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The impurity absorption spectra of Ag+ and Cu+ impurities in alkali halide hosts show charac-
teristically different features, despite the similar nature of the corresponding free ions. We use the
self-interaction-corrected local-spin-density (SIC-LSD) theory to calculate the electronic structure
of the ground state (4d) and the Ss and Sp excited states of the LiC1:Ag impurity ion. The method
of linear combinations of atomic orbitals is used to determine the wave functions and energy levels.

By comparing with previous calculations for LiC1:Cu+, we are able to attribute the differences in

the d ~s and d ~p transitions in the ultraviolet spectra of these systems to the increased bonding
between host crystal and impurity orbitals in LiC1:Ag+, due to the more extensive nature of the

Ag 4d orbitals. A modification of the earlier SIC-LSD impurity-crystal procedure is introduced to
treat the strongly mixed impurity states.

I. INTRODUCTION

The convenience of the Hohenberg-Kohn-Sham local-
spin-density theory (LSD) for calculating the properties
of many-atom systems has made it a cornerstone of
modern computational condensed-matter physics. In
LSD, the total energy of an ¹lectron system is calculat-
ed from a simple functional of the electronic charge den-
sity, ' using no adjustable parameters. By calculating
this energy as a function of nuclear coordinates, the
structural properties of multiatom systems are computed,
in most cases yielding results in very good agreement
with experiment. As a one-electron theory, however,
LSD proves less reliable. The eigenvalues of the LSD
effective Harniltonian, H", are commonly interpreted
as electron-removal energies, yet in the simple case of the
free atom LSD eigenvalues poorly describe electron ion-
ization energies. Furthermore, in energy-band calcula-
tions, where the eigenvalues are taken as band energies,
semiconductor and insulator band gaps are commonly
underestimated by 50%%uo or more. In recent years it has
been recognized that the failure of the one-electron as-
pects of LSD, specifically the correspondence of one-
electron eigenvalues in LSD to removal energies, is due to
the presence of a residual self-interaction of the electrons
in H . The self-interaction correction (SIC) to LSD
has been formulated by Perdew and Zunger to address
this problem. In SIC-LSD, an additional term is added
to the LSD energy functional to explicitly remove the
electronic self-interaction. With the self-interaction
effects removed, the SIC-LSD eigenvalues become good
approximations to electron-removal energies. Atomic
ionization energies, for example, are given very accurate-
ly in SIC-LSD, ' and insulator band gaps have been cal-
culated in good agreement with experiment. '

Localized crystal impurities represent a class of prob-
lems for which SIC-LSD is particularly well suited and
for which LSD is particularly ill suited. The proper

placement of impurity energy levels relative to the host-
crystal energy bands is essential to understanding the
electronic structure of these systems. This requires both
the reasonable representation of the host-crystal energy
bands, in particular the band gap, and the correct render-
ing of the atomiclike impurity levels. A computationally
convenient SIC-LSD approach has recently been used to
study the Cu+ substitutional impurity in three different
alkali halide systems, " as well as the F center in LiF. '

In this method an embedded cluster scheme is used in
which the impurity-state wave functions are represented
by a linear combination of atomic orbitals (LCAO) basis
set within a cluster, while the entire impurity crystal con-
tributes to the Hamiltonian. The results of these calcula-
tions for impurity-related transition energies have been in
good agreement with corresponding experimental mea-
surements.

In this work we study the LiCl:Ag+ system. The Ag+
impurity differs significantly from the Cu+ impurity stud-
ied previously because of the more extensive nature of the
Ag+ orbitals: the outermost occupied Ag+ 4d orbitals
have considerable overlap with the nearest-neighbor Cl
ions (the ligands). This overlap significantly strengthens
the inhuence of the host crystal on the impurity ion, and
changes dramatically the nature of the impurity states, in
contrast to Cu+ systems where the occupied states asso-
ciated with the defect ion were highly localized on the de-
fect site, undergoing only slight mixing with the ligand
orbitals. Consequently, the treatment of the SIC poten-
tial for the impurity problem originally formulated for
the Cu+ systems with atomiclike impurity states must be
modified for application to LiC1:Ag+. We use the gen-
eral SIC-LSD formalism to derive a new approach for the
Ag+ system, taking into account the strong mixing of the
impurity and ligand orbitals. In this new method we
treat the host valence band and the Ag 4d orbitals to-
gether in applying the SIC. This generalizes in practice
past SIC calculations which were based on bands deriving
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essentially from the states associated with a single atom-
ic species.

In Sec. II we give a brief overview of the SIC-LSD for-
malism, referring the reader to earlier works for further
details concerning the general theory. In Sec. III we
present the results of our calculation, comparing them
with corresponding experimenta1 observations. ' ' Sec-
tion IV is a discussion of the SIC-LSD results for
LIC1:Ag+, with detailed comparisons made to the earlier
Cu+ calculations and to the results of a pre~ious calcula-
tion on LiC1:Ag+ using a different technique. We con-
clude in Sec. V with comments about this and related
work.

—
—,'(6/tr)' ' f dr[p, (r)] ~' (4)

HSIC-LSD' (HLSD + vSIC )y (5)

where

p (r')
H = ——'7' +V + dr'

o 2 ext

Self-consistent-field (SCF) equations are derived for the
orbitals in the usual way by seeking an extremum for
E, ' through variations of the $'s:

II. SIC-I.SD THEORY —
( 6/tr ) "'[p (r ) ] ' ', (6)

A. Ground-state properties

For an ¹lectron system with total-electron density p
and spin densities p& and p~ the LSD energy is written

E" =T+U + —,
' dr dr'

i e

hatt

—
—,'(6/rr)' g f dr[p (r)] (2)

Here, T is the kinetic energy and U,„, the external in-
teraction energy (due to the nuclei). The next two terms
are the Coulomb and exchange-correlation energies, re-
spectively. The Kohn-Sham exchange-only form for the
exchange-correlation energy functional is used here to il-

lustrate the theory; an additional correlation functional
may be appended to this expression to explicitly represent
electronic correlation effects. This is a straightforward
extension of the theory and will not be discussed further
in this section.

Expressing p in terms of single-electron orbitals $;
and orbital densities p, as

p= gp; = g ~P, (r)~',
l, O' l, O'

and rewriting the electronic Coulomb energy in terms of
these orbitals, it is easily seen that the Coulomb energy
contains contributions from each of the orbitals interact-
ing with itself. This self-Coulomb interaction is only
partly canceled by a corresponding self-exchange interac-
tion of the electrons in the exchange energy [the fourth
terms of Eq. (2)]. Thus in Eq. (1) we introduce U ' to re-
move exactly the self-Coulomb and approximately the
self-exchange energy of the electrons from E,

The SIC-LSD theory is based on the total-energy
functional E, ' ",which comprises the standard LSD
total energy, E, , and the self-interaction correction,
U SIC.

