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Excited state and optical absorption properties of an F center in a lithium fluoride crystal*
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The method of linear combinations of atomic orbitals has been utilized to perform accurate first-principles
calculation of the I +, ground state and the I 4 excited states for an F center in lithium fluoride, The one-
electron Harniltonian includes the Coulomb and exchange interaction (Slater's approximation) due to all of the
ions in the crystal and the trapped electron, and incorporates the effects of lattice relaxation of the
neighboring ions due to the presence of the defect as well as the electronic polarization effects. The F-center
wave functions are expressed as linear combinations of localized orbitals centered at atomic sites up to the
sixth nearest neighbors to the vacancy. Solution of the secular equation yields energies for the I, ground state
and I 4 excited states for the F-center electron. Properties of the F-center electron associated with optical
absorption, such as absorption energy, orbital g factor of the 14 excited state, and spin-orbit splitting of the
excited state have been calculated and are in excellent agreement with experiment. The oscillator strength for
the I I to I 4 transition has also been calculated and is in agreement with the experimental value within its
range of uncertainty. A discussion of the effect of lattice distortion upon the properties of the F-center
electron will also be presented.

I. INTRODUCTION

The method of linear combination of atomic or-
bitals (LCAO) has been successful in a recent ap-
plication to determine the electronic states of an
E center in a lithium fluoride crystal. ' The suc-
cess of the quantitative application of the LCAO
method is primarily due to the simplification in the
evaluation of the multicenter integrals obtained by
expressing the atomic orbitals in terms of Gaus-
sians. This simplification has enabled the LCAO
technique to be used successfully in several appli-
cations to study the band structure of electrons in
perfect crystals. ' In the previous defect calcula-
tion, ' the basis functions for the E-center electron
were expressed as linear combinations of localized
orbitals centered at atomic sites up to the sixth
nearest neighbors to the vacancy. The initial crys-
tal potential was constructed from the charge dis-
tributions for the Li' and F ions in the perfect
crystal. The solution to this initial Hamiltonian
was then used for an iterative calculation to take
into account the effect of electronic polarization.
This calculation resulted in an accurate ground
state (I';) wave function which was obtained from
an ab initio LCAO calculation with the Slater ap-
proximation for exchange. The relaxation di.s-
placement of the surrounding lattice sites resulting
from the presence of the E center, however, was
neglected. The energy of the I'~ excited-state cal-
culation was also obtained in Ref. 1. A further ap-
proximation which was used in the excited state
calculation was to construct the Hamiltonian for
the E-center electron ([H~,']r,.in Ref. I) by placing
the E-center electron in the I"; state (the ground-
state configuration). It was pointed out in Ref. I

that the use of the unoeeupied orbitals of the
ground-state configuration to approximate the
Hamiltonian for the excited state can yield an ac-
curate value for the absorption energy, but may
possibly lead to less satisfactory results for os-
cillator strengths.

The properties pertaining to the optical absorp-
tion of the E-center electron in lithium fluoride
have been studied using a variety of experiments.
Absorption measurements have provided the tran-
sition energy between the I", ground state and the
I; excited state. Magnetic circular dichroism
experiments have provided the spin-orbit splitting
and orbital g factor for the I; excited state. ' For
a theoretical study along these directions, we re-
port in the present paper an investigation into the
effect of lattice relaxation upon the I', ground state
and I"4 excited states of an E center in a lithium
fluoride crystal. We will study the properties of
the I', excited state associated with the absorption
process and will, therefore, use the lattice re-
laxation obtained for the ground state in both the
I', ground-state and the I; excited-state calcula-
tions. We will, however, calculate the 14 exeited-
state function using the Hamiltonian for the E-cen-
ter electron as constructed by placing the E-cen-
ter electron in the I"~ state. The effect of lattice
relaxation on the various absorption properties
will also be studied.

Several theoretical studies of the absorption
properties of the E-center electron in various
host crystals have been performed. Among them,
one may point out that Smith has developed tech-
niques for obtaining the spin-orbit splitting' and
orbital g factor' for the excited state and per-
formed explicit calculations for an E center in



sodium chloride. Wood and Joy calculated the os-
cillator strength for an E-center absorption in

potassium chloride. ' The E-center absorption
energy is a, direct result from most of the E-cen-
ter calculations and has been used extensively as
a test of the accuracy for different techniques for
determining the E-center electronic states. ' We

will show' by calculating each of these properties
and comparing our results with experiment, that
the LCAO method is, indeed, capable of producing
an accurate representation of the E-center electron
for both the ground and excited states. The tech-
nique also results in a wave function in a conve-
nient form for the evaluation of the experimental
properties of the E-center electron.

