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Self-consistent-field (SCF) calculations have been performed for the short-range interaction between two
aluminum atoms. The ground-state potential curve (3)33‘ B S —'3} —’I1,) is presented for internuclear
separations between R, and 0.1 a.u. (repulsive energies up to ~10° a.u.). Basis sets consist of scaled even-
tempered Slater orbitals of double-{ quality, augmented by diffuse functions, with the addition of united or
semiunited atom-basis sets centered on the bond. The SCF potentials are compared with Thomas-Fermi
theory and with the electron-gas calculations of Wilson, Haggmark, and Biersack. A kink in the SCF
screening function is found near R = 2 a.u. This feature is believed related to changes in the ground-state
configuration that occur in this region. Additional calculations (SCF and linear combination of atomic
orbitals) were performed on AL+ to determine individually the core overlap and the valence-electron
contributions to the interatomic potential. The core-overlap interaction is compared with Gordon-Kim
electron-gas calculations. Schematic calculations were also performed on the Al-A1’* system to estimate the

interaction between an atom and an energetic ion.

I. INTRODUCTION

To describe the behavior of energetic ions in
matter, one requires a theory of both the scatter-
ing that results from clgse atomic encounters and
the inelastic processes associated with electronic
excitations. To treat both phenomena, the ener-
getic particle is usually considered to undergo a
sequence of diatomic collisions. Although in gen-
eral the interactions are different in a solid than
in free space, calculations are normally formula-
ted in terms of diatomic interactions in free space.
Early work was based on Thomas-Fermi (TF)
atoms.!? The unrealistic long-range behavior of
the TF screening function can be improved some-
what by the modifications suggested by Lenz and
Jensen®*® and by Moliere.’®’

As a result of painstaking experimental work
during the past two decades on particle scattering,
range profiles, stopping powers and radiation
damage, a need has developed for more fundament-
al theories of diatomic interactions. Wilson et al.*
(WHB) have used a density-functional approach
based on Hartree-Fock-Slater atomic orbitals to
calculate short-range interatomic interactions.
They obtained potentials that are more strongly
screened than either TF or Moliere potentials.
Hartree-Fock self-consistent-field (SCF) calcula-
tions for short-range diatomic interactions have
been performed in a few cases.’*® It is of interest
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to compare results obtained by the density-func-
tional method with SCF calculations, at least for
some representative systems.

In the present paper we report on SCF calcula-
tions for Al,, which complement our earlier work
on AlH.® We consider internuclear separations R
that range from the equilibrium value R, down to
0.1 a.u., which corresponds essentially to the
united-atom limit.

As discussed earlier,® the strongly repulsive
region of the interatomic potential can be calcula-
ted by SCF techniques to an accuracy of better
than 19%; configuration-interaction calculations
for Al,, AlH, and other Al-based systems for in-
ternuclear separations in the vicinity of R, are
currently in progress.

To allow estimates of the relative contribution
of valence and core electrons to the interatomic
potential, linear combinations of atomic orbitals
(LCAOQ) calculations were performed on the AL,°*
system. By comparing the results of these calcu-
lations with. SCF calculations for Al,, the fraction
of the total interatomic potential that is due to
core overlap can be determined. The core-overlap
potential obtained in the above manner will also
be compared with approximate closed-shell
theories.”*®

LCAO calculations for Al,** have been performed
to give a rough estimate of the effect of the charge
state on the interatomic potential in an ion-atom
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collision.

The correlation diagrams that are obtained by
SCF calculations are of importance to the under-
standing of inelastic processes associated with
electron promotion®; however, we do not pursue
this application in the present paper.

In Sec. II, we describe the method employed in
the SCF calculations and particularly the rationale
for the selection of basis functions. The results
of the calculations are present and discussed in
Sec. III. Finally, some conclusions are stated in
Sec. IV.

II. METHOD

For internuclear separations R in the vicinity of
R,, the environment of the valence electrons. is
quite sensitive to R, whereas the environment of
the core electrons is relatively constant.’® In
basis-set expansion calculations, optimization of
the exponents at every point would be too costly
and therefore the selected basis set must be suf-
ficiently flexible to accomodate the changing en-
vironment of the valence electrons. To accom-
plish this, diffuse and polarization functions are
added to atomic basis sets; this procedure enables
an accurate description of the bond electrons.