ESIC-LSD ELSD+ USIC

VsIc f d r~ p, (r')

r —r'[

+(6/vr)' '[p, (r)]'

and A,„are the Lagrange multipliers (LM). Equation (7)
indicates that the SIC potential for an orbital i is the neg-
ative of the self-interaction (Coulomb and exchange) po-
tential for the corresponding orbital density p, .

The last two equations illustrate an important
difference between SIC-LSD and the parent LSD theory.
While the effective Hamiltonian ia LSD, 0",depends
only on the total spin density, p, the SIC-LSD Hamil-
tonians, 0, ' ",depend on the orbital densities, p, .
This orbital dependence is linked to the correction term
U ', which is not a functional of the total spin densities
only, but rather depends on the individual orbital densi-
ties. Because of this orbital dependence the variational
treatment of the SIC-LSD energy yields an additional set
of constraint equations for the orbitals:

This point has been discussed extensively by Pederson et
aI. ' Because of the self-Coulomb terms, U ' is gen-
erally more negative for orbitals that are well localized.
For this reason, the orbitals satisfying Eqs. (5}and (8) are
referred to as the local orbitals (LO); similarly, Eq. (8) is
known as the localization equation (LE}.

For applications to multiatom systems, Eq. (5) is not
the most convenient form for the SCF equations. For
these systems, it is computationally expedient to reex-
press the SCF equations in terms of functions reflecting
the symmetry of the system under study. ' To do this, we
write the LO in terms of a set of orbitals of the proper
symmetry via a unitary transformation, M:

= gM„g,

Carrying out the va iatio o E, ' with respect to the
P's yields

(HLSD+ gvSIC )y y gray



41 THEORY OF THE ELECTRONIC STATES AND ABSORPTION. . . 949

N

H„= g (P;H;PI+OH;P;+P;H;0), (12)

where

P,g(r)=P;(r) J dr'P;(r')g(r') (13)

and

N

O=l —gP; . (14)

The spin index has been dropped from the preceding
equations to simplify the notation. It is easily shown that
the eigenvalue equation for H„,

H„P; =s;g;,
is equivalent to Eq. (10) at self-consistency, with the ei-
genvalue c; identified with the diagonal Lagrange multi-

plier A, ,';.
The orbital energies c.; corresponding to the SIC-LSD

CO have been shown in several previous papers ' ' to be
good approximations to electron ionization energies.
This feature of SIC-LSD is exploited in a computational-
ly convenient method for calculating energies for single-
electron transitions. Consider for an ¹lectron system
the transition I N —I j p, ~ I N —1 j pb, where a and b are
localized states and IN —1 j represents the passive orbit-
als not taking part in the transition. The ground-state
unoccupied-orbital approximation (GSUO) (Ref. 6) uses
the identification of the SIC-LSD eigenvalues with elec-
tron ionization energies to write the transition energy
hE (a ~b) as a simple eigenvalue diff'erence:

b,E(a~b) =sb —s, , (16)

where

gVSICq —y (~a)s VSICy

J

We call attention to the use of the symbol AV ' to dis-
tinguish the SIC potential for the g orbitals from V ',
the SIC potential for the LO (P). There exists a particu-
lar choice for the transformation M which diagonalizes
the LM matrix, A.,', in Eq. (10). The corresponding orbit-
als are known as the canonical orbitals (CO). ' In this
paper we use the symbol P to refer to the LO, or some ap-
proximation to them, while we reserve P for the CO or an
approximation to them. A good approximation to the
CO results when the transformation M removes all the
nondiagonal A, ,

' 's except those for which

The orbital dependence of the SCF equations compli-
cates their solution. In particular, care must be taken to
insure the orthogonality of the orbitals associated with
different Hamiltonians. To solve this set of equations, we
use projection operators P; to combine the individual

H; ' into a single, unified Hamiltonian H„,

and

( P ~(HLSD+ VSIC)
~ P ) (18)

where H,„, is the SIC-LSD Hamiltonian of the appropri-
ate hole orbital. The eigenvalue equation for H„[Eq.
(15)] is solved self-consistently, and the transition ener-
gies are calculated from the eigenvalues via Eq. (16).

B. Application of SIC-LSD to the impurity problem

The embedded cluster, LCAO approach which we ap-
ply to the problem of a singly charged substitutional im-

purity in an alkali halide crystal was formulated by
Heaton, Harrison, and Lin, and has been discussed in
that work and in our previous paper on the NaC1:Cu+
system. ' We present here an outline of the method,
referring the interested reader to the cited references.

From spectroscopic data, ' the Ag+ ion is known to be
an on-site replacement for the like-charged Li+ ion in the
host crystal. This substitution results in a disturbance of
the host crystal confined to the vicinity of the impurity
site. We represent the local perturbation of the pure-
crystal charge, ppc, by writing

pIc ppc+ ~p (20)

where p,c is the impurity-crystal charge and 6p is the lo-
calized difference charge induced by the impurity. Since
the LSD one-electron Hamiltonian depends only on the
density p,c, it can be written in a similar form:

Note the use of the SIC potential for the lower (hole) or-
bital, V, ', to determine the eigenvalue cb for the excited
orbital. This procedure has a clear-cut physical motiva-
tion: since V, represents the self-interaction of the elec-
tron P„H, =H + V,

' embodies the interaction of an
electron with the external field (i.e., the nuclei) and all the
electrons except P, . This is precisely what electron Pb
physically sees in the (unrelaxed) excited configuration.
From a practical point of view, the use of H, in Eq. (18)
implies that all the excited orbitals see the same Hamil-
tonian, and that all the transition energies may be ob-
tained from a single SCF calculation, making the GSUO
method computationally very efficient. A second compu-
tational advantage is that the transition energy hE is of
the same order of magnitude as the eigenvalues c, and eb.
This relieves the burdensome constraint of extreme accu-
racy required to determine the transition energy as the
difference in total energies which are several orders of
magnitude larger. The GSUO method has been used in
various calculations, giving results in each case in good
agreement with experiment.