II. LATTICE RELAXATION

The presence of the E-center defect produces a
localized distortion of the lattice near to the va-
cancy site. %hen the E-center electron is in the
I', ground state, this lattice relaxation corre-
sponds to a displacement radially inward or out-
ward relative to the vacancy. The wave function
for the ground state of the E center is a very lo-
calized function (Fig. 2 of Ref. 1) and acts as an
effective shield for the positive charge produced by
the removal of the fluoride ion at the vacancy site.
For this reason one might expect the distortion of
atoms in shells beyond the nearest-neighbor atoms
to be minimal. We will, therefore, adopt the ap-
proxirnation of neglecting lattice relaxation effects
for ions beyond the first (or nearest-neighbor)
shell. If we define the lattice vectors R„, where
i ranges from 1 to 6, to represent the locations of
the six nea, rest-neighbor lithium ions in the per-
fect lattice, we may represent a radial distortion
by placing the nearest neighbors at the points
&R„.. Following a technique similar to the one
developed in the previous work, ' we write the re-
laxed E-center Hamiltonian as two terms

(2)

where V'„,.(r) is the Coulomb potential produced

H= [H,",'j„+H', (1)

where [H~,']r; (defined in Sec. IV of Ref. 1) is the
Hamiltonian describing the E-center electron in
the ground state with electronic polarization taken
into account but no allowance for lattice distortion,
while H' corresponds to the effect of lattice relaxa-
tion. The O' Hamiltonian, therefore, r'epresents
the effect upon the Coulomb and exchange potential
produced by the displacement of the lithium ions.
The Coulomb part VD of H' can be written in terms
of the difference between the contributions from the
lithium ions at their relaxed and unrelaxed sites as

VD(r) = Q [V'„,(r —aRg;) —Vz, (r -R„)],
f=l

by the lithium ion. The exchange part (VD) of H'

is equal to the difference between the relaxed ex-
change potential and the unrelaxed exchange po-
tential which, according to the Slater approxima-
tion, is propor tional to the cubic roots of the elec-
tron charge density p,„, corresponding to the re-
laxed and unrelaxed configuration, respectively.
In other words, we write

V" =-2[(2p,' ~8 )'"—(~p,'.„&8 )'"],
where the superscripts A and U refer to the re-
laxed and unrelaxed cases, respectively. The
quantity p, has already been evaluated in Ref. I
and p,„, is similar to p~„„but contains the modi-
fication in electronic charge produced by the dis-
placement of the lithium ions. The difference is
appreciable only in the vicinity of the first shell
of ions. The Coulomb and exchange part of 8' are
then curve fitted using Gaussians to facilitate the
evaluation of the multicenter integrals.

The basis functions used in this

lattice-relaxat-

ionn calculation are similar to those used in the
previous work. They correspond to basis functions
which extend up to the sixth shell of atoms. This
basis set includes syrnmetrized LCAO's of the
lithium 1s optimized orbitals at the e(-,00), (2&2),
and (1-,'0) shells, of the fluoride ls, 2s, and 2p
optlmlzed orbLtals at the (2 20), (100), and (1 p 2)
shells and of seven Li s-type and six Li p-type
Gaussian-type orbitals (GTO's) at the relaxed
e(-,'00) shell. The choice of the optimized orbitals
and the single Gaussians are described elsewhere. '
The e parameter indicates that the origin for the
basis functions at the first shell has been moved to
the relaxed site.

The shift of the origin for the basis functions on
the first shell necessitates the calculation of some
new matrix elements of the Hamiltonian H~, ' over
those which were done previously. One must also
calculate the matrix elements of H' for all of the
basis functions. Techniques for evaluating these
matrix elements are simila. r to those which were
used to produce the original defect in the crystal
and ale described elsewhere.

