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In this paper we formulate a model potential approach to take into account the crystalline
environment within the Hartree—Fock-Roothaan formalism. The formulation is based on the
assumption that the theory of separability of many-electron systems may be applicable to the
group of electrons within a reference cluster and the groups of electrons on a set of external
lattice sites which, in turn, can be represented according to the ab initio model potential
method. The characteristics of the model potentials permit to analyze the contributions to the
cluster energies and wave functions of different environmental effects, such as point-charge and
charge-density Coulomb interactions and quantum interactions (exchange and orthogonality).
The formalism is applied to the SCF calculation on the ground state of the octahedaral CuCl; ~
cluster (all-electron calculation) embedded in a NaCl lattice which is represented by 118
model-potential ions and 604 point-charge ions. The calculation reveals that (i) the quantum

interactions between the CuCl; ~ cluster and the rest of the lattice play an important role in
determining the Cu—Cl distance and (ii) a considerable local distortion around the Cu™
impurity is predicted in which the C1~ ions move towards the Cu™ impurity about 0.1 A.
These results are in qualitative agreement with recent EXAFS studies; however, the predicted
distortion is smaller than the one suggested by the EXAFS measurements.

I. INTRODUCTION

It is well established from decades of chemical/physical
experience that certain properties of (large) many-electron
systems depend essentially on ‘“‘relevant” portions of them.
Examples of this can be found in molecules and solids: Many
chemical properties of molecules are determined by the
structure of valence electrons. Similarly, some properties of
solids are believed to depend mainly on the electronic struc-
ture of small portions consisting of relatively few atoms or
ions. The widespread use of terms like *“core’ and ‘‘valence”
for molecules and “‘cluster,” “neighbors,” and “environ-
ment” for solids, as well as the amount of information as-
cribed to them, indicate the acceptance and vigor of the ideas
mentioned above.

The old concepts attached to this experience, i.e., the
separability of a many electron system into subsystems and
localization, have considerably influenced the development
of quantum mechanical methods suitable to study many
electron systems such as large molecules and solids.'™

An early precursor to more elaborate and exact methods
oriented to the study of local properties of solids is the cluster
approximation as applied to solid KNiF; by Sugano and
Shulman®: Quantum mechanical methods usually developed
for molecules are applied to the cluster while its environment
is either neglected or classically treated as a set of point
charges that create an electrostatic potential in which the
cluster is immersed. Along the line of classical treatment of
the environment, the external lattice potential is often evalu-
ated through the Ewald method.® It is then included in the
cluster Hamiltonian through an analytical representation’
or through a discrete number of suitably located point
charges that create equivalent electrostatic effects on the
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cluster.® Alternatively, the infinite sum is truncated and a set
of (fractional) point charges occupying experimentally de-
termined ionic sites is included in the cluster calculation.”'®
At this level of approximation, the parametrization of the
ionic charges and/or of some interionic distances of the ex-
ternal lattice has proven to be necessary in some cases and
has been interpreted as due to covalent effects. "'

Kunz and Klein'? have analyzed the use of the unre-
stricted Hartree—Fock (UHF) model for solid state cluster
simulations. They avoid the solution of the UHF equations
for the entire solid by considering some approximate forms
of the local-orbital formalism of Adams and Gilbert.'” In
this way they have justified the model of a cluster embedded
in a Madelung potential field for ionic and covalent crys-
tals."?

