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First-principles calculations of defect-induced lattice relaxation in ionic systems
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Local-density-approximation methods are used to investigate defect-induced lattice relaxation in
LiCl:Cu+ and for the F center in MgO. Calculations are carried out on large finite clusters of atoms
using a linear combination of atomic orbitals {LCAO)—type basis set, and defect-related properties
are deduced from a comparison of results for related pure and defect clusters. The outer atomic
shells of these clusters are allowed to relax, to respond to effects of truncating the clusters at finite
sizes. We show that, with this relaxation, the calculated electronic and structural properties of the
pure clusters are good approximations to the corresponding bulk properties. Using the finite-cluster
procedure, we find essentially no relaxation of the defect near-neighbor ions in LiCl:Cu+, but an in-
ward relaxation of 1.3% of the near-neighbor ions around the F center in MgO.

I. INTRODUCTION

An accurate description of the properties of point de-
fects in solids should include the relaxation of bulk crys-
tal atoms around the defect, since the formation energy
of the defect and the positions of defect-related levels
with respect to host crystal bands can both be strongly
affected by relaxation. However, experimental measure-
ments of defect-induced lattice relaxation are difficult to
make, so that precise data are largely lacking. Calculat-
ing the relaxation is also difficult. Most methods for
treating the defect problem can allow for relaxation of
host atoms in principle, but in practice, defect-induced
lattice relaxation is often ignored. Many methods are
formulated with the pure undistorted host crystal as a
reference for the defect system, and allowing relaxation
of the atoms near the defect makes the calculations ex-
tremely complicated and costly.

In this paper we discuss an approach to the defect-
induced lattice relaxation problem based on free, finite
atomic clusters. By effectively treating only the region of
the solid in the immediate vicinity of the defect, the
finite-cluster approach can be used to investigate defect-
induced relaxation effects directly. Conceptually, our ap-
proach is based on the fact that the local atomic environ-
ment in the interior of a sufficiently large cluster is indis-
tinguishable from that of the bulk, so that cluster esti-
mates of bulk properties extracted from the central re-
gion of a cluster can be expected to converge to the bulk
values in the large cluster limit. It is not known how
large a cluster must be treated in order to ensure full con-
vergence to bulk properties, and we do not set out in this
work to address this question. Instead we apply the clus-
ter formalism in a pragmatic way to determine the feasi-
bility of the approach for estimating bulk properties, par-
ticularly those relating to point defects, using moderately
sized clusters.

The equilibrium atomic positions in the finite cluster
are somewhat shifted from the corresponding equilibrium

positions in the bulk solid due to stresses introduced by
truncating the cluster at a finite size. Allowing the atom-
ic shells in the cluster to relax from the ideal bulk lattice
positions counteracts these truncation effects and pro-
vides a more physically meaningful boundary for the
clusters. Accordingly, we expect that estimates of bulk
properties taken from relaxed clusters converge to the
bulk values faster than those taken from unrelaxed clus-
ters. This point can be made more general. Allowing the
cluster to relax to its full variational ground state gives
the cluster its greatest opportunity to respond to trunca-
tion effects, and we expect that by optimizing the cluster
energies with respect to all structural and electronic de-
grees of freedom, we will obtain the fastest and smoothest
convergence to the bulk values.

The defect-related properties reported here are ob-
tained from a comparison of calculations of pure clusters
and the corresponding "defect" clusters, containing a sin-
gle point defect. We have used this approach to investi-
gate lattice relaxation around the Cu+ substitutional im-
purity in LiC1, and the F center in MgO. These represent
prototypical defect systems, and have been studied in the
past using various methods. '

The paper is organized as follows: in the next section
we provide a brief overview of our computational ap-
proach, and discuss in more detail the use of finite clus-
ters to obtain estimates of bulk properties. In Sec. III we
present our results, for LiC1:Cu+ and for the MgO F
center. We include in this section a comparison with re-
sults obtained in previous studies. In the final section we
summarize, offering our conclusions regarding this work
and suggesting possible future directions.