To include the excited states in the unified Hamiltoni-
an formalism presented above, we append an additional
term to H„:

N

H„= g (P;H;P;+OH;P;+P;H;0)+OH, „,O,

where
~LSD H LSD +g VLSD

IC PC (21)

—(y ~(HLSD+ VSIC)~y )
where HIC and Hpc are, resPectively, the imPurity-
and pure-crystal one-electron Hamiltonians, and 6V is



950 KOBLAR A. JACKSON AND CHUN C. LIN 41

a localized difference potential. 5V" consists of a nu-
clear term, due to the difference in nuclear charge b Z be-
tween the impurity ion and the alkali ion that it replaces,
and Coulomb and exchange terms, arising from the
difference in electronic charge density around the irnpuri-

ty site:

5V" = (EZ—lr)+ Idr' , 5 (r'}

—(6/~)' 'j[p, (r)]' ' —[p (r)]' 'I . (22)

g VSIc( r )—
g r)„(r—R„)

(23)

Here, r)„(r) is the Wannier density for the nth band, and
V„'c(r) is the corresponding local SIC potential [Eq. (7)].
The lattice sum covers the cation or anion sites, respec-
tively, for bands corresponding to cation or anion states.
It is convenient to use approximate Wannier densities in
Eq. (23). For the core bands, the approximate WF are
essentially identical to the corresponding free-ion core or-
bitals. Because there is no spatial overlap of the core
Wannier densities centered on different lattice sites,
AV ' for these state reduces to the corresponding free
ion V ' inside each unit cell and the core band SIC po-
tentials can therefore be obtained by translating the free
ion V ' in a given unit cell throughout the crystal. Ap-
proximate Wannier densities for the valence band may be
obtained using expressions derived in Refs. 7 or 8. These
can then be used in Eq. (23) to find the valence-band (VB)
SIC potential.

In the substitutional impurity, the appropriate LO are
the generalized Wannier functions (GWF). ' Because
the translational symmetry of the pure crystal is disrupt-
ed by the presence of the impurity ion, the GWF are site
dependent; it has been shown, however, that the GWF
approach the form of the host-crystal WF exponentially
with increasing distance from the impurity. ' In practice,
we have found that the GWF differ significantly from the
corresponding host-crystal WF only on the nearest-
neighbor shell of ions around the impurity site, i.e., the
ligand ions, and then only for the GWF corresponding to
the VB orbitals. We may therefore adopt the use of the

Here we neglect lattice relaxation which we discuss in
Sec. IV B.

The application of SIC to a rnultiatom system depends
on the identification of appropriate LO on which to base
the SIC potentials V ' and b V ' . In the case of the im-
purity, it is useful to discuss the treatment of the states
associated with the host crystal and those associated with
the impurity ion separately. SIC potentials for the host-
crystal states in the impurity-crystal system are patterned
after their pure-crystal counterparts. For pure ionic crys-
tals, the LO are the atomiclike Wannier functions (WF),
which satisfy Eq. (8) by symmetry. The pure-crystal CO
are the Bloch functions, P„k, indexed by a band label (n)

and crystal momentum (k). Heaton and Lin derived an
approximate form of 5V ' which may be used for all the
f's for a given band of the pure crystal:

g V„' (r —R„)rl„(r—R„)

pure crystal hV„' potentials for the states associated
with the host crystal, except for the b V&&, for which we
define a difference potential,

(~VVB )Ic (~VvB )pc+~VVB (24)

where

(25)

1 NN

pr(r)=p4d(r)+ g p3~(r R„}. — (26}

p«and p3p are, respectively, free-atom Ag+ 4d and
Cl 3p orbital densities averaged over the m sublevels
and V4d and V3p are the corresponding local SIC poten-
tials. The sum on p extends over the sites of the ligand
shell of the first nearest neighbors (lNN).

The remaining states in the composite Ag 4d —C1 3p
valence band extend throughout the impurity cluster, in-
cluding nonzero density on the Ag+ site. For these states
we use Eq. (23} to construct a composite potential b, Vv'B

This difference may be calculated in a straightforward
way by using the pure-crystal approximate WF densities,
and the impurity-crystal approximate GWF densities in

Eq. (23).
For the states associated with the impurity ion, the

LCAO expansion of their wave functions, P;, consists
of a major component centered on the impurity site (site
0) mixed with orbitals of the host crystal. In the case of
the Cu+ impurity, the admixture of the host-crystal or-
bitals amounts to only a few percent of the charge. Thus
the site-0 GWF can be well approximated by f; „. This
step, however, is not valid for LiC1:Ag+ because the
Ag+ 4d impurity states have a much larger component of
ligand orbitals. Formally the GWF for the impurity site
corresponding to the Ag+ 4d states are to be obtained
from the impurity eigenstates via the transformation of
Eq. (9), where the g's are the states of what can be
thought of as the composite Ag+ 4d-Cl 3p band. Ap-
proximate Ag+ 4d GWF densities may be found from the
states of the composite band using the formalism de-
scribed by Heaton et al.; however, we find that the re-
sulting density coincides very nearly with the free-ion
Ag+ 4d orbital. For convenience we use the free-ion or-
bital as the approximate site-0 GWF. The approximate
GWF corresponding to the ligand 3p orbitals may also be
obtained using the techniques of Ref. 9, but here, too, the

approximate GWF density is found to be very similar to
the correspond pure-crystal LO density, and we use the
latter to approximate the ligand 3p GWF. hV ' poten-
tials may now be defined for the states of the composite
Ag+ 4d —Cl 3p band. The impurity 4d states (see below)
are almost entirely (-98%) localized on the impurity site
and the ligand shell. These states have a majority
Ag+ 4d character, but with significant ligand-shell com-
ponents. We use Eq. (23) to define a b, V4'„potential
which is comparably localized:

1 NN

6V,"„= p4d V4d + g p,d(r —R„)V» (r —R„)
PT
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which extends throughout the cluster:

b, VvB p4d V4d + gp, d(r —R )V,~ (r —R„)
Pr V

(27)

This potential is similar in form to the 4d potential given
above, however now the sum on v extends over all the
anion sites in the cluster. Similarly, p~ in this equation
represents the sum of the 4d local-orbital density plus the
density of the VB local orbitals centered on all the anion
sites of the cluster.

In our LCAO treatment of the impurity problem, we
solve the full infinite crystal Hamiltonians, made up of
H&z and the appropriate SIC potentials, in a finite clus-
ter basis, extending out to the seventh-nearest-neighbor
shell in the host crystal [(2,2,0) in units of the nearest-
neighbor distance]. The LCAO basis is made up of atom-
ic orbitals corresponding to the occupied states of the im-

purity, alkali, and halide ions, centered on the respective
ion sites in the cluster. Atomic orbitals corresponding to
the lowest unoccupied impurity-ion s and p states are also
included on the impurity site. The atomic orbitals are ex-
pansions of Gaussian-type orbitals, the coefficients of
which are determined in free-ion calculations. In addi-
tion to these atomic orbitals, single Gaussian orbitals
(SGO's) are used on the sites near the impurity to
enhance the variational freedom of the basis set. At the
Ag+ site, we used the exponents 1.75478, 0.757801, and
0.355237 in s-, p-, and d-type SGO's, and additionally
0.04145 for s- and p-type SGO's. For the ligand (first-
nearest-neighbor) shell, we used the common exponents
0.950083, 0.448205, and 0.159272 for s- and p-type
SGO's, plus an s-type with 0.07500, and a p-type with
2.61988. On the nearest Li+ shell the SGO's 0.997212
and 0.44462 for s- and p-type, and an additional s-type
SGO with exponent 0.14012 were used. Finally for the
second Cl shell we used 0.950083 and 0.448205 for both
s- and p-type SGO's plus an s-type with exponent
0.159272 and a p-type with 2.61988. Such a basis leaves a
"cushion" of ion shells at the outer edge of the cluster
with no variational freedom. This procedure has been
shown' ' to properly embed the cluster in the pure crys-
tal. The LCAO solutions for the impurity states are
linear combinations of the functions in the cluster basis,
and we refer to the coeScients in these expansions as the
LCAO eigenvectors.