More accurate representations of the crystalline envi-
ronment are possible. On this line, the trend observed in ab
initio cluster calculations points towards the use of higher
quality (and more expensive) cluster wave functions.'®"?
This trend justifies the attempts to improve the lattice poten-
tials so that (1) the number of constituents of the selected
cluster can be kept to a minimum, and (2) a high quality,
balanced representation of the cluster itself and of the clus-
ter—lattice interaction is used. Either pseudo- or model po-
tentials have been used for this purpose. Bonifacic-Huzin-
aga-type local model potentials'* have been used by Katsuki
and Taketa'® in Hartree-Fock-Slater calculations in an at-
tempt to annul the fictitious-surface effects which are
brought into a finite-size-cluster model. Also, complete-ca-
tion pseudopotentials have been used in restricted Hartree—
Fock calculations on ionic crystals by Winter, Pitzer, and
Temple,'®!” and in unrestricted Hartree-Fock calculations
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by Vail and Pandey.'® A problem remains on these calcula-
tions associated to the difficulty in obtaining complete-ion
potentials, which has been partially overcome either using a
local X, approximation for the complete-ion exchange oper-
ator,'” or using only complete-cation potentials and repre-
senting the complete anions by point charges.'®'*

In this work, we formulate and apply the ab initio model
potential approach to the crystalline environment effects
within the Hartree-Fock formalism. The formulation,
which is an extension of the @b initio model potential ap-
proach to the molecular core electron effects,'® is based on
the assumption that the theory of separability of many-elec-
tron systems formulated by Huzinaga et a/.* may be applic-
able to the group of electrons within a reference cluster and
the groups of electrons on a set of external lattice sites. If the
many electron wave functions on the external lattice sites
can be considered frozen, the theory* offers a means to calcu-
late the total energy of the cluster taking into account all the
interactions with the frozen environment. A final approxi-
mation is then introduced in order to make the calculations
feasible: The ab initio model potential formalism presented
in Ref. 19 is used to represent the effects of the frozen envi-
ronment. This method has proven to be very close to its
frozen orbital limit and to all-electron calculations,'” and
has the advantage over previous model potential formula-
tions of leading to an accurate representation of the nonlocal
exchange and orthogonality interactions. Within this for-
malism, the complete-ion potentials are obtained in a simple
way, either for cations or anions. In addition, the method
provides the means to carry out an analysis of all the cluster—
lattice interactions contributing to the cluster electronic en-
ergy and wave function, namely, (i) point-charge electro-
static interactions, (ii) charge density electrostatic interac-
tions, (ili) quantum exchange interactions, and (iv)
quantum orthogonality interactions, thus allowing a more
detailed and meaningful interpretation of the environmental
effects. The details of the method are presented in Sec. II of
this paper.

In Sec. IIT we present the results of a theoretical study of
the local distortion around the Cu™ impurity in NaCl:Cu*
Although there exists some experimental evidence that the
Cu™ impurity ions occupy on site positions in the NaCl crys-
tal substituting Na™ ions,® the nature of the local geometry
around the Cu™ ions is not clear. Recent EXAFS studies?'
suggest the existence of a large lattice distortion around
Cu™, in which some of the Cl™ ions are closer to the Cu*
than to the lattice Na™ ions. These results contrast with
those of previous X, theoretical calculations?? and recent ab
initio RHF calculations'’ including complete-ion pseudopo-
tentials for the lattice Na™ ions and an accurate representa-
tion of the point-charge lattice Coulomb potential, which
predict none or very small distortion. Here, we perform all-
electron ab initio RHF calculations on octahedral CuCl:
taking into account the NaCl lattice effects through the ab
initio model potential approach: including up to 118 Na*
and Cl” complete-ion model potentials, and 604 point-
charge ions. A shortening of the Cu-Cl distance by 0.1 A
with respect to that of NaCl bulk is obtained, which is shown
to be due to cluster-lattice quantum interactions {exchange
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and orthogonality ). The reliability of the results is tested by
using a (linear NaCl):Cu™ model in which the closest lattice
ions can be treated at the all-electron level. The values ob-
tained for the Cu~Cl equilibrium distance (2.681 A) and the
totally symmetric vibrational frequency (213 cm™') are ex-
pected to be closer than 0.05 A and 36 cm ', respectively, to
an all-electron ab initio RHF calculation including the near-
est neighbors to CuCL} ™ in the cluster wave function.

il. METHOD

The formulation necessary to calculate the total energy
of a cluster taking into account its interactions with the fro-
zen crystalline environment within the lattice model poten-
tial approximation readily follows from that presented by
Bonifacic and Huzinaga'* for molecular systems having sep-
arable core and valence groups of electrons. We present here
a summary in order to clarify the meaning of the terms and
to facilitate the interpretation of the results.