II. THEORY

Our calculations are based on the Hohenberg-Kohn-
Sham local-density approximation (LDA), which we use
to study the structural and electronic properties of finite
atomic clusters. In the LDA, the ground-state energy (in
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Hartree atomic units) of an N electron system is written
as a function of the nuclear coordinates, R, and a func-
tional of the electronic charge density p:
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and

Here R is the position of and Z the charge of the vth
nucleus. The density is determined from the one-electron
wave functions, the P, s. Schrodinger-like equations for
the g; s are derived from Eq. (1) variationally, yielding
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We solve Eq. (4) using a linear combination of atomic or-
bitals (LCAO) approach with Gaussian-based basis orbit-
als. We have described the details of our procedure else-
where, so here we outline only the key aspects of our ap-
proach. First, the use of a Gaussian-orbital basis set al-
lows an essentially exact representation of the LDA
effective potential V,z. With the wave functions ex-
pressed in terms of Gaussian-type functions, the electron-
ic Coulomb potential can be evaluated analytically (in
terms of the error function) from the charge density. In
practice, we break the density up into short- and long-
range pieces, and evaluate the Coulomb potential sepa-
rately for the two parts. The potential due to the short-
range part can be accurately and efhciently evaluated via
a decomposition of the density into moments, while the
potential for the long-range part of the density is ob-
tained analytically. The remaining parts of V,~, the nu-
clear and exchange-correlation potentials, may be readily
tabulated exactly on a mesh of points. We evaluate the
matrix element integrals required for solving Eq. (4) nu-
merically, using a variationally determined integration
mesh. The accuracy of these integrals may be systemati-
cally controlled, so that the matrix elements for the elec-
tronic structure problem can be evaluated to arbitrary ac-
curacy.

In the LDA, structural properties are determined by
calculating the LDA total energy as a function of nuclear
coordinates, the lowest-energy configuration being the
LDA ground state. For the work described here static
geometry optimizations were performed, i.e., the
minimum-energy structures were found by systematically
varying the nuclear coordinates in a sequence of calcula-
tions. The LDA eigenvalues are used to study the cluster

electronic structure. In the ionically bonded clusters
studied in this work, the cluster eigenvalues fall in bands
corresponding to the bulk crystal band structure. With
increasing cluster size, the bands are populated by in-
creasing numbers of discrete cluster energy levels,
broadening and coalescing into the bulk energy bands in
the large cluster limit. As for a bulk system, the energy
band gap for a cluster is defined as the energy difference
between the highest occupied valence state and the lowest
unoccupied conduction state.

Since, in the limit of large clusters, the atomic and elec-
tronic environment of the cluster interior coincides exact-
ly with that of the bulk system, point defects in large
clusters can be expected to manifest bulklike defect prop-
erties. We identify defect-related properties by compar-
ing the results of parallel calculations carried out on a
pure cluster and the corresponding cluster with a central
point defect. In this work, the clusters are formed by
placing atoms on ideal lattice sites around a central atom,
truncating the cluster at a specified number of shells of
atoms. The atomic shells are then allowed to relax to
minimize the cluster energy and to thereby provide a
physically reasonable boundary for the cluster. As we
shall show in the next section, allowing this relaxation is
a key step in obtaining bulklike properties from the clus-
ter.

III. RESULTS

A. LiCl:Cu+

Cu is known to be an on-site impurity in the LiC1 lat-
tice, substituting for one of the Li+ ions. Because of the

0 0
difference in the ionic radii, 0.78 A versus 0.96 A for Li
and Cu, respectively, one might expect significant out-
ward relaxation of the near-neighbor Cl ions around the
impurity in LiC1:Cu+. However, Harrison and Lin have
noted that the atomic spacing in zinc-blende-structure
CuC1, 2.35 A, is significantly smaller than that in rock-
salt LiC1, 2.57 A. They use a scaling argument to esti-
mate an atomic spacing of 2.52 A for a hypothetical
rock-salt CuCl for comparison with LiC1, and suggest
that relaxation in LiC1:Cu+ should be much smaller than
the difference in ionic radii, and possibly inward.