The starting point for the self-consistent calculation is
taken from the respective free-ion and pure-crystal calcu-
lations. The initial impurity-crystal density is obtained
by directly substituting the impurity free-ion charge for
the alkali ion charge at a lattice site. The alkali charge is
taken from a constrained curve fit of the pure-crystal
SCF charge density, the constraint insuring that the fit
rejects the ionic nature of the crystal. The various local-
ized potentials defined in Eqs. (22) and (24) are tabulated
on a mesh of points centered on the impurity site and ex-
tending beyond the first-nearest-neighbor shell of atoms.
These potentials are curve fitted to Gaussian-type func-
tions, so that matrix elements in our Gaussian orbital
basis set may then be evaluated analytically. The unified

Hamiltonian is constructed, and the impurity-crystal
eigenstates found. In subsequent iterations the difference
potentials are determined directly from the difference in
the impurity-crystal charge density obtained from the im-

purity eigenstates and the pure-crystal charge. The
unified Hamiltonian solution is iterated to self-
consistency.

To prepare for the LiC1:Ag+ calculation, we per-
forrned a SIC-LSD calculation for LiCl, using the pure-
crystal b, V ' potentials defined above. The pure-crystal
band gap at self-consistency was found to be 11.1 eV,
which compares to 5.8 eV using uncorrected LSD, and to
an experimental gap of 9.4 eV. ' The use of SIC is seen
to improve the LSD description of the LiC1 band struc-
ture. We note that the use of SIC-LSD calculations with
correlation functionals have given band gaps in still
better agreement with experiment than our result above,
which was obtained using the Kohn-Sham exchange-only
version of the theory. We do not address here the ques-
tion of which correlation functional is most appropriate
for general use. For our purposes the Kohn-Sham
exchange-only theory has given very good results for lo-
calized transitions in the free Ag+ ion: using the GSUO
procedure we found 5.50 and 10.5 eV for the 4d ~5s and
4d~5p transition energies, respectively, in good agree-
ment with the corresponding experimental results of 5.37
and 10.8 eV. Since we shall be interested in compar-
isons between the free-ion and impurity-crystal transi-
tions, we adopt the use of the exchange-only version of
the theory in the impurity calculation for consistency.

III. RESULTS FOR LiCl:Ag+

Our discussion of the SIC-LSD results for LiC1:Ag+
below focuses on the impurity states associated with the
Ag+ ion. Although the direct correspondence of the im-

purity Ag+ states to the analogous free-ion states is
clouded due to strong mixing of the Ag+ orbitals with
host-crystal states, we find it convenient to continue to
speak of impurity Ag+ 4d, Ss, and 5p states. These states
are defined in detail below. In the OI, point-group sym-

metry of the host crystal, the Ag+ 4d states are split into
doubly degenerate 4de states and triply degenerate 4dt2
states; we use this notation below. The LCAO basis func-
tions from a given ion shell are symmetrized according to
the 0& point group in order to block diagonalize the
Hamiltonian matrix.

A portion of the LiCl:Ag+ one-electron eigenvalue

spectrum is shown in Fig. 1, with the positions of the
pure-crystal valence and conduction bands indicated for
reference. Two important features distinguish the impur-
ity system spectrum from the host-crystal band structure:
states appearing in the gap between the pure-crystal
valence and conduction bands, and a number of energy
levels splitting off above and below the host crystal VB.
The states split off from the VB are identified by their
LCAO eigenvectors as bonding and antibonding mixtures
of ligand valence orbitals and Ag+ 4d or 5s atomic orbit-
als. The bonding combinations are lower in energy and
shifted down out of the VB, whereas the antibonding
combinations are pushed up out of the VB. The states ly-
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0.0

~ 5p~ 5s

4deg
h

FIG. 1. Calculated energy levels of the 4d, 5s, and Sp impuri-

ty states, and the host-crystal valence-band states of LiC1:Ag+.
The ranges of the pure-crystal valence band (VB) and conduc-
tion band (CB) are indicated.

ing in the band gap are identified as distorted Ag+ 5s and

5p states, extending beyond the impurity site over the
first few shell of host-crystal ions.

Closer examination of the LCAO eigenvectors for the
split-off states shows the antibonding states to be largely
Ag+ 4d-like, although the Cl 3p components are quite
significant. As indicated in Fig. 1, we refer to these levels
as impurity Ag+ 4d states. The bonding partners of the
Ag+ 4d states have correspondingly less Ag+ character.
(The bonding partners are the unlabeled levels split off
slightly from the bottom of the valence band in Fig. 1.)
The lowest bonding level has A, g symmetry (correspond-
ing to an s state on the impurity site), and is identified as
the bonding partner of the antibonding impurity Ag+ 5s
state.

The character of the split-off states can be investigated
using a Mulliken population analysis ' of their charge
densities. For the Ag+ 4de~ impurity state, 62% of the
electron charge is associated with the impurity site, and
36% with the ligand shell. By contrast, 33% and 63% of
the charge of the bonding partner to the 4de state re-
sides on the impurity and the nearest-neighbor shell, re-
spectively. The analysis for the T2 states is similar. The
Ag 4dtzg state has 73% of its charge on the impurity,
and 20% on the ligand shell, while the bonding state has
a distribution of 13% and 75%, respectively. The a, g
bonding state is largely localized on the ligand shell, with
93% of its charge there, and only a very small amount
(0.1%}on the impurity ion site. We note that the impuri-
ty 4d states are essentially completely localized on the im-

purity and the ligand shell, consistent with the nature of
the SIC potential used for these states.

The first and second lowest-lying excited states in
LiC1:Ag+ consist, respectively, of the Ag+ 5s and 5p
atomic orbitals mixed with SGO's centered on the impur-
ity sites and the sites of the first few nearest-neighbor
shells of host-crystal sites. The Mulliken analysis breaks
down for these states because of the large spatial overlap
of the SGO's, which contribute heavily to the respective
eigenfunctions. Alternatively, we investigate the extent

TABLE I. Theoretical and experimental values of the
4d~5s and 4d~5p transition energies (in eV) for a free Ag
ion and for LiCl:Ag

Transitions
Free Ag+

Theor. Expt.
LiCl:Ag+

Theo r. Expt.