We start by adopting the following approximate wave
function to describe the crystalline system:

\Pcrys:MA [ dusq) q)f q).\-]ﬁ (1)

where, for simplicity, ¥, is a closed-shell wave function
representing the chosen N, -electron cluster,

D, = (I/NDdet[ 5™ (Da ()¢5 (2)
XB2) U, (N, — Da(N, — 1)
XY (NIB(N.) |- (2)

(In general, ¥, could be either an open-shell SCF wave
function or any multiconfigurational representation.)

b, P, ... P, are closed-shell atomic wave functions
representing the ions e, f,..., s located on lattice sites outside
the cluster

. = (1/N,)det[ ¢ (Da(1)6; ()B2) b5
X(Ne_l)a(Ne_])lp;/(/z(jvc)ﬁ(Nc)] (3)

and M and 4, are a normalization factor and the intergroup
antisymmetrizer, respectively.
If the following orthornormal conditions are fulfilled:

(1)) = 8,6, (L™ =6, (4)
(¥"*|g5) =0,
the total energy of the system may be written as
E = <(I)u1u5 | clus + chv Iq)glus
env N. clus clus env
+z<q) I_Zzz/rcth) )+zzzz/rce
+ZE+2E (5)
e>f
where H . is the usual in vacuo nonrelativistic Hamiltonian

clus

and

Ne env Ne/2
(6)

In Eq. (5), the first term collects the intracluster energy
and the interaction energy between the environment and the
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cluster electrons. The second and third terms represent the
interaction energy between the cluster nuclei and the envi-
ronment electrons and nuclei, respectively. Finally, the two
last terms represent the environment energy and are con-
stant contributions if the geometry and electronic densities
of the environment are frozen.

The optimum P, corresponding to the minimization
of the total energy in Eq. (5) with respect only to the set
{¥?*} (note that the sets {#:} are frozen) subject to the
orthonormal conditions in Eq. (4), can be obtained approxi-

mately by using the following effective Hamiltonian*'*3;
Hclus Hclus + chv’
C eny N/2 L‘ env
H:Sv—Henv Zz 226k1¢k><¢ki—zzhe(l)

(8)

[the environment atomic orbitals (¢, ) and atomic orbital
energies (€, ) are used to construct the environment projec-
tor operator] and minimizing (® | H T D).

In order to make computations feasible, it is convenient
to use the model potential approximation to represent the
two-electron interactions arising from the lattice Coulomb
and exchange operators J, and K. This leads to the lattice
model potential Hamiltonian.

Neenv

Llu% +Zzh MP(l)’
[ - (ZL' —Ne)/rer' + ng,](l)]
+ Ve +PWD]=EH +Q), (9)

—_ MP _
Hclus - clus + Henv -

R =

where
N2
—_ Ne/rgi + z ZJk(l) = V<e:oul (1)’
kee
N2

— S K (D =V (),

kee

(10)

N2

- z 26ki¢k>(¢kl = P°(i}).

kee

In Eq. (9) we have separated the electrostatic potential E(i)
from the quantum potential Q(¢) consisting of exchange and
projection operators. This partition facilitates the analysis of
the effects of the various cluster—environment interactions.