As much smaller separations (R« R,) are con-
sidered, the united-atom limit is approached, and
interpenetration of the core shells occurs. In this
region the inner electrons experience a changing

RANGE SHELL STRUCTURE

PHYSICAL DESCRIPTION

environment, whereas the outer electrons acquire
a united-atom character. In a basis-set expan-
sion framework, this situation can be represented
by united- or semiunited-atom basis sets centered
at the midpoint between the nuclei in combination
with atomic basis sets centered on the nuclei.

The basis sets employed in the present work
and their range of applicability are indicated
schematically in Fig. 1. At each separation the
selected basis set corresponds to the extent of in-
terpenetration of the atomic shells of Al.

As the internuclear spacing becomes smaller,
the overlap between basis functions increases and
eventually the set becomes overdetermined. By
systematically eliminating the most diffuse atom-
centered functions®® when the overlap becomes
too large, we avoid numerical instabilities. The
above procedures constitute a straightforward
prescription for the selection of basis sets with
similar accuracy for 0<R sR,.

We have employed throughout this work double-¢
even-tempered'' Slater-type orbitals (see Table I),
which are expected to yield results of comparable
accuracy for a large range of separations. For Al
we have scaled the parameters givenby Raffenetti'?
by the factor'® @ - ag"?; this procedure improves
the overall consistency of our calculations but
slightly decreases the accuracy of the asymptotic
energy, as shown in Table I. For the two-center
calculations (R >2 a.u.), the sets were expanded
by the addition of (a) diffuse (a¢f°) s and p functions

BASIS SETS

SEPARATED OR INTERACTING ATOMS

cores:

bonds:

2 Al (M): 6 electrons: S(3s 3p )

Al(K,L,M,polarization)

2 Al(K+L+M): 26 electrons » *

Al(K,L,M)

2A1 (K+L): 20 electrons

*
wnN—>X
x

FIG. 1. Basis-set selec~
tion scheme. Range in a.u.

cores: Al
15 2R>041 2AI(K): 4 electrons *'/*\x
bonds: t
2A1(L+M):22 electrons: Cr(2s....3d) Cr
M bonds: MK
2 Al{K+L+M): 26 electrons:
R<O0.1 Fe(ls....4s) * T
Fe

UNITED ATOM



20 GROUND-STATE POTENTIAL CURVES FOR Al, AND A126+... 679

TABLE I. Basis sets.
Energy (in a.u.) Scaled even-tempered

Atom Nominal? Even-tempered parameters ®
Al1(?P) —241.87652 - —241.87012° o 0.662 17
—241.84536¢ Bs 1.726 08
T oa, 0.645 27
. By 1.99173
S(®p)e —397.504 54 —397.494 46° oy 0.73919
Bs . 1.84112
@, 0.66210
By 2.028 80
Cr(°D) —1043.308 90 —1043.367 96°¢ o 0.35232
Bs 1.697 94
@, 1.641 46
By 1.68689
o, 1.17814
Ba 2.208 74
Fe(5D) —1262.44250 -1262.358 26¢ o 0.450 45
(1s) -1262.002 45 Bs 1.659 25
@, 1.67975
B, 1.685 22
o, 1.39941
Ba 2.083 42

2Reference 14.

*Double-¢ expansions augmented by one diffuse orbital for each I value. (§;=aB?; i=0to

2n).
¢Corresponds to unscaled parameters.
dCorresponds to scaled parameters.

€ Used in conjunction with Cr d-orbital parameters.

and (b) one f-type and two d-type polarization
functions, which were partially optimized at R,.
Following the procedure described by Ermler
et al.,® we employed full double-¢ as well as dif-
fuse a @ functions as bond functions (Fig. 1). For
S, standard parameters'? were used; for Cr and
Fe, even-tempered expansions were matched to
the nominal basis sets of Wahl et ql.'* (Table I).
Errors in the SCF calculation can arise from
three sources: the selection of the ground-state
configuration, deficiencies in the basis set (ex-
pansion error) and correlation error. The first
of these will be described in Sec. III. A measure
of the expansion error is given by the discontin-
uities'® in the potential curve at the points at
which the midpoint (“bond”) functions are changed.
There are three such points in our calculations:
R =2 a.u. (from two to three centers, sulfur
semiunited atom); R =1.5 a.u. (sulfur to chromium
semiunited atom) and R=0.1 a.u. (chromium to
iron united atom). Note that most of the region of
interest is therefore described by the same basis
set, with chromium-bond functions. To estimate
the magnitude of the discontinuity, calculations
were performed at R =1.5 a.u. with the sulfur basis
set and at 0.2 a.u. with the iron basis set. At 0.2
a.u. the calculated total energy difference is 0.08

a.u. (0.01% of the interaction energy); at 1.5 a.u.
the corresponding value if 0.07 a.u. (0.7% of the
interaction energy). Clearly, the basis sets are
sufficiently saturated so that discontinuities in the
potential curves which result from basis-function
changes are negligible. These discontinuities are
generally considerably smaller than differences
between the energies of different electronic states
(see Sec. II). .