The secular equation is then constructed using
these matrix elements and solved for the energy
levels of the electrons in the neighboring atoms
up to the sixth shell as well as the energy for the
ground-state E-center electron as a function of
the lattice relaxation parameter &. Looking at the
result one finds a substantial contribution to the
shift in the electronic energy produced by the ions
in the first shell. As one proceeds further out into
the lattice, one finds the second-sheD shift to be
much smaller and the shifts in succeeding shells
to be entirely negligible. The change in the total
electronic energy must be added to the Coulomb
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energy corresponding to the shift in the positions
of the six nuclei in the first shell. It was found

that the contribution from the lithium ions at the
first shell dominated the shift in the total energy„
and that the value of & corresponding to the mini-
mum in total energy could be computed to the de-
sired accuracy without including contributions to
the shift in total energy from ions beyond the first
shell. The calculated change in total energy pro-
duced for relaxations e of 0.99, 0.98, and 0.97 are
-0.59, —1.25, and +5.91 a.u. , respectively. The
minimum occurs for an & value of 0.98 and cor-
responds to an inward contraction of 2% of the
nearest-neighbor separation. The energy for the
ground state of the E-center electron correspond-
ing to this relaxation is -0.261 a.u. This is a
shift downward of -0.012 a.u. from its unrelaxed
value of -0.249 R.u.

It is interesting to investigate the various con-
tributions to this shift in total energy. The ions
in the first shell produce a shift of -1.25 a.u. over
the unrelaxed configuxation. The ions in the sec-
ond sheQ produce a shift of the order of 0.2 a.u.
The only other non-negligible contribution results
fxom the shift of -0.012 a.u. in the color center
electron, the contributions beyond the second shell
being unimportant.

III. V4 EXCITED STATE AND OSCILLATOR STRENGTH

In order to investigate many of the experimental
properties of the E-center electron, it is neces-
sary to obtain an accurate excited-state wave func-
tion. We must. therefox"e, construct the appro-
priate Hamiltonian for the I', excited state; name-

ly, in calculating the chax'ge density for the Cou-
lomb and exchange potential we should populate
the 1'; E-center electronic state instead of the
ground state I", as was done in Ref. 1 (see Sec.
III D and Sec. V of Ref. 1). In order to mainta, in
the octahedral rotational symmetry of the Hamil-
tonian about the vacancy site, the I'4 E-center
charge density wa, s constructed as

p.«;I ) =-.'t I~«..I-) I'

+
I
+(I'., I ) I'+

I +(I;.P I'],
where 0 (I'

I
r), 4 (I'„

I
r), and+(I'„

I
r) are the three

components of the I,wave functionwhich transform
like x, y, and z, respectively, about the vacancy
site. These wave functions were obtained from the
unoccupied state calculation described in Ref. 1.
This charge density was then added to the charge
density of all of the ions in the crystal in order to
obtain the total charge density for the evaluation
of the Coulomb and exchange potential. The charge
density associated with the ions in the crystal cal-
culated in Sec. IV of Ref. 1, in which the electronic
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FIG. 1, Comparison of the charge density along the
[110) direction obtained from a ~~+ ground-state &-cen-
ter electron (solid curve) with the corresponding charge
density from a ~& excited-state P-center el.ectron
(dashed curve). The abscissa is in units of the lattice
constant of the crystal. Note the close similarity of the
curves near to the fluoride ion (0.71).

polRx'lzRtlon due to the VRcRncy Rnd the I-centex'
electron has been taken into account, is used here.
Stl lctly speRklng this ls Rn Rpploximation since
the E-center electxon is placed in the I', state for
the polarization calculation in Ref. 1, whereas we
are at present dealing with an I' center in the I'~

state. The difference between the polarization
caused by a I", electron and by a T'~ electron may
be expected to be small relative to the total elec-
tronic polarization produced by the vacancy and
the E-center electron. Furthermore, since it has
been shown in Ref. 1 that the major polarization
effect occurs in the fluoride ions in the second
shell (the first-shell lithium ions being much less
polarizable), it is interesting to note the close
similarity between the charge density of the I',
electron and the I', electron for distances r great-
er than the location of the ions in the first shell.
A plot of pF(I', Ir) and p~(I", Ir) along the [110]di-
rection in Fig. 1 indicates that by the time one
gets to the fluoride ions at the second shell (0.71)
that the charge densities are very similar. Fox'

these reasons the use of the result of electronic
polarization derived in Ref. 1 is justifiable. The
effect of the 2% lattice relaxation of the first shell
lithium ions is incorporated into the Hamiltonian
using techniques described in Sec. II.