According to Ref. 19, the electrostatic potential that
collects the deviation from a point-charge approach V¢, (i)
may be accurately represented by

oul(l)*zAj el exp(_aj’il)/rel (11)
and the nondlagonal spectral representation of an operator is
used for the nonlocal exchange

]

Ve (i) = Z Z Z |alm) A ¢(a,b) < blm|,

I m= ~1ab

(12)

where |alm) and |blm) are products of radial Gaussian pri-
mitives and spherical harmonics, / goes up to the highest
angular quantum number in the set of occupied atomic orbi-
tals on e, and @, b run over the primitives used to expand the
atomic orbitals of a given / on e. The coefficients 4 ¢(/;,a,b)
are the elements of the matrix

A= —S'KS

where
N2
S; =il and K; = (i| Y Ki|j),
kee
1§}, | j} being functions of the set {|a/m)}.

In order to apply the method to a particular system, one
has to decide upon which set of ions forms the cluster and
which set of external ions is included in the sum Z{ , in Eq.
(9). The first decision should be guided by the separability
properties assumed in Eq. (1). The second decision should
fulfill the requirement of convergence of the effects pro-
duced by the inclusion of more external shells of ions on the
calculated properties. These aspects are analyzed in the next
section.

We would like to stress that though we have assumed in
the formulation that all the electrons in the cluster are treat-
ed explicitly, the use of a core model potential cluster Hamil-
tonian is compatible with the formalism if the core model
potential Hamiltonian for the cluster is used instead of H
and the wave function @, is consequently factorized.

11l. CALCULATIONS ON THE GROUND STATE OF
NaCl:CuCIg-

As mentioned before, there is some experimental evi-
dence that the Cu™ ions occupy on site positions in the NaCl
lattice substituting Na* ions.?® However, the nature of the
local geometry around the Cu™ ions is not clear and recent
EXAFS studies?' suggest the existence of a large lattice dis-
tortion around Cu™ in which some of the Cl~ ions are closer
to the Cu™ than to the lattice Na™

The simplest model to calculate the impurity-ligand
equilibrium distance is the isolated CuCl; ~ cluster. The val-
ues of the ground state ('4,,) total energy of the octahedral
cluster obtained in all-electron SCF calculations at different
Cu~Clinternuclear separations are presented in Table I. The
results show a dissociative nuclear potential. This feature is
not expected to be corrected by including correlation effects.
On the other hand, the basis set used (not only for these
calculations but for all those presented in this paper) is
(53321/5211*/41) on Cu and (5321/521/1*) on CI** and
this type of basis set has proven to give equilibrium geometry

TABLE L. Results of SCF calculations on the O, ground state of CuCI: -
in vacuo.

Total energy (hartree)

r(Cu*—Cl17) (bohr) + 4394
55 — 0.094 60
5.6 —0.11029
5.7 —0.124 96
5.8 —0.13873
5.9 - 0.15170
6.0 —0.163 96
6.1 - 0.175 57
6.2 —0.186 61
6.3 —0.197 12
6.4 —0.207 17
6.5 —0.21678
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TABLEIL SCF total energy of CuCl; - :NaCl using the pointcharge approximation to represent the crystalline

environment.

Total energy + 4397 in hartree units

No. shells: 1 2 4
External ions: 118 336 722 1324
r(Cu-Cl) (bohr)
5.4 - 0.801 583 ~0.837 450 —0.836418 —0.836 628
5.8 — 0.797 827 —0.845 226 -~ 0.844 027 —0.844 241
Diff. 0.003 756 —0.007 776 — 0.007 609 - 0.007 613

values very close to those calculated using extended basis
sets for transition metal halides.”> Therefore, the interac-
tions of the CuCl; ~ with its crystalline environment must be
taken into account in order to obtain a meaningful descrip-
tion of the impurity-ligand bonding.

In addition to the application of the formalism de-
scribed in Sec. II to the calculation of the Cu—Cl distance in
NaCl:Cu™, we performed some preliminary calculations
corresponding to more approximate representations of the
environment in order to assess their reliability as well as to
make more evident the role of the different interactions col-
lected in the environment one-electron Hamiltonian H Mt of
Eq. (9). The calculations performed are described next.
Their results are discussed together later.