The correlation error is also not expected to be
large. The atomic correlation energy for transition
elements is not available to the best of our know-
ledge.’®* However, for Fe one may use as a lower
bound the value for Ar (Ref. 17): -=0.692 a.u.; if
we assume a correlation energy of 1 eV/electron -
in the 3d shell, the total correlation energy for
Fe is ~0.91 a.u. The correlation energy for Al is
—0.488 a.u. The difference in correlation energy
between the separate- and the united-atom limit is
therefore at most ~0.1 a.u., which is small com-
pared to the potential in the range we shall be
concerned with. Therefore, although correlation
is quite important for R ~R,, one can safely ne-
glect it at short range. A relativistic correction
comes into consideration for distances smaller
than 0.1 a.u. Values for Fe and Al are, respec-
tively, 8.5 and 0.4 a.u.!* However, even a
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correction of 8 a.u. would shift the SCF potential
by only 0.7% at R=0.1 a.u.

In the construction of the interatomic potential,
we have selected the lowest-energy state at each
separation. Our results therefore incorporate the
effect of electron jumps from orbitals that corre-
late with excited (Fe) orbitals to lower-lying or-
bitals. Figure 2 shows a schematic correlation
diagram for Al, with the atomic (Fe, Al) orbital
energies plotted to scale. The two-electron jumps
required for ground-state to ground-state connec-
tion are indicated. For example, when the 4o,
orbital becomes higher in energy than the half-
empty 27,, an electron pair jumps into the 7 orbi-
tal, which leads to a filled 3p shell in Fe. The
crossings are, with one exception, between states
of different symmetry, as shown in the following
section,

The SCF calculations were carried out with the
ALCHEMY series of programs®; LCAQO calcula-
tions to separate core-overlap and valence-elec-
tron contributions were performed with the
BISONMC programs'* and are described in detail
in Sec. IIIC.

III. RESULTS AND DISCUSSION
A. Al-Al potential curves

The ground state of the Al, molecule has a
%%, (3pm) configuration, a dissociation energy D,
=1.99+0.22 eV and an equilibrium separation R,
=4.84 a.u.*® However, the SCF ground state,
*I1,(3po,3pm,), does not have the correct symmetry
and becomes repulsive much faster than the true
ground state as the separation is decreased. For
the purpose of extending the SCF potential curves
to short range, the true ground state will be taken
as the reference state (cf. Table II).

The configurations considered in the present

-

—2s

log €;

—ls

FIG. 2. Correlation diagram for Al, (schematic).

study are listed in Table III. For each configura-
tion, the number of closed shells and partially
filled shells of each symmetry are indicated. In
each case, only the state with highest multiplicity
is considered. The first group of states (group I)
in Table III corresponds to the diagonal double ex-
citations associated with the level crossings in
Fig. 2; these excitations give rise to one state
with the same symmetry as the ground state and

to two closed-shell states. Note that the 'Z} * state
already has the electronic arrangement of Fe (3d°).
The °II, state (bottom line) corresponds to the
first of a series of rearrangements of the 3d elec-

TABLE II." SCF energies (in a.u.) for 33; state.

Three-center

Two-center calculation

R (a.u.) calculation (sulfur-bond functions) V(R)2
5.0 : —483.712 02 -~0.0213
4.8 —483.713 89 —0.0232°
4.0 —483.690 97 -0.0025
3.0 —483.428 64 —-483.41015 0.2621
2.0 —-482.217 30 —~482.389 24 1.3015
1.5 c —478.568 68 d

2Corresponds to the lower of the values in columns 2 and 3.
bDe=0.073 (expt); 0.040 [from CI calculation by M. Leleyter and P. Joyes, J. Phys. Radium