4deg ~5s
4dt2g ~5s
4de 5p

5.50
5.50

10.5

5.37
5.37

10.8

6.01
7.44
7.80

6.17
7.42
7.96

of these states by considering the dependence of their or-
bital energies on the makeup of the LCAO basis set. As
basis functions are removed from the calculation, the
quality of the impurity-state representation deteriorates,
resulting in higher orbital energies. For reference, we
find that removing the SGO's from the basis has no
significant effect on the eigenvalues of the occupied
states. The impurity 4de state energy, for example, is
—0.390 a.u. with the full basis including SGO s in place.
The change in this value due to removing all the SGO's
from the cluster basis is 0.0005 a.u. , below the conver-
gence criterion for orbital energies used in our calculation
(0.001 a.u.}. The occupied states are thus seen to be well
represented by the atomiclike orbitals in the LCAO basis.
By contrast, the energies of the Ss and 5p states depend
strongly on the SGO's. Using the full cluster basis, the Ss
and 5p eigenvalues were —0.16957 and —0.09681 a.u.
When the SGO's from the second- and third-nearest-
neighbor shells were removed, the eigenvalues were
—0.16772 and —0.08618 a.u. Removing the SGO's from
the ligand shell gave the values —0.16168 and —0.06879
a.u. Finally, removing the SGO s from the impurity site
as well resulted in the energies —0.14959 and —0.02486
a.u. These results indicate that the 5p impurity state ex-
tends well out to the second- and third-nearest-neighbor
shells in the cluster, while the 5s is relatively more local-
ized on the impurity site and the ligand shell.

In the GSUO approximation, SIC-LSD transition ener-
gies are determined by taking eigenvalue differences [see
Eq. (16)]. For the transitions to the lowest-lying impurity
excited states, we obtain the results given in Table I,
shown along with the corresponding experimental results
of LiC1:Ag+ for comparison. The experimental values
shown are the positions of band maxima from the report-
ed LiC1:Ag absorption spectrum. Our results agree
quite well with the experimental observations, the two
sets differing in the worst case by less than 3%. Note
that the difference in the Es and T2s transitions (1.43 eV)
indicates the magnitude of the crystal-field splitting in
LiC1:Ag+, and that the calculated splitting agrees well
with experiment (1.25 eV}. Of particular note in Table I
is the identification of the absorption band at 8.0 eV as
the 4d8g~5p transition. This assignment is consistent
with the suggestion of Pedrini et al. The appearance
of the 4de~ ~5p transition of LiC1:Ag+ at 8 eV is some-
what surprising in that it is only 0.5 eV above the 4d ~5s
manifold of LiC1:Ag+ but is as much as 2.5 eV below the
4d~5p transition energy of the Ag+ free ion. To con-
trast this with the Cu+ impurity we note that the
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3de ~4p absorption peak of LiCl:Cu+ is 1.9 eV above
the 3dtz ~4s peak and is 1.7 eV below the free-ion
3d ~4p transition. We discuss the reason for these
features in the Ag+ system in Sec. IV.

The transition energies given in Table I do not account
for all of the possible transitions involving states with 4d
orbital character. We noted above that both the bonding
and antibonding combinations of the impurity ion and
ligand orbitals in the E and T2 representations have
sizable Ag+ 4d components. We might therefore expect
to see experimental evidence for transitions from both the
bonding and antibonding states. Transitions from the
bonding states, however, are calculated to occur at ener-
gies much larger than 8.6 eU, the exciton edge of the pure
LiC1 crystal, and would therefore be obscured from mea-
surement by host-crystal absorption.

Free LiCLAg+

Ion

CQ

C)

++
(n=4)

nd~ (n+1}s

nd~ (n+1}p

Free LiC1:Cu+

Ion

CO
Cl
C7

C)

C11

(n=S)

IV. DISCUSSION

A. Comparison with LiCl:Cu+

The SIC-LSD results for LiC1:Ag+ show many of the
same features as earlier results obtained for the isovalent
systems LiCl:Cu+ and NaCl:Cu+. ' In each system,
the nd ~(n +1)s transition (n =3 for Cu+ and n =4 for
Ag+) in the impurity crystal requires more energy than
the corresponding free-ion transition. Conversely, the
impurity nd~(n+1}p transition requires less energy
than its free-ion counterpart. These are general features
of impurity systems of this kind, and are attributed to the
bonding or antibonding interaction of the impurity- and
host-crystal orbitals. Both the impurity nd and (n + 1 }s
states are antibonding in LiC1:Ag+ and LiC1:Cu+; the in-
crease in the impurity nd~(n +1)s transition energy
arises because the antibonding shift of the impurity
(n +1)s level is greater than that of the nd level, due to
the greater spatial overlap of the impurity (n +1}sand
the ligand 3p orbitals. On the other hand, the
nd ~(n +1)p spacing decreases in these systems because
the impurity (n+1)p level is the bonding partner to
host-crystal CB states, and is shifted down in energy at
the same time the antibonding nd levels are shifted up.
We show the relationship between impurity and free-ion
transitions for both LiC1:Cu+ and LiCl:Ag+ graphically
in Fig. 2.

We can use the bonding or antibonding picture of im-
purity transitions to understand the differences between
the Ag+ and Cu+ impurities seen in Fig. 2. The increase
in the nd ~(n +1)s transition energy for the Ag+ system
over the corresponding free-ion transition is less pro-
nounced than for the Cu+ system, while at the same time
the nd ~(n +1)p reduction is more pronounced. Focus-
ing first on the nd ~(n + 1)s transition, we note that the
Ag+ 4d state has greater spatial extent than the Cu+ 3d
state. The (r ) moment of the Ag+ 4d orbital is 1.38 a.u. ,
versus 1.00 a.u. for Cu+ 3d. For reference, the same mo-
ment for the Cl 3p orbital is 2.03 a.u. , while for the
Ag+ Ss it is 2.81 a.u. , and for Cu+ 4s it is 2.46 a.u. The
greater extent of the Ag+ 4d orbitals implies greater spa-
tial overlap between the 4d and the ligand orbitals, result-
ing in greater mixing of these orbitals in the impurity

FIG. 2. Comparison of the nd~(n+1}s and nd~(n+1}p
transition energy for the free ions Ag+ and Cu+, and the corre-
sponding impurity systems LiCl:Ag+ and LiC1:Cu+.

eigenstates compared to the Cu+ 3d orbitals. At the
same time, by comparing (r ) moments above to the LiCl
nearest-neighbor spacing of 4.86 a.u, it can be argued
that the Cu+ 4s already has significant overlap with the
ligand orbitals, so that the difference in spatial extent be-
tween the Ag+ 5s and Cu+ 4s is not expected to result in
a great difference in the antibonding shift of these states.
The net effect is thus to relatively lessen the antibonding
difference between the Ag+ impurity 4d and 5s states,
bringing the nd ~(n +1)s transition closer to the free-
ion value in LiC1:Ag+ than in LiC1:Cu+.