The basis functions included symmetrized
LCAG s of the lithium 1s optimized olbltRls on



the first, third, and fifth shells, of the fluoride
1s, 2s, 2p optimized orbitals at the second,
fourth, and sixth shells as well as seven lithium
s-type and six lithium p-type GTO's at the first
shell. %'e evaluated the matrix elements of the
secular equation using this basis set and obtained
a value of -0.083 a..u. for the energy of the F4 ex-
cited-state E center. This corresponds to an ab-
sox'ption energy of 4.85 e7, which is in excellent
agx cement with the experimental value of 4.82 eV.'
The apparent agreement to within 0.03 eV should
not be taken completely literally, as it is probably
smaller than the uncertainty of both the experimen-
tal and theoretical values. In Fig. 2, a plot of the
wave function 0 (r~ Ir) is compared along the x
du'ection vnth a similar plot of the F~™wave func-
tion obtained previously using an unoccupied-state
calculation without the inclusion of the effect of
lattice relaxation. One notes that the two curves
ax'e almost the same except in the region near the
lithium ions. This deviation is produced by the
lattice relaxation.

The oscillatox strength for the transition from
the ground state to the excited state for the E-cen-
ter electron is obtained using Elf. (3.2) of Ref. 7
as

where ~ is the absorption energy in Hartrees.
Using this formula we obtained a value of 0.66 for
the oscillator strength. This may be compared
with an experimental value of 0.54 obtained by

A
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Bate and Beer.' Their value was obtained from
the Smakula equation using the actual area under
the E-center absorption band. It has been pointed
out by Smith and Dextere that since the E-center
defect does not have the same polarization as the
host crystal, that one might question the validity
of the use of a I.orentz local field in the Smakula
equation. They determined that the effective field
nea, r the E centex' was considerably smaller than
that predicted by a I.orentz local fieM model.
Since the reciprocal of the square of the local field
is used in determining the experimental oscillator
strength, one might expect to obtain a larger value
than 0,54 if he used the pr'oper local field. For
example if one adopts the Onsager approach to
the local field' instead, the "experimental" value
wouM be revised to 0.69. In light of this, one can
say that the agreement of our value of 0.66 with
experiment is within the uncertainty of the latter.

IV. ORBITAL g FACTOR FOR ORBITAL ZEEMAN SPLITTING
OF THE I"q EXCITED STATE

The orbital Zeeman splitting of the E center
(g„~) can be expressed in terms of the matrix
element for the z component of angular momentum
(I,) corresponding to the excited state r4 wave
fllllc'tioll wh1ch trallsfo1'Ills like (x+ $g)/W2 abollt
the vacancy site. %e may, therefore, write

taking advantage of the fact that g„, must be real
and that the matrix elements of L, a.re Hermitian.
The basis functions for 4 (r~ Ir) and 4'(r~„ Ir) which
are used in the above equation are expressed in
terms of Gaussian orbitals centexed about atoms
in shells neax to the vacant site. This means that
'the Inatl'lx eielllellt fol' L ill EIt. (6) I'educes to
sums over multicenter integx'als involving Gaus-
sian functions. %'e must, therefox'e, evaluate the
general class of integrals

OQ
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where y(A, n, f, m, n) represents a general Gaus-
sian function centered about A. and has the form of

FIG. 2. Comparison of the ~4 excited-state F-center
wave function obtained from the occupied-state calcula-
tion including the effects of lattice relaxation (solid
curve) with the corresponding %'ave function obtained
from the unoccupied-state calculation neglecting effects
of lattice relaxation (dashed curve). The abscissa is in
units of the lattice constant of the crystat. . The primary
shift is produced by the lattice relaxation of the lithium
ion (near 0.5&.

p, (A, a, f, m, n) = (x -A,) '(y -&„) (z -&,)"

xexp(-a Ir-AI')

By performing the appxopriate differentiation
we obtain the J, matrix element in terms of the
following six multicenter overlap integx"als:
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Q(A, a„f„m„n,) lL, l)((B,a„f„m„n,))

=(m, g(A, a„l„m„n,) lg(B, a„l, + 1, m, —1, n, )) + m,B„(}t(A,a„f„m„n„)l}t(B,a„f„m, —1,n„))