To study this system, we performed calculations on
27-atom clusters, corresponding to a central atom and
the (100), (110), and (ill) near-neighbor shells in the
bulk-crystal rock-salt structure. The unrelaxed cluster
geometry is shown in Fig. 1. With a cation atom at the
center, the cluster contains 13 cation atoms and 14 anion
atoms. Because of the mismatch in the number of cations
and anions, the electronic structure of the neutral cluster
corresponds to that of a bulk insulator with a hole in the
valence band. The neutral cluster thus does not corre-
spond to a collection of full-closed-shell ions, as is the
case in the bulk solid. Furthermore, since the Cu+ 3d
states fall in the host-crystal band gap, the neutral defect
cluster would have an unoccupied impurity d state, and
would correspond to a Cu + defect system. To provide a
better analogue of the respective bulk systems, we add an
extra electron to both the pure and defect clusters, giving
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FIG. 1. The unrelaxed 27-atom cluster used in this work.
The different atom types are represented by diFerent-sized
spheres; depth is indicated by shading, with the darkest atoms
closest to the reader.

each a net charge of —1.
The question of the cluster charge state can be ap-

proached from a more fundamental point of view, by re-
quiring that the total energy of the cluster be minimized
with respect to the number of electrons in the cluster. As
mentioned in the Introduction, we expect that allowing a
cluster to relax to its full variational ground state allows
the system to respond as much as possible to effects of
truncating the cluster at finite size, and properties ex-
tracted from cluster ground states are expected to con-
verge most smoothly to bulk properties. In accordance
with Janak's theorem, ' the energy of the negatively
charged system, corresponding to a filled valence band, is
lower than that of the cluster with a valence-band (VB)
hole (the VB eigenvalues are negative). We therefore
choose to study negatively charged clusters for the
LiCl:Cu+ problem because they better represent the true
ground states of the pure and defect systems.

To investigate the relaxation of the near-neighbor Cl
ions around the impurity, we studied first the pure clus-
ter, and then the corresponding cluster with Cu substitut-
ed for the central Li atom. We allowed these clusters to
relax using the following procedure. First, while con-
straining the clusters to maintain the perfect rock-salt
structure [atoms at (0,0,0), (a,0,0) (a, a, 0), and (a, a, a),
and all the sites equivalent to these by octahedral symme-
try], we minimized the cluster total energy as a function
of the near-neighbor spacing a. Figure 2(a) is a plot of
the total energy versus a for this breathing-mode relaxa-
tion for the 27-atom LiC1 cluster. The curve in Fig. 2(a)
has a minimum at a =4.57 a.u. , a 6% contraction over
the bulk near-neighbor separation of 4.86 a.u. This con-
traction can be thought of as a response of the atoms in
the cluster to the formation of the cluster surface.

From the energy minimum of the breathing-mode re-

laxation, we allow the first near-neighbor ions to further
relax while holding the remaining ions fixed. Further re-
laxation of the second and third atomic shells does not
significantly change the position of the first shell after
this second relaxation step. The spacing between the cen-
tral atom and first near-neighbor shell obtained at the
minimum of this second relaxation step is taken as the
cluster estimate of the bulk near-neighbor separation.
Figure 2(b) depicts the second relaxation step for the pure
LiC1 cluster. The first near-neighbor shell is seen in Fig.
2(b) to relax outward to 4.91 a.u. , in close agreement with
the experimental bulk near-neighbor spacing of 4.86 a.u.

To investigate the importance of the initial breathing-
mode relaxation, we allowed the first near-neighbor shell
to relax from the unrelaxed cluster starting point, i.e.,
without first performing the breathing relaxation. The
results are depicted by the squares in Fig. 2(b). Without
the pre1iminary breathing relaxation, the first-neighbor
relaxation yields a minimum-energy near-neighbor spac-
ing of 4.97 a.u. , a much worse estimate of the bulk near-
neighbor spacing than that obtained using both relaxa-
tion steps.