As for the nd~(n+1}p transition, the free-ion
Ag+ 5p orbital has greater spatial extent than the Cu+ 4p
orbital (the moments are 3.46 and 3.06, respectively),
leading to a greater bonding of the Ag+ 5p orbital and
the host CB states, and lowering the energy of the 5p
bonding state relatively in the Ag+ system. Combined
with the greater antibonding of the 4d levels, the
nd~(n+1)p transition in the Ag+ system is much
smaller relative to the free-ion transition than the like
transition in the Cu+ system.

Our results show very strong mixing of the Ag+ 4d or-
bitals and the ligand orbitals in the impurity eigenfunc-
tions with significant charge spreading to the ligand shell
(-30%). In LiC1:Cu+, the corresponding Cu+ 3d
eigenfunctions show very little mixing of the Cu+ 3d or-
bitals and the ligand 3p orbitals (-4% in charge density).
The strong mixing of the Ag+ 4d orbitals and the ligand
orbitals comes about, as mentioned above, because of the
greater spatial extent of the Ag+ 4d orbital as compared
with the Cu+ 3d orbitals. Another factor contributing to
the mixing is the near degeneracy of the Ag+ 4d energy
levels with host-crystal VB states. The near degeneracy
of the Ag+ 4d orbitals with the VB can be understood by
a simple argument. To zeroth order, the potential due to
the host-crystal environment seen by the Ag+ orbital is
the Madelung potential. The Madelung potential is quite
flat near the impurity site, and its effect on the energy lev-
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els of Ag+ is approximately a constant shift, which for
the case of LiC1 is 0.360 a.u. The ionization potential for
the free Ag+ is 0.790 a.u. (Ref. 24). In the impurity sys-

tem, the Ag+ 4d energy is shifted by the Madelung po-
tential to —0.430 a.u. The calculated host-crystal VB
spans an energy range from —0.51 to —0.41 a.u. , so that
the shifted free-ion 4d level is predicted to lie in the VB.
By contrast, the Cu ionization potential is 0.743 a.u. ',

the shifted Cu+ 3d level in LiCl:Cu is therefore predict-
ed to lie at —0.383 a.u. , above the host-crystal VB. On
the basis of this argument, then, we could expect to see
strong mixing of the Ag+4d and Cl 3p orbitals in
LiC1:Ag+ due to degeneracy of energy levels, ~hereas no
such degeneracy-related mixing is expected for LiC1:Cu+.

In our earlier work on NaC1:Cu+ we generalized the
bonding or antibonding argument used to explain the in-
crease in the impurity nd ~(n +1)s transition energy. '

Assuming the impurity s-state energy level to be pushed
up in energy, the nd~(n+1)s transition energy is in-
creased whenever the energy of impurity d state is pushed
up less. This occurs if the d states are more weakly anti-
bonding as argued above, but also if the energy of the im-
purity d states is either unchanged or depressed relative
to the free-ion levels, i.e., if the impurity d states are non-
bonding or bonding. We applied this generalized argu-
ment to the NaC1:Cu nd ~(n +1)s transition, since the
impurity 3d states in that system were found in the VB,
and had no clear-cut bonding or antibonding character.

We can extend this reasoning to consider the implica-
tion for the crystal-field splitting of the impurity d states
as the character of these states switches from antibonding
to bonding. As a matter of geometry, the free-ion de or-
bitals have more spatial overlap with the E combination
of ligand 3p orbitals than the dtz orbitals have with the
corresponding Tz combination. As a result, the energy
shift due to bonding and antibonding is expected to be
greater for the impurity de states. The same geometrical
considerations are responsible for the splitting of the des
and dt's levels due to the electrostatic field of the ions in
the crystal but without the covalency effects. Because the
eg orbitals lie along the coordinate axes defined by the six
negatively charged ligand ions, while the tz orbitals lie
between these axes, the effect of the electrostatic field of
the ligand ions is to raise the de levels relative to the
dt2g We note that . the magnitude of the crystal-field
splitting seen in LiC1:Ag+ (1.25 eV) is much greater than
could be expected from the electrostatic consideration
only. The splitting of the 4d levels in this system thus
clearly derives from the bonding or antibonding interac-
tion discussed above. When the d levels lie above the VB,
the antibonding shift of the energy levels enhances the
electrostatic field splitting, since the de levels are shifted
relatively higher by the antibonding than the dtz . If the
d states are bonding, however, the situation is reversed,
since the bonding then lowers the e levels relative to the
tzg levels, opposing the electrostatic field splitting. In
such a case the crystal-field splitting is expected to be di-
minished or reversed.

KC1:Cu+ is an example of a physica1 system to which
these considerations may apply. In the series of related

impurities, LiCl:Cu+, NaCl:Cu, and KCl:Cu+, the lat-
tice spacing of the host crystal increases uniformly with
the size of the cation. The Madelung shift of the Cu+ 3d
impurity levels thus decreases down the series, depressing
the 3d levels relative to the VB. In LiC1:Cu+, the SIC-
LSD levels lie well above the VB, while in NaC1:Cu+
they lie near the top of the VB. In KCl:Cu+, the 3d lev-
els can be expected to lie lower still, either toward the
bottom or below the VB. The inversion of the crystal-
field splitting due to the bonding of the impurity 3d levels
may therefore be expected to be seen in the KC1:Cu
spectrum. Interestingly, two photon spectra, which dis-
tinguish the E from ihe Tzg transitions, show the con-
ventional crystal-field splitting for the de ~s and
dtzg~s bands in LiCl:Cu+ and NaC1:Cu+, whereas the
two bands appear to fall at the same energy in
KC1:Cu+

B. Lattice relaxation

In this subsection we consider the question of lattice
relaxation in the LiC1:Ag+ system. Our calculation was
carried out with the spacing between Ag+ and its
nearest-neighbor Cl ions, d~g c&, set equal to the host-
crystal lattice spacing, dz; c&. The free-ion radius of Ag+
is 1.13 A, however, which is somewhat larger than the
effective radius of Li+ in LiC1, 0.94 A, and one intui-
tively expects the nearest-neighbor Cl ions to relax out-
ward to accommodate the larger Ag+ ion. Furthermore,
the nearest-neighbor distance in AgCl, which has the
same structure as LiC1, is 2.77 A, compared to 2.57 A for
LiC1.