The crystal structure used to locate the external C1~ and
Na™ ions has been taken from Ref. 26. The Cu* ion, which
substitutes a Na™ ion, is located at the origin (0,0,0) and the
unit cubic cell (a, = 5.640 56 A*®) is arbitrarily centered on
it. All ions within this reference unit cell are always included
in the calculations: CuCl; ~ as the all-electron cluster and
the remainder (12 Na™ and 8 Cl™) as part of the environ-
ment. Now, we define the first shell as the set of ions located
outside the reference unit cell and within the concentric cu-
bic volume with edge length 2 a,. Analogously, we define the
nth shell as the set of ions included between the concentric
cubic volumes whose edge lengths are n a, and (n + 1) a,.

A. Point-charge approximation

Within a point-charge model of the crystalline environ-
ment, the expression for MY of Eq. (9) reduces to

NC env
HY =N S[—(Z, =N, /r,] (13)
and the second and third terms in Eq. (5) reduce to

env clus

Z Z(Ze - Ne)Zc/rce

which has to be added to the SCF energy and which varies
with the geometry of the cluster.

The electrostatic potential created by the external point
charges is usually evaluated through the Ewald method and
an analytical representation of it inside the cluster volume is
used instead of Eq. (13).”'7 We have avoided this approxi-
mation to the proper point-charge potential. Instead, we ar-
ranged the infinite sum X" by shells and studied the conver-
gence of the total energy of CuCl}~ with the number of
shells added. We used fractional charges on the ions located

on the faces, edges, and corners of the cubic volume consid-
ered, according to Evjen’s method,?” so tht the shells are
neutral.

The values of the total energy at r(Cu—Cl) = 5.4 bohr
and r(Cu-Cl) = 5.8 bohr including 1, 2, 3, and 4 shells are
collected in Table II. (hartree and bohr units are used to
express energies and distances, respectively.) The calcula-
tions including three shells already show good convergence
of the total energy. The addition of the fourth shell changes
the value of the total energy by 2 X 10™* hartree and, more
importantly, its variation with 7(Cu~Cl) by 4x 10~ ° har-
tree. The calculations of the total energy including three
shells of point charge ions will be referred to as (300) calcu-
lations (the three numbers in parentheses indicate the num-
ber of shells on which the point-charge, charge density, and
quantum effects are included, respectively, in H ¥ ).

B. Charge density approximation

Within this approximation the effect of the environment
is still purely electrostatic. The deviation from the point-
charge description is accurately represented by a nine-term
expansion for Na™ and a ten-term expansion for C1~ [cf.
Eq. (11)] (see Table III).

The expression for HM" reduces now to the operator
E(i) in Eqg. (9). Numerical analysis of the second term of
Eq. (5) (attractive energy between the nuclei of the cluster
and the external frozen atomic electron densities) revealed
that it must be evaluated as the shown expectation value

TABLE III. Parameters of the electrostatic potential that collects the devi-
ation from a point charge approach of Na™ and C1~ [Eq. (11)]. The linear
coefficients fulfill the condition 2, 47 =N,.

Na™ Cl
—4; a; — 4, a,

0.091 015 176 082.74 0.165 308 179 975.24

0.178 253 14 019.316 0.325 635 14 445.363

0.404 974 2026.7107 0.755 751 2081.4123

0.871 950 384.903 58 1.538 547 399.124 54

1.416 560 90.374 026 1.903 340 89.203 700

1.487 066 20.460 150 3.735031 20.099 260

2.850 708 56195830 2.959 284 7.260 268 9

2.068 050 2.2593032 2.330 821 1.4780415

0.631 425 10733785 3.310 111 0.590 3339
0.976 173 0.204 276 8

All the exponents n; [Eq. (11)] are set to 0
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TABLE IV. SCF results for the ground state of CuCl; ~ :NaCl.

