<y m><9>< 1 2 21’2>< 1 v
e=e i 2R 7 K 2R V-

ks

(12)
Now from Eg.(10),
Ritao) o (SCALE) (12)
5.8602 ’

Thus Eq.(11) becomes

m 1 1
E= 27.2{ (0.06553 X2~ (0.1925 X@] ev.
(13

with Rin units of (SCALE). Equationg3), (2), and(13) give

us our corrected excited-state enekgy(R).
In Frohlich's formulation of polaron theor{f he con-

cludes that the appropriate value of the dielectric condtant

IS

K=(K,1=KyhH 4, (14
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TABLE |. Experimental and calculated values of dielectric con-
stants(Eq. 14 of BaF,.

Calculation Experiment
6.76 7.19
2.18 2.16
K 3.22 3.09

V. DIFFUSE EXCITED STATE: RESULTS

The difference between effective mass in the con-
tinuum model single-particle Hamiltonian, E@), and free-
electron masm has two sources. First it must account for the
fact that the particle moves in the periodic potential of the
crystal, outside the defect region. This requires the free-
electron kinetic energy to be replaced by an expression in-
volving the band mass,:

2 2

P> p°

T T (15

The band masm, is discussed in all textbooks of solid-state
theory: see, for example, Grosso and Pastori Parravitini.
The band mass represents the effect of fully quantum-
mechanical ions on the excess electron’s dynamics, in place
of the classical point-ion effects of the shell model repre-
sented in Fig. 1 foR>1. From Eq.(15), we see that, for
given momentum, the kinetic energy is reduced if the effec-
tive mass is increased. We prefer to think in terms of given
velocity. From Eq(6), with m* replaced bym,, we see that

p .
so that the kinetic energy is
PP o1
2my 2M (17

which increases withm, for given velocity. Experimental
band masses for common semiconductors range from 1 to
102 see, for example, Mardéf. The band mass of BaF
has been calculated using our basis set along witlcHYs-

TAL prograni® for band structures, by Jiang and Frarict

be 0.5552, in units ofm. This is similar to calculated or
inferred values for alkali halides: see, for example, Knox and
Teegarderf’

The second property affecting the effective mamn$
arises from electron-phonon interaction. This is the polaron
effect. It is analyzed in terms of a dimensionless coupling
constanta [not to be confused with the exponential coeffi-

where K. and K, are high- and low-frequency dielectric iant in Eq.(1)] defined as
constants, respectively. Values calculated from our shell

modef’ are given in Table I, along with experimental
values® The values oK are not significantly different in the
two cases: we use the shell-model value. The question of

eZ 1 12

my
X X
Ame,  2YK

oh®

o=

(18)

effective mass will be discussed in the next section. Whatfn Eq(lg), Sysfme Internationalunits are to be used, anda

ever value we adopt, we must then find the valu®afhich
minimizesEEX(,(R), Eq. (2), with Egs.(3) and(13).

is a frequency characteristic of the phonon spectrum, which,
according to Frhlich,*? is approximately determined by
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KO 1/2
_ oy,

K. (19

w=

where w; is the reststrahl frequency. From the phonon-

dispersion relation for Bgk based on a shell model by Hur-
rell and Minkiewiczi* we deduce

w;=2.935< 103 s 1 (20
whence
»=5.186x10% s L. (22)
We therefore estimate that for BaF
a=4.627. (22

The polaron coupling strength=4.63, Eq.(22), is be-
yond the range ¢=<3) appropriate to intermediate-coupling

theory® and falls in the range that requires numerical inte-

gration of an effective-mass formula by Feynnfaihe for-
mula is

*

[1+%7T_1/2av3j dx[F(x)] ¥2x e *xx?},
my 0

(23
where, near=5, to an accuracy=3%,

o 2 o 3
1+1.1z< +1'35<H)) +1.8&<E> ) (24)

2_
F(x) v~
U

a

v= 10

and

=i x+

(29

(1—e‘”x)].