To obtain a cluster estimate for the lattice relaxation
around Cu+ we repeat the second relaxation step for the
defect cluster, starting from the energy minimum of the
breathing-mode relaxation. The energy versus near-
neighbor relaxation curve for the LiCl:Cu+ cluster is also
shown in Fig. 2(b). This curve has a minimum at 4.92
a.u. , essentially the same value as for the pure cluster.
The cluster calculations thus predict minimal lattice re-
laxation around the impurity ion. This result is at odds
with a simple comparison of Cu+ and Li+ free ion radii,
but is in qualitative agreement with the argument of Har-
rison and Lin.

The LiCl:Cu+ electronic structure gives some insight
into why the simple comparison of free ion radii may not
yield a good approximation for the defect-induced relaxa-
tion in LiC1:Cu+. While the occupied states in the LiC1
cluster are either anion -derived or cation -derived, as in
bulk LiC1 (e.g. , the Cl 3p valence band), analyzing the
LCAO eigenvectors for the LiC1:Cu+ ground state shows
the impurity gap states to be a linear combination of Cu
3d orbitals and first near-neighbor Cl 3p orbitals. This
mixing of impurity (cation) and host (anion) orbitals
arises due to overlap of the free ion Cu and Cl orbitals
in the fixed basis set, confirming that the simple picture
of a free Cu ion embedded in the LiC1 crystal is only a
qualitative representation of the true ground state. The
host and impurity orbitals mix to form bonding and anti-
bonding combinations of states, all of which are occu-
pied. In addition, there is significant admixture of the Cu
4s orbital into the occupied valence states of A, g symme-
try. (A Mulliken population analysis" of the eigenvec-
tors assigns about 0.2 units of electron charge to the Cu
site due to this mixing. ) In this case, only the bonding
combination of the Cu 4s and Cl 3p states is occupied,
enhancing the bonding between the Cu atom and its near
neighbors, resulting in a shorter near-neighbor distance
than implied by the sum of free ion radii.

It is possible that the details of this host-impurity
bonding would change somewhat as a function of cluster



43 FIRST-PRINCIPLES CALCULATIONS OF DEFECT-INDUCED. . . 2367

I l 1 I I 1 I I I I I I I l ~ I I I I I

—0.77

—0.78

—0.79

—0.80

I I I I I I I I I I I I I I I I I R I 1 I I I I

4.4 4.5 4.B 4.7 4.8 4.9

0~030 ~ t i s i I J 1

0.025

0.020

0.005

O Ooo
'f

r t t i I

4.6
t 1 f 1 t I I I I t 1

5.2

FICx. 2. (a) Total energy vs near-neighbor separation for the pure LiC1 cluster breathing-mode relaxation. The minimum is at 4.57
a.u. Energies are quoted in Hartree atomic units. (b) Total energy vs the first near-neighbor distance for the LiC1 and LiC1:Cu clus-
ters. The diamonds correspond to the independent relaxation of the first-neighbor atomic shell in the pure LiCl cluster from the
breathing-mode minimum of 4.57 a.u. The squares represent first-neighbor relaxation in the LiC1 cluster from the unrelaxed atomic
positions (all near-neighbor distances set equal to the bulk value of 4.86 a.u.). The crosses correspond to first shell relaxation in the
LiC1:Cu cluster from the breathing-mode minimum (all near-neighbor distances equal to 4.57 a.u. ). The energy scales for the three
curves are shifted for presentation. The minima of the three curves are marked by arrows in the figure and fall at 4.91, 4.97, and 4.92
a.u. , respectively. Energies are quoted in Hartree atomic units.
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size, due, for example, to changes in the long-range
Madelung potential at the defect and first-neighbor Cl
sites. We expect the bonding to be dominated by local
effects, however, such as charge transfer between the de-
fect and its near neighbors. Such effects should be well
described in the clusters studied here, and we therefore
expect the cluster estimate of the lattice relaxation given
here to be reliable. It would be interesting to study the
host-impurity bonding as a function of cluster size, but
such a study is outside the scope of the present work.