While these considerations suggest that some relaxa-
tion probably occurs in LiC1:Ag+, the precise amount of
the relaxation is unclear. We know of no experimental
measurement for dz c, . A value for d~ c, was deter-
mined by Moine et al. in their MSXa calculation of
LiC1:Ag+ using total-energy methods in conjunction with
a model cluster approach (see Sec. IVD). They find a
value of 3.23 A for d&g c& much larger than the host-
crystal nearest-neighbor distance (2.S7 A) as well as the
Ag-Cl distance in the AgC1 crystal (2.77 A). While this
result shows the expected outward relaxation of the Cl
ions, the magnitude of the calculated relaxation is larger
than expected based on comparisons of the corresponding
free-ion radii. The calculated relaxation, 0.66 A, is much
larger than the difference in the ionic radii for Ag+ and
Li+ given above. This is true even when the free ion-
value for the Li+ radius (0.68 A) is used instead of the
somewhat larger effective radius given above. Note that a
similar calculation using the same method for NaC1:Cu+
also predicts a significant outward relaxation of the Cl
ions. In that system, however, the relaxation is expect-
ed on physical grounds to be very small, since the Na+
and Cu free-ion radii are very similar, 0.98 and 0.96 A,
respectively. The model used in these calculations re-
places the portion of the crystal outside the AgC16 cluster
with an array of charges (see Sec. IV D). While this may
be adequate for approximating the contribution of the
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surrounding ions to the one-electron potential seen by the
electrons in the AgC16 cluster, the model may not be ap-
propriate for calculating lattice relaxation. Such a model
does not include, for example, energy barriers to outward
relaxation arising from the overlap of electronic charge
clouds. Since we are not currently able with our SIC for-
malism to determine a self-consistent value for the lattice
relaxation in LiCl:Ag+, we adopt the host-crystal lattice
spacing in our calculation.

How are we to view our results for LiC1:Ag+ in light of
the conclusion that some lattice relaxation is likely to
occur? Let us first examine the qualitative effect that the
neglect of lattice relaxation would have on our results.
We have argued above that the greater overlap of the
Ag+ 4d and Cl 3p orbitals, compared to the overlap of
analogous Cu+ 3d and Cl 3p orbitals in NaC1:Cu+,
leads to a greater mixing between these orbitals in the
eigenstates of the LiCl:Ag+ impurity system, and a
greater antibonding shift of the Ag+ 4d impurity levels,
relative to the corresponding shift of the Ag 5s level. Re-
laxing the Cl ions outward would tend to reduce the
4d-3p mixing, and thus the antibonding shift of the 4d
levels, effectively increasing the 4d-Ss transition energies.
We do not expect the nearest-neighbor Cl ions to relax
suSciently to force a qualitative change in our analysis of
the LiC1:Ag+ spectrum. The outward relaxation of the
ligand ions is opposed by forces due to the surrounding
host-crystal ions. Since the energy difference between the
4de ~5s and 4dtz ~5s transitions is a measure of bond-
ing or antibonding interaction between the impurity 4d
and Cl-3p orbitals, the large observed splitting (1.25 eV)
as compared to the corresponding 3d splitting of 0.46 eV
in LiC1:Cu+ indicates that ligand-ion relaxation does not
fully remove the increased overlap of the Ag+-4d and
Cl-3p orbitals in LiCl:Ag+. While our calculations
overestimate this splitting slightly (by 0.18 eV), this small
difference suggests that our results provide a good
description of host-impurity bonding in LiC1:Ag+ despite
our neglect of lattice relaxation.

It is possible, by comparing with the earlier NaC1:Cu
calculation, ' to make a more quantitative estimate of the
effect of neglecting relaxation on our results, and at the
same time to explain why our results for LiC1:Ag+ are in
such good agreement with experiment, given that we
have neglected relaxation. In the NaC1:Cu+ SIC-LSD
calculation we found the transition-energy results to
overestimate the experimental transition energies by
about 0.4 eV. We understood this overestimate to result
from our use of the GSUO method for calculating the
transition energies. The GSUO method does not account
for orbital relaxation in the excited state (see Sec. II),
thus effectively raising the upper state energy, and result-
ing in overestimates of the transition energy. We show in
Ref. 10 how an improved technique which accounts for
orbital relaxation and for the single-triplet splitting of the
excited states can be used to give transition-energy results
for NaCl:Cu+ in good agreement with experiment. We
expect that our calculated transition energies for
LiC1:Ag+ should overestimate the experimental results
by roughly the same amount as seen in the NaCl:Cu+
calculation. (The technique presented in Ref. 10 for cal-

culating orbitally relaxed transition energies is not im-
mediately applicable to the LiC1:Ag+ transitions, because
of the strongly mixed character of the eigenstates. ) Since,
as noted above, the effect of including lattice relaxation in
our calculation would be to increase the transition ener-
gies, we believe that the effect of neglecting lattice relaxa-
tion is canceled by our neglect of orbital relaxation in cal-
culating the transition energies.

C. EfFect of the modified SIC-LSD treatment

In this calculation we modified the SIC-LSD algorithm
applied previously to LiC1:Cu+ and NaC1:Cu+ to accom-
modate the multisite character of the impurity 4d states
of LiC1:Ag+. The original method formulated for the
Cu+ impurities assumes the Cu+ 3d eigenstates to be
essentially identical to the SIC-LSD LO because of the
very small admixture of the ligand valence orbitals. In
LiC1:Ag+, the strong impurity-ligand mixing gives the
impurity 4d eigenstates a pronounced multisite character.
Treating the impurity 4d states as SIC-LSD LO is a
crude approximation, and a modified procedure was in-
troduced in Sec. II B [Eqs. (25)—(27)]. To investigate the
effect the cruder approximation would have on our re-
sults, we ran a separate SCF calculation using the earlier
technique, i.e., assuming the impurity eigenstates to be
SIC-LSD LO. For clarity, let us label the results of this
test calculation "crude, " whereas the results of our im-
proved treatment shall be referred to as "refined. " Using
the GSUO approximation to determine the transition en-
ergies from the orbital energies, we find the 4de and

4dt2g to 5s transition, respectively, to be 5.63 and 6.42 eV
using the crude approximation. The 4de to Sp transition
using the crude approximation is 7.26 eV. These results
are all significantly smaller than the corresponding re-
sults using the refined approximation (6.01, 7.44, and 7.80
eV, respectively), and in much poorer agreement with ex-
periment. It is easy to see why the crude approximation
leads to smaller transition energies. Consider a simplified
model of a transition between canonical orbitals in a mul-
tiatom system. Assume local orbitals P, and Pz are relat-
ed via a unitary transformation to the canonical orbitals

and fa as in Eq. (9). The f's correspond in our
LiC1:Ag+ calculation to the mixed 4d impurity eigen-
states, and the P's to the corresponding atomiclike GWF.
By our assumption that the P's are the LO, we can write