Total energy of CuCLl~ + 4397 in hartree units E,;/hartree
r(Cu—Cl) (bohr) (300) (310) (311) (30P) (31P) 311
4.8 —0.41930 —0.163 33 —0.214 55 0.576 89
5.0 — 043192 —0.154 69 — 021027 0.62024
5.2 —0.429 55 —0.128 33 - 0.188 98 0.669 40
5.4 — 0.836 42 —0.929 65 — 041316 - 0.084 56 —0.15115 0.726 34
5.6 —0.84313 —0.947 77 —0.38190 0.793 03
5.8 —0.844 03 —0.964 04 —0.33327 0.87145
6.0 —0.840 32 - 0.981 82 —0.263 14 0.172 00 0.081 90 0.963 10
R, (bohr) 5.733 >6.0 5.067
R.(A) 3.034 2.681
v, (em™!) 125 213

*The terms independent of the cluster geometry [Eq. (5) ] are not included.

when e runs over the Cl~ neighbors nearest to the CuCl; ~
cluster, otherwise the corresponding point-charge approxi-
mation is accurate.

In order to determine the convergence of the effects of
the deviation from the point-charge approach, we calculated
the total energy of CuCl; ™ including the point-charge elec-
trostatic potential up to the third shell plus the deviations
from the point-charge approach (i) on the first shell and (ii)
up to the second shell. The difference between the two total
energy values turned out to be 2X 107> hartree at
r(Cu—Cl) = 5.8 bohr. Therefore the correcting potential
was used only on the first shell to calculate the CuClL} ™ nu-
clear potential. This type of calculation will be called (310).

C. Model potential approximation

Now, the representation of the crystalline environment
includes also the quantum effects derived from the cluster-
environment exchange and orthogonality interactions. The
whole environmental one-electron Hamiltonian H MF of Eq.
(9) is used to describe the interaction with all ions included
up to first shell. The only long-range interaction among
those included in H " is the point-charge electrostatic po-
tential; therefore, a point-charge representation of the sec-
ond and third is added to ensure its convergence. These cal-
culations will be called (311).

The basis sets, atomic orbitals, and orbital energies nec-
essary to obtain the exchange operators [Eq. (12)] and the
lattice projectors [Eq. (10)] were taken from the atomic
calculations on Na* 'S (43/4) and Cl— 'S (433/43) of
Ref. 24.

D. Results

The results of (300), (310), and (311) calculations de-
scribed above are shown in Table IV and Fig. 1. The point-
charge approximation (300) gives a considerably long
Cu—Cl equilibrium distance R, = 3.043 A and alow value of
the totally symmetric vibrational frequency v, = 125cm™ ",
The results of our (310) calculations show the effects of the
deviation from the point-charge model of the electrostatic
potential. The dissociative situation observed in the in vacuo

results arises again. Finally, the consequences of the quan-

tum effects due to the cluster-environment exchange and
orthogonality interactions, as shown by the (311) calcula-
tions, are very important for this system. The final results
show a bonding nuclear potential with R, = 2.681 A and v,
=213cm™ L

It is interesting to compare the calculated Cu—Cl dis-
tance with that between Na and Cl in the bulk NaCl:

) Cu-CI(311)  Na-Cl (bulk)  Cu-Cl (300)
distance (A) 2.681 2.8203 3.034.

The local distortion due to inclusion of the impurity
Cu™ ion is described as an elongation of the Cu—Cl distance
of 0.21 A with respect to that of the Na—Cl in the bulk by the
point-charge calculation (300), whereas a shortening of 0.14
A is obtained when the electrostatic and quantum effects are

E + 4397/h 311)

-0.30

-0.40 F

-0.80- (300)

-080} Na'-CI” bulk distance—
(310

1 £ 1 I I I

i
48 5.0 5.2 5.4 56 58 6.0
r(Cu-Cly/b

FIG. 1. Results of SCF calculations on the O, ground state of CuCl; ~:
NaCl.
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taken into account in the calculation (311). This means that
predictions of local geometry distortions resulting from the
presence of impurities in a crystal may be qualitatively
wrong if the cluster—lattice quantum effects are disregarded
and only electrostatic effects are included in the lattice mod-
els.