It is reasonable to consider the effect of treating nega-
tively charged clusters on the relaxation result since the
additional charge may also affect the bonding in the clus-
ters. Because the neutral defect cluster corresponds to a
Cu impurity, as mentioned above, it does not make
sense to repeat the above calculations using neutral clus-
ters. For reference, however, we repeated the pure-
cluster calculations using a neutral cluster, to gauge the
effect of the extra electron on the results. Using the two-
step relaxation process described above, we find a result
of 4.88 a.u. for the near-neighbor distance. This is quite
similar to the 4.91 a.u. result found above for the nega-
tively charged cluster, so that the extra electron has only
a small effect on the pure-cluster binding. It is reasonable
to expect that the extra electron would have a similarly
small effect on the defect cluster as well, and thus should
not greatly inhuence the defect-induced lattice relaxation
result.

minimum-energy configuration for the pure cluster is
found to be a =3.88 a.u. , 6=3.80 a.u. , and c=3.70 a.u. ,
where the first atomic shell is at a(1,0, 0), the second at
b ( 1, 1,0), and the third at c ( 1, 1, 1). The measured atomic
spacing in bulk MgO is 3.98 a.u. , so that the cluster esti-
mate of 3.88 a.u underestimates the bulk value by 2.5%%uo.

Figure 3(a) is a contour plot of the total energy of the

3.77 5.97

B. The MgQ Ecenter

The neutral I' center in MgO consists of two electrons
bound to an oxygen vacancy. Like LiC1, MgO also has
the rock-salt structure, and to study this system we again
used the 27-atom cubic cluster shown in Fig. 1. Because
of our interest in the I' center, we construct the cluster
with an anion atom at the origin, giving a total of 14 Mg
atoms and 13 0 atoms in the pure cluster. Because of the
unpaired Mg atom, the ground-state electronic structure
for the neutral cluster has two extra electrons outside a
filled oxygen 2p valence band. These electrons occupy
surface states which fall in what corresponds to the
pure-crystal band gap. Although the E-center states in
the defect cluster also fall in the host band gap, these
states are well separated from the surface states, lying
about 2.S eV lower in energy than the surface states, and
there is no ambiguity in distinguishing them. In these
clusters, adding or removing electrons causes the cluster
energy to increase, so we choose to study neutral clusters
in this case, in contrast to the LiC1 case just discussed.

To investigate lattice relaxation around the I center,
we followed a procedure similar to that discussed above
for LiCl:Cu+, treating first the pure and then the defect

h 11cluster. Because relaxation of the second-neighbor she
of atoms has been reported to be important in determin-
ing the magnitude of the first-neighbor shell relaxation,
we relax each near-neighbor shell of atoms around the
central atom independently. In this way we can gauge
the effects of relaxation beyond the two-step process de-
scribed above for LiC1, and consistently allow for
second-neighbor relaxation in the E-center cluster. The

3.77
a (a.u.)

3.97

FIG. 3. Contour plots of the energy surface in the region oof
the minimum-energy configurations for the pure MgO (a) and
F-center clusters (b). The energy is plotted vs a and b, the skell
parameters for the first and second atomic shells [atoms at
a(1,0, 0) and (1b, 1, )].0The third shell parameter is fixed at its
value at tke energy minimum for the MgO cluster, 3.70 a.u.
The contours were generated from quadratic fits of the calculat-
ed total-energy data.
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TABLE I. The atomic shell parameters for the minimum-

energy MgO clusters. The atoms are on the atomic shells given

by a(1,0,0), b(1, 1,0), and c(1,1, 1). The central cluster site
defines the origin, (0,0,0) ~ For the F center cluster, the third-
neighbor shell is held fixed at 3.70 a.u. The shell parameters a,
b, and c are given in a.u.

Cluster
MgO

Bulk LDA Expt.

TABLE II. Cluster estimates of bulk properties versus the
corresponding values taken from experiment and bulk LDA cal-
culations. The procedures for obtaining the cluster estimates
are described in the text.

Pure cluster

3.88
3.80
3.70

F-center cluster

3.83
3.83
3.70

Band gap (eV)
Atomic spacing (a.u. )

Bulk modulus (Mbar)
F-center level (eV)

4.80
3.88
1.86
3.51

4.65'
3 94
1.72'
2.55'

7.80
3.98
1.56

pure MgO cluster versus a and b. To generate the plot,
the third shell parameter was held fixed at its minimum-
energy value, 3.70 a.u. The contours were generated
from a quadratic fit to 27 calculated total-energy points
near the minimum. The asymmetry of the contours in
Fig. 3 indicates the greater energy cost of moving the
(110) shell of atoms compared to the (100) shell, due to
the greater number of atoms in the (110) shell (12 versus
6).