—2a2B„Q (A, a„l„m„n,) l X(B,a, l2, m2+ 1,n )) f2h(A, a„l„m„n,) l)t(B, a2, f2 —1,m3+ 1,n2))

—m2B, Q{A,a„f., m„n ) l}t{B,a„f,—l, m, , n ))+2a.,B,Q(A, a„f„m„n,)lg(B, a„f,+1,m„n, ))j/f. (8)

The evaluation of the multieenter overlap integrals
of this form is described elsewhere. "

%e computed the matrix elements for each of
the Gaussians and summed over the appropriate
combinations of the Gaussians to evaluate g„
using Eq. (6). We obtained a value of 0.53 for g„,
which compares favorably with the experimental
value of 0.59 obtained by Osborne and Stephens
using Inagnetic circular dlehrolsm.

Smith has discussed much of the experimental
work in determining the orbital g factor of an I"

center in an alkali-habde crystal. 6 He states that
if one confines himself to values of g„„obtained
by Inoments analysis of the experimental data. ,

"
that g„~ for the excited I" center has R va, lue of
one or slightly less than one for most of the al-
kali-halide crystals. This is interesting since a,

value of one would be expected fox a bound elec-
tx'on ln R I 4 state ln the ahsence of R host crystal
(for example, an atomic p-state electron). The
notable exception to this occurs in lithium fluoride,
where the value we obtained for g„„for the ex-
cited E center is 0.53. It is, thexefore, interest-
ing to examine the various contxibutions to g„~.
In order to better understand the different con-
tributions we mill split the I', excited-state
wave function into four parts: (i) the single Gaus-
sians at the first shell which pxoduce the envelope
of the E-center function; (ii) the portion of the E-
center wave function which x"esults from its or-
thogonality to the lithium 1s cox'e states at the
first shell; (iii) the portion of the E-center wave
function which results from its orthogonality to
the fluoride 1s and 2s core states at the second
shell; and (iv) the portion of the E-center wave
function produced by orthogona, lity to the fluoride
2P states. The contribution of the envelope from
the first part gives a value fox' g„of 1.31. The
orthogonality to the lithium 1s then reduces this
by 0.26 to a value of 1.05. The orthogonality to
the fluoride 1s and 2s states then xeduces this by
0.50 to a value of 0.55. The orthogonality to the
2P fluoride states produces some fluctuation; how-
ever, the different terms cancel each other. The
main reason for the fact that g„„is low in an ex-
cited E center in lithium fluoride is, therefore,
due to the cancellation associated with the or-
thogonality of the E-center wave function to the

lithium 1s core electrons at shell one Rnd the
fluoride 1s and 2s core electrons at shell two.
The contribution from the third and fourth shells
to g~~b ls lnslgDlf leant. It mayq therefore~ be pos-
sible to neglect contributions from shells out be-
yond the second shell in calculating the orbital g
factor. This will provide some simplification in
the computational procedure.

V. SPIN-ORBIT SPLITTING OF THE EXCITED-
STATE I q ELECTRON

The Hamiltonian for the spin-orbit interaction is
given ln Rtomic units as

h„= -8 ' (E x p)/2c, (9)

where e is the velocity of light, S is the electron
spin operatox', p is the momentum opex'ator, and
E is the electric field through which the electron
moves. SlDce the crystal electric field 18 gx'eatest
in the immediate vicinity of the nuclei and the
charge distribution is nearly spherically symmet-
xie near the nuclei, we may approximate the
spin-orbit Hamiltonian in R manner similar to
Smith' Rnd obtain

(10)

where the index I labels the ion Rt the location H~

and Vl is the potential near the Ith ion. I z is the
orbital angulax momentum operatox with respect
to the origin on the fth ion ILL

——(r —Rz) xp]. The
spin-orbit splitting ~„corresponds to the dif-
ference between the energy of the I', &, and the
I', &, state for the excited E-center electron. Or,
alternatively, ' one writes

nB- = 2&&3ia I @-l&3 i2 &.