The kind of distortion obtained (Cl~ moving towards
Cu™) is in qualitative agreement with the extended x-ray
absorption fine structure (EXAFS) experiments.”' How-
ever, the experiments suggest the existence of a larger distor-
tion, including lowering of the local symmetry around Cu™,
which we have not explored. On the other hand, the calculat-
ed value of ¥, =213 cm ™' compares fairly well with the
unpublished experimental value 161.3 cm ™~ ' quoted in Ref.
22; such a discrepancy is typical for results from all-electron
ab initio RHF calculations on transition metal halides.?” Re-
cent RHF calculations on NaCl:CuCl; ~ by Winter ez al.,"”
including lattice Na™ effects through the use of complete-
cation pseudopotentials and lattice Cl™ anions as point
charges, as well as a careful fitting of the lattice electrostatic
potential inside the CuClI{ ~ cluster, lead to R, = 2.819 A,
suggesting the existence of little or no distortion around the
Cu™ impurity, in contrast with the results presented here.

Since the theoretical limit of the calculations presented
in this paper would be reached by including shells of lattice
ions on all-electron RHF calculations, we obtained an esti-
mate of the error associated to the lattice model potential
approximation by calculating the ground state of a model
system which is a one-dimension replica of the NaCl:Cu™
lattice:

Na;"~Cl; -Na;* -C1 " -Cu*-Cl~-Na," -Cl; -Na;".

We performed two types of calculations on this system.
First, we considered all the electrons on all centers except the
two Cl; (represented as model potential centers) and the
two Na;" (represented as fractional point charges + 1/2).
This calculation will be called all-electron calculation (AE).
The second type differs only in that the two Na," were ex-
cluded from the linear cluster wave function and treated as
model potential centers. This calculation [ (called MP) is
analogous to the three-dimensional (311) ]. The equilibrium
parameters associated with the totally symmetric vibration
of the two C1~ are

equilibrium distance (A) v, {em™")
Cu-Cl Na,—Cl
AE 2.393 3.248 155
MP 2.343 3.298 191
error —0.05 +0.05 36

These results reveal that, first, in the AE one-dimension
lattice the C1~ is more tightly bound to the central Cu™ than
to the Na™, in qualitative agreement with the (311) predic-
tion for the three-dimensional lattice. Second, the discrepan-
cies shown between the AE and MP calculations (0.05 A for
R, and 36 cm ' for ¥,) may be probably considered as up-
per bounds to the errors of the prediction of the R, and ¥, in
the (311) calculations on NaCl:CuCl; ~ with respect to a
hypothetical calculation in which the next nearest neighbors
were included in the cluster. This conclusion is based on the
fact that in the linear molecule the densities of the Na™ ions
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are expected to be more polarizable than in the highly sym-
metrical three-dimensional lattice and thus deviate more
from the frozen-ion approximation implicit in the MP calcu-
lation.

A final set of calculations were carried out in order to
assess further the relative importance of the cluster—environ-
ment interactions and their variation with the cluster geome-
try. The results are collected in Fig. 2. The calculations
(30P) and (31P) are identical to their counterparts (300)
and (310) except that now they include one shell of ion pro-
jector operators, P°(/) [Eq. (10)], and no cluster-lattice
exchange effects are considered. The differences between
(300) and (30P) show that the long value of the Cu-Cl
distance for the point-charge lattice, R, (300), is partly due
to a collapse of the cluster wave function onto the lattice
sites. It is also evident that the remaining interactions are
important in order to get the final impurity-ligand equilibri-
um distance. Comparison of the nuclear potentials (30P)
and (31P) shows the effects of the electrostatic deviation
from the point-charge approximation. [Comparison
between the (300) and (310) calculations is less adequate to
ascertain such an effect, because the absence of lattice pro-
jectors results in collapse of the (310) cluster wave function
onto the lattice sites.] These effects result from different
asymptotic behavior of the point charge and the true electro-
static potentials E(/) in the vicinity of the lattice nuclei: the
point-charge potentials tends to — (Z, — N,)/r,;, whereas
E(i),inEq. (9), tendsto — Z,/r,,, thus attracting more the
cluster electronic density. Finally, the cluster—lattice ex-
change interactions, (31P) — (311), and their variation with
the geometry of the cluster appear to be considerable, bring-
ing about a final and important correction to the equilibrium