Band gap (eV)
Atomic spacing (a.u. )

Bulk modulus (Mbar)
F-center level (eV)

'Reference 13.
Reference 12.

'Reference 14.

Cluster

5.4
4.91
0.36

LiC1

Bulk LDA

5.8'

Expt.

9.2
4.86
0.30

For the F-center cluster, we fixed the position of the
outermost shell at c =3.70 and relaxed the inner two
shells around the central 0 vacancy. Figure 3(b) is the
analogous contour plot for the energy in the F-center
cluster, based on 11 total-energy calculations to deter-
mine the energy as a function of the two parameters a
and b. The minimum-energy coordinates for the F-center
cluster were found to be a =3.83 and b =3.83 a.u. In
comparison with the pure cluster, the first near-neighbor
shell relaxed inward around the F center by 1.3%, while
the second-neighbor shell relaxes outward by about
0.7%. From the symmetry of the contours in Fig. 3(b), it
can be seen that the inward relaxation of the first neigh-
bors stiffens that relaxation mode relative to the second-
neighbor relaxation, compared to the pure cluster. The
minimum-energy coordinates for the pure and F-center
clusters are summarized in Table I.

C. Cluster estimates of pure-crystal properties

It is interesting to compare the estimates of MgO and
Licl properties determined from the pure-cluster calcula-
tions with the corresponding bulk values, as it gives an
indication of the degree to which the cluster based results
reproduce bulk properties and serves as a check on the
defect relaxation results. In Table II we present a com-
parison of cluster and bulk properties for MgO, including
both measured and calculated LDA values for the bulk
systems. ' ' The cluster value for the MgO band gap is
taken from the minimum-energy cluster as the energy
difference between the highest occupied valence state,
and the lowest unoccupied conductionlike state. As dis-
cussed earlier', the Mgi40I3 cluster has a set of surface
states in the band gap, but these are readily identified and
are not considered in determining the gap. The position
of the F-center level is taken from the minimum-energy
defect cluster, and is defined as the energy difference be-
tween the highest valence state and the F-center state.
The cluster near-neighbor distance, taken from the
minimum-energy pure cluster, is defined as the distance

between the central 0 atom and the first Mg shell.
The cluster estimate of the bulk modulus is taken from

the breathing-mode relaxation of the cluster with all
near-neighbor spacings constrained to be the same, and
evaluated at the breathing-mode minimum of 3.78 a.u.
The equation used for calculating the cluster bulk
modulus was derived by relating the crystal volume to
that of an anion-cation pair, expressed in terms of the
near-neighbor separation. Explicitly,

8 = —(1/18Na)d E/da

where N is the number of anion-cation pairs in the cluster
(13.5), and a is the near-neighbor separation at the
breathing-mode minimum. The curvature of the E versus
a curve is taken from a polynomial fit of the calculated
data.

The overall agreement of the cluster-derived properties
with the corresponding bulk band structure results is
very good. The band gap and lattice parameter are
within a few percent of the bulk values, and the bulk
modulus is within about 10%%uo. Note that the calculated
values for the band gap reAect the well-known LDA un-
derestimation of insulator and semiconductor gaps. The
cluster value for the occupied F-center energy level is
somewhat underestimated, i.e., the F-center states in the
cluster are too close to the top of the valence band. This
is perhaps due to the inhuence of the surface states in the
gap. To first order, an interaction between these states
would lower the energy of the gap states and raise that of
the surface states. The cluster result for the near-
neighbor distance slightly underestimates the bulk values,
indicating overbinding in the cluster as compared to the
bulk. This result is consistent with the overestimation of
the bulk modulus in the cluster calculations.