With «=4.627,v is equal to 2.0027, and numerical integra-
tion in Eq. (23) yields

*

m
—=3.1161. (26)
my
We conclude that
m (m my
e mg) e
=(0.5552x3.1161) 1=0.5780. (27

When this is applied in Eq2) with Egs.(3) and (13) we
obtain a minimum excited-state energy.(R) for R
=1.5024 (SCALE). This produces an estimated excitation
energyAE, including polaron correction:

AE=2.04eV. (28

The almost exact agreement of our calculated result, Eq.
(28), with the experimental value of 2.03 eV, cannot be taken

PHYSICAL REVIEW B66, 014109 (2002

tion of Feynman’s polaron theory requires further explana-
tion, which may cast some light on the accuracy of the mod-
eling for the excited state. Since it is not involved in our
treatment of the ground state, it is directly reflected in the
excitation energy.

Feynman’s theory is a variational procedure that applies
to a polaron in a Gaussian-localizedype ground state. We
have applied it to g-type Gaussian-localized excited state.
The uncertainty in so doing is not known. We note paren-
thetically Stoneham’s statemef®Ref. 11, p. 239 that the
Gaussian-localized wave function is never favored for the
bound polaron ground state. This is plausible for a truly dif-
fuse F center, which at a large distance sees the vacancy to
be much like a point charge, because we are familiar with the
fact that electronic states of the hydrogen atom have Slater-
type exponential tails~e *". We have mentioned the
intermediate-coupling polaron theory of Pirédt is accu-
rate fora«<<6, and is formulated perturbatively in relation to
polaron momentum rather than localization: it applies for
low momentum, and presumably for low kinetic energy.
Now for BaF, we have determined a value af=4.63<6.
Pines points out that, far<3, the method can be used with
confidence in an accuracy5%, and he presents a perturba-
tive correction for larger values af. Referring to Eq(13),
we see that the effective mas® affects only the polaron’s
kinetic energy(ke), as follows:

m 1
(ke)=1.782— X =, (29
where from Eq.(27),
m_ m | ¢ 30
= (polaron factoy, (30)

where m,=0.5552n. So far, we have determined the po-
laron factor, (n,/m*), only from the Feynman theory, as in
Egs.(23)—(25). Pines’ intermediate-coupling theory gives, in
first order,

my 1
e B (31)
(1+ @
and to second order,

m 1 0.022?
T e al? €2

+ — + —

1 6 1 6

Note that “orders” in Eqs(31) and(32) are defined in terms
of the parameter (% «/6) 1. From Eq.(26), we have, from
Feynman theory,

my,
% =0.3209. (33)

seriously. Earlier, we have discussed the physical approxima-
tions upon which our modeling is based, and these approxiFrom Eq.(32), we have, from intermediate-coupling theory,
mations will be reflected in the total energies calculated for

the F-center ground and excited states, and presumably to
some extent in the resultant excitation energy. Our applica-

m
m—f=(0.5646+ 0.1365. (34)
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In Eq. (34), we see that witha=4.627, the second-order less polaron coupling constaathas been evaluated, giving
term, 0.1365, is~24% of the first-order term. We therefore «=4.63, outside the ranges of weak-, intermediate-, and
conclude that intermediate-coupling theory is inappropriatestrong-coupling theories. In evaluating the reststrahl fre-
for the polaron in Baf. With a polaron factor of unity, quency has been taken from the Bafhonon-dispersion re-
m*=m,, the effective mass is the band mass, with phononation derived from a shell modéhot the same as the one
effects neglected. In that case, from E20) we get a kinetic  ysed herein The valuea=4.63 gives a polaron effective
energy of 1.43 eV. As the polaron factor varies frof.3,  mss, including band-mass correction o =1.7301m,

the Feynman—based value, to unity, the thimal energy ,riseﬁased on Feynman’s path-integral theory fof Hfich's po-
as the optimal value dk decreases, meaning that the excited, oy model, applicable to all coupling strengths. When this

state becomes _Iess dlff_use, to the point Fhat at unity it ISpoIaron correction is applied to the embedded quantum clus-
largely overlapping the first a’.‘d second neighbors of the Vier result, a predicted excitation energy of 2.04 eV is ob-
cancy. In that case, the continuum af‘d band-mass aPPIO%ined. Since the Feynman theory, which we have used, is for
mations of Sec. IV become inappropriate.