E/h

(30P)

(31P)

(311)

~—01h—

| | 1 ! 1 {

48 50 52 54 56 58 6!0
r(Cu-Ch/b

FIG. 2. Results of SCF calculations on the O, ground state of CuCl; ":

NaCl. The values of the total energy have been shifted to a common origin at
r(Cu-Cl) = 4.8 bohr.
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geometry. This result shows that using more approximate
representations of the cluster—environment exchange than
the one used here (i.e., local approximations) might worsen
the quality of the results in systems similar to the one studied
here.

The relative importance of the quantum effects in de-
scribing the ground state energy curve of NaCl:CuCl;~
shown by or calculations, clearly reveals that the cluster—
environment interactions are ionic enough so that a frozen
lattice approximation can be applied, but not ionic enough so
that a purely electrostatic approximation can be acceptable.
The variation of the overlap between the CuCL; ~ wave func-
tion and the external ions with the Cu—Cl distance also illus-
trates this departure from strong ionicity and may be seen as
being responsible for the importance of the quantum interac-
tions. This overlap can be measured by the projection energy

> P
e

Eproj = <<I)clus . q)clus>

and is listed in Table IV.

Nc cny

IV. CONCLUSIONS

In this paper we extend the use of the ab initio model
potential method'® to the representation of the crystalline
environment in ab initio calculations on crystal impurities.
We applied the method to the study of the local distortion on
NaCl:Cu™. The study shows many aspects that make the
MP method a useful and accurate methodological tool to
study solids: the underlying basic approximation is the fro-
zen-environment approximation; the environment one-elec-
tron potential can be easily incorporated into different types
of ab initio molecular methods, either mono- or multicon-
figurational; the (nonlocal) cluster-environment quantum
interactions are represented accurately; the contributions of
the lattice effects (point charge, charge density, exchange,
and orthogonality) can be easily analyzed. All these charac-
teristics, together with the simplicity of the formalism pre-
sented here, make the field of applications of the model po-
tential method wider and, furthermore, question the
usefulness of more approximate representations of the clus-
ter-lattice interactions, such as those including only electro-
static effects.

With regard to the SCF ground state of octahedral
CuCL}~ embedded in the NaCl lattice, our results show that
the point-charge approximation represents incorrectly the
effects of the crystalline environment on the equilibrium ge-
ometry of CuCl; . As a consequence of neglecting quantum
effects (exchange and orthogonality) and electrostatic ef-
fects due to the non-point-charge character of the lattice ions
this approximation leads to an impurity-ligand equilibrium
distance 0.45 A too long. The impurity-ligand geometry ob-
tained by representing the environment through a model po-
tential formalism shows that the surrounding chlorines are
more tightly bound to the Cu™ impurity than to the Na™ in
the bulk. This result is in qualitative agreement with recent
EXAFS measurements.?’ However, the local distortion
around Cu seems to be larger,”! including a lowering in the
0O, symmetry that we have not explored. The values ob-
tained for the Cu—~Cl equilibrium distance (2.681 ;\) and the

totally symmetric vibrational frequency (213 cm™') are ex-
pected to be closer than 0.05 A and 36 cm ™", respectively, to
an all-electron RHF ab initio calculation including the near-
est neighbors to CuCE, ~ in the cluster wave function.
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