A similar comparison of the cluster-derived properties
of LiC1 with the bulk values is given in Table II. Again it
is seen that the cluster estimates are generally in good
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agreement with the corresponding bulk values. The de-
tails of the comparison are noteworthy, however, as they
indicate the difference in using charged versus neutral
clusters for the cluster studies. Note, for example, that
the cluster band gap is smaller than the bulk LDA band
gap for LiC1, whereas it was overestimated in the MgO
cluster. Physically, one expects the band gap to be
overestimated in cluster calculations, converging to the
correct value with increasing cluster size as the valence
and conduction bands are broadened with the addition of
more states to the bands. However, in the negatively
charged LiC1 cluster, the presence of the extra valence-
band electron raises the energy of the valence-band states
relative to the conduction-band states, decreasing the
gap. To show this, we calculated the value of the gap for
a neutral cluster at the breathing-mode minimum finding
5.8 eV; the corresponding value of the gap for the nega-
tively charged cluster for the same nuclear configuration
is 5.2 eV. The bulk LDA band gap is 5.4 eV.

The extra negative charge of the LiC1 cluster may also
affect the cluster bonding somewhat, affecting the cluster
near-neighbor distance estimate. As mentioned in an ear-
lier section, we investigated this directly by repeating the
pure-cluster calculations for LiC1 using a neutral 27-atom
cluster. Using the two-step relaxation scheme described
in Sec. IIIA, we found a near-neighbor spacing of 4.88
a.u. for the neutral cluster, which is very close to the
value of 4.91 a.u. found for the negatively charged clus-
ter. We note that the extra electron in the negatively
charged cluster goes into a molecular-orbital state made
up exclusively of orbitals on the (111) shell of Cl atoms,
i.e., on the outermost shell of atoms in the cluster. The
extra electronic charge is thus spread out over the cluster
exterior, reducing its effect on the bonding in the cluster
interior.

D. Comparison with other calculations

While there are no direct experimental measurements
of defect-induced lattice relaxation in the two systems
studied here, other theoretical results have appeared in
the literature. Meng and Kunz' have studied LiC1:Cu+
using a Hartree-Fock-based embedded-cluster approach,
and report a calculated 5.1% outward relaxation of the
near-neighbor ions. In this approach, the central ion and
the six near-neighbor ions are treated directly using the
unrestricted Hartree-Pock theory. The small central
cluster is then embedded self-consistently in a larger clus-
ter of ions represented by empirical shell-model poten-
tials. Moine et al. , used a less sophisticated embedded-
cluster procedure based on the multiple scattering X
formalism to calculate a. 15.9% outward relaxation of the
near-neighbor ions in LiCl:Cu+. This calculation also
treats only the central atom and the six near neighbors
directly. An array of point ions outside the central clus-
ter is used to model the coupling of the cluster to the host
crystal.

A reasonable upper limit to the amount of defect-
induced lattice relaxation expected in LiC1:Cu+ is the
difference in the Cu and Li free ion radii (0.96 versus
0.78=0.18 A). The result of Moine et al. , a relaxation of

0
0.41 A, exceeds this upper bound by a factor of 2, possi-
bly as a result of the embedding procedure used. On the
other hand, Meng and Kunz's estimate (0.13 A) is com-
patible with the limit set by the simple comparison of ra-
dii. Some care must be taken in comparing our result of
essentially no relaxation with that of Meng and Kunz.
While their result is apparently much larger than ours,
we note that it is obtained by comparing the relaxed
near-neighbor distance in the defect cluster with the ex-
perimental host lattice spacing, rather than the near-
neighbor distance obtained using the same formalism on
the pure cluster. The difFerence may be significant in
comparing the results. For example, Vail et al. ' studied
pure clusters to check the consistency of the embedded-
cluster model, and found the pure-cluster near-neighbor
distance (with the cation at the origin) to underestimate
the experimental separation by 3% for NaF. The corre-
sponding pure-cluster near-neighbor separation for LiCl
was not given, but if we take the NaF result to establish a
typical margin of error for predictions of alkali-halide lat-
tice parameters by the embedded-cluster procedure, then
the relaxation result obtained in Ref. 2 for LiC1:Cu+ may
be consistent with our result of no relaxation when refer-
enced to the calculated pure-cluster spacing.