(28)

where U '
{i,j ] is the self-interaction energy of orbitals i

and j. Calculating the self-interaction according to the
left-hand side of Eq. (29) is equivalent to our refined ap-
proximation, whereas the right-hand side is equivalent to
the crude approximation. Now consider a transition
from gz to an excited canonical state gc. If the density
associated with the excited orbital is spread over a
diS'erent region of space than gz, then no transformation
of g„and gc to more localized orbitals can be found,
which leads to a significantly more negative U ', and
these orbitals can be taken to be the appropriate SIC LO
for the excited configuration in both methods. The
refined and crude methods would thus both find the same
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FIG. 3. Comparison of two SIC potentials for the Ag 4d
impurity states. The dashed curve is the potential calculated us-

ing the procedure of Ref. 10, which assumes highly localized
impurity states. The solid curve is calculated using the refined

procedure introduced in this work, which allows for the mil-

tisite character of the impurity states in LiCl:Ag

U ' for the excited state. The transition energy calculat-
ed by the refined method (as in our modified approach to
LiCl:Ag+) is thus larger than that of the crude method,
because of the improved SIC treatment of the ground
state. Shifting to a one-electron point of view, the SIC
potential used for the impurity 4d states is relatively shal-
low in the crude approximation, when the multisite 4d
eigenfunction is taken as a LO; in the refined treatment,
on the other hand, the SIC potential for the impurity 4d
state is essentially identical to the local V ' potential ap-
propriate to the free-ion 4d orbital near the Ag+ site, and
to the V ' for the Cl 3p W'annier function near the Cl
sites. This point is illustrated in Fig. 3 where both poten-
tials are shown in the region around the Ag+ ion. The
content of Fig. 3 can be expressed in another way by con-
sidering the SIC contribution to the impurity 4d state or-
bital energy (( $4d ~ V4d ~ $4d )), calculated alternately us-

ing the two potentials shown in the figure. Using the
V4d potential based on the crude approximation, the SIC
orbital energy contribution is —0.091 a.u. , compared to a
contribution of —0.190 a.u. for the refined method used
in this work. For reference, the SIC shift of the free-ion
Ag+ 4d orbital energy is —0.200 a.u. , and it can thus be
seen that the refined SIC-LSD treatment restores SIC en-

ergy lost by treating the multisite 4d eigenfunction as a
LO.

D. Comparison with other theoretical results

Moine et al. have also studied the LiCl:Ag+ system,
using a model cluster multiple-scattering Xa (MS Xa)
technique of Slater and Johnson. Their model cluster
procedure places spheres on the impurity site and the six
sites of the first-nearest-neighbor shell. A different ex-
change parameter a is used inside the Ag+ and Cl
spheres, respectively, each taken from Schwarz's tabula-
tion. The AgCl~ cluster is surrounded by an array of
charges to mimic the effect of the host-crystal environ-

ment. Transition energies are calculated using Slater's
transition states method. We use the average of the sing-

let and triplet transition energies of the MS Xa calcula-
tion of Ref. 27 for comparison with the SIC-LSD results.
The MS Xa work gives 4de ~5s and 4dt2 ~5s transi-
tion energies, respectively, as 4.04 and 4.71 eV for
d Ag &&

=6.20 a.u. , and as 6.58 and 7.87 e&' for

dA c]=5.20 a.u. The latter set is closer to our SIC-LSDAg-Cl

results, which corresponds to d~ C~=4. 86 a.u. In view

of the sensitivity of MS Xa transition energies to the
value of d„get, it is difficult to draw instructive con-
clusions from this comparison.

The MS Xa calculation shows the Ag+ 4d impurity
states to have a more metallic character in the gound
state than the antibonding 4d states have in the SIC-LSD
calculation. The MS Xa states (for dzs c~ =6.20 a.u. ) are
reported to be 82% and 92% localized on the Ag+ site,
whereas the comparable figures for the SIC-LSD calcula-
tion are 62% and 73%, respectively, for the 4des and
4dt2„states. Their excited a,g state, which corresponds
to our 5s state, is poorly localized in the MS Xa calcula-
tion. Only 13% of the 5s charge is associated with Ag+.
The authors also report a delocalized excited state lying
at slightly lower energy than the 5s. As mentioned
above, the Mulliken analysis for the 5s state in the SIC-
LSD calculation cannot be taken as completely reliable
because of significant overlap of the long-range basis
functions centered on different sites. Approximate popu-
lation numbers for the SIC-LSD 5s state can, however, be
obtained by removing some of the long-range functions
from the basis. Removing the longest-range SGO's on
the Ag+ and the ligand sites, the population numbers for
the SIC-LSD Ss are 33% Ag+ and 67% ligand, indicat-
ing a somewhat more localized 5s state than is seen in the
MS Xn work. No delocalized excited state is found in
our calculation lying below the Ss.

The MS Xa calculation examines only results for the
impurity d~s transition. The two-shell cluster model
used in the MS Xa work is not consistent with the more
extensive charge distribution of the 5p state.

V. CONCLUSIONS

We have presented above the results of a self-consistent
SIC-LSD calculation of the electronic structure of
LiC1:Ag+, using a Gaussian-based LCAO method. The
one-electron states associated with the impurity ion were
found to be strongly mixed combinations of impurity-
and host-crystal orbitals. The multisite character of
these states motivated us to modify the approximate
method for deriving the SIC potential developed in ear-
lier work ' on Cu+ impurities in which the impurity
states are sufficiently atomiclike to be taken as the LO's
for SIC. The modified method defines an approximate
and computationally efficient self-interaction correction
for the multisite impurity states, based on the general
SIC-LSD formalism. The SIC potential has a density-
weighted form, and a multisite character similar to that
of the impurity states. With the refined SIC-LSD method
we calculated the energies of the 4d ~Ss and 4d ~5p im-
purity transitions. Our results, shown in Table I, are in
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very good agreement with experiment, ' and lead to the
identification of the absorption band at 8.0 eV as the
4d, ~5p transition.

The SIC-LSD procedure used in this work is computa-
tionally eScient and easy to implement. It is based on
the identification of approximate SIC-LSD LO, and the
use of a density-weighted expression for the SIC poten-
tials associated with the canonical one-electron states (see
Sec. II). It remains a problem to calculate total energies
for many-atom systems with the SIC-LSD theory. A
total-energy option would allow the use of SIC-LSD for
determining structural properties; for example, the lattice
relaxation of the ligand ions in response to the presence
of the Ag+ impurity in LiC1:Ag+. It would be of partic-
ular interest to use SIC-LSD to calculate total energies
for systems in which the energy-level structure is qualita-
tively different in SIC-LSD than in LSD. In LiCl:Ag+,

for example, the impurity 4d bands are degenerate with
the host-crystal valence band in SIC-LSD, whereas in
LSD they lie somewhat above the valence levels. Such
differences in the electronic structure may lead to distinct
differences in the structural properties calculated in SIC-
LSD versus LSD.
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