This equation ean be further reduced to

where F&„and I",, have the form defined in See.
IV and (Lz), is the z component of the orbital an-
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gular momentum about the Ith ion. Using tech-
niques described in Sec. IV this may be reduced
to

(12)

We must now obtain a form for the potential near
the ions in order to evaluate the ((r —Rz) terms
in Eq. (12). In the region near the nucleus we may
expect tha. t $(r —R,) is due to the Coulomb poten-
tial from the Ith nucleus and the electronic charge
near this nucleus. Therefore, we may write

contribution to the spin-orbit splitting of I'~ ex-
cited-state function is produced by single-center
integrals centered about the fluoride ions at the
second shell. This effect is a direct result of the
orthogonality of the I'~ function to the 2P atomic-
like orbitals centered about the fluoride ions. The
two-centered integrals A=C & B or A&8= C pro-
duced a much smaller effect (less than 12%) and
the contribution from the three-center integrals
could be neglected. We obtained a value for the
spin-orbit splitting ~„of 28 cm . This is in

excellent agreement with the experimental value
of 27 cm ' obtained by Osborne and Stephens. ~

~(&)
coul (13)

The function r'$(r) is then curve fitted in the re-
gion near the lithium ion and the fluoride ion in
terms of a superposition of Gaussians. The x'
weighting of the function $(r) is provided to fa-
cilitate the curve fitting procedure by making the
function finite at the origin. We then curve fit

r'(z'z(r) = Q a". ze 'z"'

(14)

&3~F(&) gaFewzR

where t'"z(r) and $ (r) correspond to the function
in Eq. (13) centered about the lithium and fluoride
ions, respectively, and the a,. ', a,. , P, , y,. terms
are obtained by a least-squares curve-fitting pro-
cedure. Using the functions from Eq. (14) the
spin-orbit splitting in Eq. (12) reduces to sums
over three center integrals of the form

Q(A, n„ l„m„n,) ~(1/F, ) exp( pF',)L;-
x ~g(B, n„ l„nz„n, )&, (15)

where g (A, n„ l„m„nz) and y(B, n„ l„m„n,) are
described in Sec. IV, (1/r, ) exp(-pF, ) is a term
in the curve fit of g(r —C) for the ion centered
about the point C, and L' is the z component of
angular momentum about C. Techniques for eval-
uating this integral are described in the Appendix.
It was found that the primary contribution to the
spin-orbit splitting resulted from the integrals
in Eq. (15) corresponding to the single-center case
A=B=C. In this case the matrix element is sim-
ilar to the ones found in the spin-orbit splitting of
atomic systems. By analogy with atomic systems
one knows that the single center matrix element
gives no contribution if g (B, zF „l„m„n,) is an s-
type Gaussian, therefore, one expects that a large
contribution to the spin-orbit splitting should re-
sult from P-type Gaussians. Indeed, the major

VI. DISCUSSION

We have shown that the lattice relaxation of the
neighboring ions to the defect may be easily in-
corporated into the LCAO formalism. By putting
in the lattice relaxation as well as the electronic
polarization effects we have performed ab initio
calculations of the electronic states of the I",
ground-state and I', excited-state E-center elec-
tron. The accuracy of the wave functions is evi-
dent from the excellent agreement of the calculated
absorption properties with experiment. The de-
term ination of these proper tie s is greatly simpli-
fied by the ease of evaluating multicenter inte-
grals when the orbitals are expressed in terms
of Gaussians.

A summary of the absorption properties we have
calculated for the E-center electron is presented
in Table I. The first row in the table corresponds
to the wave functions obtained with the inclusion
of the effects of lattice relaxation, while the sec-
ond column represents a similar calculation with-
out lattice relaxation. Since the lattice relaxation
is small (only 2/z of the nearest-neighbor separa-
tion) one does not expect that it will change the
electronic properties of the F center drastically.
It does, however, shift the oscillator strength and

the spin-orbit splitting by almost 10%.
Now that we have obtained the I'4 excited-state

wave function using the proper Hamiltonian (see
Sec. III) we may compare the absorption proper-
ties obtained using an occupied state calculation
with those obtained using the unoccupied state cal-
culation of Ref. 1. The calculation of both of these
14 wave functions did not include lattice distortion.
In the unoccupied state calculation we obtained
values of 0.68, 0.55, 26 cm ' for the oscillator
strength, orbital g factor, and spin-orbit splitting
while the corresponding values in the more ac-
curate occupied state calculation were 0.72, 0.55,
25 cm '

~ The good agreement of the absorption
properties using these two different sets of wave
functions indicates that populating the excited-
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TABLE I. Examination of the effects of lattice relaxation upon the optical absorption prop-
erties of the E-center electron.