We know of no other calculated results for relaxation
in LiC1:Cu+.

For the MgO F center, an inward relaxation of the Mg
ions around the F center of 0.9% was found by Wang and
Holzwarth in a LDA-based calculation using a mixed-
basis pseudopotential formulation and a large, 16-atom
supercell. Pandey and Vail, using the Hartree-Fock-
based embedded-cluster methodology described above,
find an inward relaxation of 1.5% and 2% for the first
and second neighbors, respectively. Both results for the
first shell relaxation are in good agreement with our
cluster-derived result, however, we predict a slight out-
ward relaxation of the second shell, contrary to the result
of Pandey and Vail.

IV. SUMMARY

We have reported here the results of a series of first-
principles, finite-cluster calculations investigating defect-
induced lattice relaxation in the ionic systems LiC1:Cu+
and the MgO F center. The finite-cluster approach is
based on studying the properties of clusters in their fully
relaxed ground states. While only moderately sized clus-
ters are used, estimates of bulk pure-crystal properties
taken from these 27-atom clusters are in good agreement
with the corresponding bulk calculations and experiment,
suggesting that reasonable results for defect-induced lat-
tice relaxation may also be obtained using these clusters.
By comparing the corresponding pure and defect clus-
ters, our calculations yield predictions of essentially zero
relaxation around the Cu ion in LiCl:Cu+, and a 1.3%
inward relaxation of the Mg ions around the F center in
MgO. The result for LiC1:Cu+ is somewhat smaller than
results obtained in previous studies using embedded-
cluster methods, ' but is consistent with arguments given
by Harrison and Lin based on a comparison of bond
lengths in CuC1 and LiCI. The result for the MgO F
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center is in very good agreement with recent first-
principles supercell calculations, and with embedded-
cluster results.

We have not addressed the question of cluster size con-
vergence directly in this work. While treating a 3 X3 X3
atom cluster using our approach can readily be done on a
modern supercomputer, the analogous 5X5X5 cluster,
for example, is too large to be currently practical. It
would be interesting to systematically treat larger clusters
to directly explore size-convergence issues, and to study,
for example, the interplay between local and long-range
forces in establishing cluster bonding. The calculations
discussed here, however, suggest the feasibility of investi-
gating the properties of ionic solids using the free, finite-
cluster approach with clusters of moderate size. As not-
ed above, the results obtained from the study of 27-atom
clusters are in reasonable agreement with experiment for
pure bulk-crystal properties, and in very good agreement
with previous calculations for the relaxation around the
MgO F center. The general approach described here has
no symmetry restrictions, no restrictions to atom type,
and is exact in the large cluster size limit. The same con-
ceptual approach can be used, in principle, to treat local-
ized, low symmetry defects of any kind.

We have not investigated charged defects in this work.
(The centers treated here have the same net charge as the
ions they replace in the lattice. ) Because of the long-
range Coulomb forces associated with charged defects,
the region of the crystal affected by the defect would ex-
tend beyond the first few near-neighbor lattice shells, so
that larger clusters would be required to describe these
defects. It would be interesting, however, to determine
how large a cluster would be required to treat charged

defects. It is possible that a reasonable description could
be given using clusters that are computationally viable.
Note that computer time requirements scale favorably
with cluster size for our local orbital based codes. The
cost of a calculation scales as X, where N is the number
of symmetry-independent atoms in the cluster.

We have recently altered our computer codes to in-
clude the calculation of basis set corrected atomic
forces. ' We did not use the forces directly in optimizing
the geometries of the clusters considered in this work, al-
though force information was used as a check in identify-
ing energy minima. The use of forces will substantially
speed geometry optimizations. A single SCF calculation
on an ¹ tom system yields 3%+1 pieces of structural
information when atomic forces are calculated in addi-
tion to the total energy. This compares with the single
piece of structural information provided by the total en-
ergy alone. By using forces we can treat much larger
clusters than currently possible, making possible calcula-
tions on lower symmetry defects such as those on sur-
faces, or off-center relaxation of substitutional defects.
We plan to describe applications in forthcoming publica-
tions.
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