The applicability of a continuum dielectric model for the atn. strltype (I§aubs|5|<'i[1n Wavte functhtn,d ar:dt |strfhe0rlefore n?t
polaronic correction may be questioned for an excited-statg" ¢ty applicabie to oup-lype excited staté, the degree o

wave function as compact as the one that we have used, ev8g'€ement with experiment is not to be relied upon. What we
though it is diffuse in relation to the size of the vacancy. Thetan Say IS that application of t_he b_amgl-mas; approximation
p-type orbital’s rangeR is 1.5024(SCALE), and more than alone, without polaron correction, is inconsistent with the
60% of its probability density lies outside this range. Let us@ssumption of diffuseness. When the polaron correction is
say that it spans a radius-4 (SCALE). This corresponds to included, the calculated results change from those based on
a volume ~ £ 77r3~270 (SCALEF. Thus the orbital's dif- Point-ion embedding, in the right direction, and in the right
fuseness spans130 primitive unit cells. order of magnitude.

The combination of band mass and Feynman's polaron The results are sufficiently promising that the method
correction brings the calculated excitation down by 0.52 eVshould be further developed and applied to other systems.
from the value (2.56 eV} given by point-charge ions Principal features of the present work, not represented by
outside the quantum cluster, and the correction is in thearlier works, includgi) Frohlich polaron theory with the
right direction, in comparison with experimef2.03 eV}.  Feynman results for the region beyond intermediate-coupling
Inclusion of the polaron correction with the band mass givesheory, and(ii) accurate treatment of many-electron effects
an optimal polaronic wave function whose diffuseness isadjacent to the vacancy, in both ground and excited states. A
Compatible with the corrections. From all of the abovemajor improvement in the method, Conceptua”y if not guan-
we conclude that while the calculated agreement withitatively, would be the development of Feynman polaron
experiment to an accuracy of 0.01 eV must be in part fortuyheory for other thams-type Gaussian orbitals, especially for
itous, the corrections implemented he_re are phy_5|cally réas type Slater-type orbitals, whose radial dependence can be
sonable, of the correct order of magnitude, and in the rightenresented as a linear combination of Gaussians. An impor-
direction. tant test of the method would be to see whether the good

agreement with experiment obtained here is repeated for sys-
VI. SUMMARY AND CONCLUSIONS tems that are known experimentally to have diffuse excited
. . states. We intend to apply it to the relaxed excited state of the

We have studied the unrelaxed excited state of the F cer: conter in one of the alkali halides for which resonance

ter in Bak,. The experimental optical excitation energy is experiments that determine spin densities at nuclear sites

2.03 eV. Qur basic model consists of a second—_nelghb ave shown quantitatively the diffuseness of the state. Spe-
guantum molecular cluster embedded in a classical shell... 43
cific cases are K(Ref. 42 and KBr.” In order to accurately

model of point charges. In calculating the optical exCitationsimulate a relaxed excited state, the quantum cluster and the
energy of the F center in BaF we have found the excess ! 9

electron to be stable within the vacancy in the ground state> €| M0del need to be compatible. We propose that this be

and metastable within the vacancy in the excited state. ThiICluded as one of the criteria in developing a shell model,
estimated excitation energy from these two states is 3.33 e\tOng with agreement with bulk and phonon characteristics
The stable unrelaxed excited state has a diffuse excess ele¥-the crystals.

tron, overlapping=100 primitive unit cells. Even this model,

unsatisfactory as it is for a quantum-mechanical electron out-

side the cluster, gives a predicted excitation energy of 2.56 ACKNOWLEDGMENTS

eV, within 30% of the experimental value. Corrections are
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