Absorption
energy (eV)
(r( —r4)

Oscillator
strength

Spin-orbit
splitting (cm ')

Orbital
g factor

With lattic e
relaxation

No lattice
relaxation

4.85

4.7i

0.66

0.72

28

25

0.53

0.55

state wave function in constructing the charge den-
sity for the Hamiltonian for the excited-state F
center does not shift these absorption properties
significantly over populating the ground-state
wave function. If one did not have to change the
Hamiltonian for the calculation of the 1"4 excited
state from the one for the I'; ground state, this
would represent a considerable simplification in
the computation. However, ultimately one should
test this effect for other cases before assuming it

to be true for the F-center electrons in other
crystals.

The LCAO method has shown itself to be a very
useful technique in describing the properties of
an F-center defect. It may be utilized to provide
accurate values for the energies of the electronic
states of the F center and results in a wave func-
tion in a convenient form for the determination of
other electronic properties for comparison with
experiment.

APPENDIX

The integral to be evaluated is

(X(A, a, l m n)1[exp(-P+)/+P-. l~(B, a., l. m. n.»
= [m2(X(A, a„l„m„n,) ~

x, exp(-Py, )/y,
~
g(B, a 2, l2, m2 —1, n ))

—2a 2h(A, a„l„m„n,)
~
x, exp( pr, )/r-,

~
y(B, a„ l2, m, + 1,n, ))

—l, (g(A, a„l„m„n,) ~y, exp( Pr', )/y',
~
-y(B, a2, l, —1, mz, n, ))

+ 2a2(if(A, a„ l„m„n, ) ~ y, exp( pr, )/r,
~
g-(B,a, , l, + 1,m„n, ))]/i,

where we have substituted for the z component of angular momentum and performed the appropriate dif-
ferentiation. Typical of the four integrals in the above expression which give nonzero contribution is

(it(A, a„l„m„n,) ~
x, exp(-Pr, )/0

~
g(B, a„l, m, n )),

where l„l„m„m„n„n, are equal to or greater than zero. This integral may be evaluated in a manner
similar to the determination of the nuclear attraction integral in Eq. 3.8 of Ref. 9. The result is

(it(A, a„l„m„n,)
~
x, exp( Pr,)!r,

~
g(B,-a„l„m„n,))

1+l1 2 Iy +752 n+@
=A. g f& (l~, l2, AD„, BD ) g f& (mz, m2, AD, BD ) f& (n~, n2, AD, BD )f',

where f, (l„ l„AD„ZD„) is defined in Eq. 3.2 of Ref. 9; AD„AD„AD, are components of AD =D —A;
BD„,BD„BD,are components of BD=D —B; and

A. = exp(-a, a,y 'AB' —yPu 'CP'), y=o. , + a, , ~=y+P,

p = y '(a,A+ a,B), D = ~ '(yp+ pC),

I'= x —D„& y —Dy 2 z —Dz 3exp -co r — x r, d7.
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The I' integral may be evaluated in terms of the incomplete 1 function as

Vq +CD V(tq„, CD)g V(tq„, CD) E V(tq, ,CD) E(—1) )V ( CD)

Q 2(p, + 1)(t, —2p, —1) V(t„p, + 1,CD„)CD,

x Q V(t„p„CD,) Q V(t„p„CD,) Q(-1)q ' .' ' E,((dCD2)

and

CD;=D; —C; and i=x, y, z,

(-CD,.)'-"t!
V(t, q, CD;) =

( ),(
'

2 )
)' ),

v = t, + t2+ t3 —2q~ —2q2 —2q3+ k+ 1,

5=t +t +I; —2P, —2P —2p

qj. + q2+ q3 d Pz+P2+P
k

and

represent binomial coefficients, E„(&LCD') is the
incomplete I' function defined in Eq. (3.3) of Ref.
9.

The summations over q„q„q, range from 0 to
[&t,], 0 to [-,'t, ], and 0 to [-,'t, ], respectively, where
[—', t] indicates the largest integer less than ,'t. The-
summations over p„p„p, range from 0 to [(t, —1)/
2], 0 to [—,'t, ], and 0 to [-,t, ], respectively.

One noir has the techniques necessary to evalu-
ate the matrix element in Eq. (15).
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