35, L85 (1974)].
¢ Does not converge.
dGround state has different configuration.
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TABLE III. Configurations of Al, at short range.
Number of Occupancy of
Sequence of closed shells open shells Electron
Comment State  ground states®* o, o, T, T o o T W 0 transfer ?
Equilibrium
ground state Xx3z; 1 4 4 1 1 0 0 2 0 0
3z; 5 3 1 1 0 0 2 0 0 3sci—~3po’
Group-I 15 4 4 3 2 1 0 0 0 0 0 3soi—3pnd
excitations € ¥ u
'z 5 2 2 1 0 0 0 0 2pol—dsol
3s02 — 3pr2
31'Ig 4 3 1 1 0 1 3 0 0 3s0,—=3pm,
Group-II 5e
excitations z; 2 4 3 1 1 1 1 2 0 0 3so0, — 3pa,
811, 4 3 1 1 1 0 3 0 0 3s0 2~ 3pa,, 3pm,
Szt 3 4 2 2 1 1 1 0 0 0 3soi—3pnl
2p0,— 4s0,
United atom limit
(apart from d- 51, 6 4 2 2 0 i 0 0 3 2  3do,3dr,~3d5,

shell rearrangements)

3so‘,§-—~ 3pr2

2po2—4so?

2The order in which ground-state configurations occur as R is decreased.
PWith respect to equilibrium ground state X 32;. Orbital labels correspond to asymptotic Al origin, except for Fe 4s

and 3d.

trons in 'Z}* required to generate the °D term of
the Fe manifold. The second group (II) of excita-
tions in Table III represents the single, triple,
and split-shell double excitations that can be ob-
tained from the ground-state configuration by re-
moving electrons from the two highest ¢, orbitals,
which do not correlate with ground-state Fe, and
placing them in either of the orbitals suggested by
Fig. 3: 50, (Fe 4s)or 2m, (Fe 3p).

Starting at small separations, we have followed
the configurations of group I until their energies
become higher than those of the group-II configu-
rations; the SCF total energies obtained at various
separations are given in Table IV. Several points
are worth noting here. First, the present calcula-
tions do not include the effects of configuration in-
teraction (CI). CI is expected to have only a small
effect on the total interaction energy, but may
affect the small separations between states. It
will lower the energy of configurations with elec-
tron pairs more than that of configurations with
unpaired valence electrons (group I over group II).
Second, one expects strong interactions between
the two sets of 32_ and '} states, which are close
in energy (group I), whereas for group II, states
of the same symmetry involve excitations into
repulsive orbitals. Thirdly, the total energy of
the ground state E (R) and the interatomic poten-
tial V(R) =E,(R) — E(») are well approximated by

the values that correspond to the group-I configu-
rations at all separations R < 1.5 a.u. This is de-
monstrated in Table V, which lists interatomic po-
tentials derived from (a) the ground -state energies
given in Table IV, (b) the energy of the lowest-

L L 3s,3p 3d
Yoy 1 vy (*Fe.‘lf A1)
\AZN 2 \2 v v
1.3 I
1.2+ -
[ —
L 2|L i
1.0 t

w [

~ | ]

N .9 -1

.

o E

"

x gl 4
7+ =
6 -
S —

1 1 1 1
o.l 0.5 1.0 1.5 .75 2.0

R(a.u.)

FIG. 3. Ratio of the SCF and TF screening functions
for Al,. Arrows at the top of the figure indicate orbital
radii and those that cross the curve indicate changes in
electronic configuration.
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TABLE IV. Total energy for different states of Al, at close range (in a.u.).

v3z‘,

BHK

12;*

+
&

1

32;

35 =%
Z;

3Hu

3

u

5%

4

—-482.13314
—~478.189 65
~467.156 98

-476.237 35
—-473.97551
~467.10158
—~452.48413
—431.483 69
—-384.38682
—267.38603

—482.218 84
—-478.72110
—467.096 50
—452.584 05
—-431.544 24
~384.655 18

—-481.97170
—478.732 53
- =467.142 90

—482.3172
—478.625 95

—482.3108
—478.76608
—466.9687P
—449.48113

—482.38924%
—478.568 68

2

~476.61274
—467.24119
—452.638 42
-431.568 30
-384.61967

1.5
1.0
0.75

0.6
© 045
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—451.956 81
—430.590 12

-267.52719

0.3

—61.316 69
664.947 344

-62.06147°¢

665.16648°

-62.029 93

0.2

0.1

2 Lowest energy at each separation is italicized.

®Convergence was slow because of the rapidly changing nature of the 3so, orbital.

¢Based on Cr-bond basis; the value for the Fe-bond basis was —62.14578 a.u.

4Nuclear repulsion Z2/R> electronic energy of Fe.

lying configuration in group I, and (c) the energy
for the 'Z} state. The difference between these
potentials is less than 19%.

We turn next to a comparison of the interatomic
potential of Al, obtained in the present work with
other, more approximate theories. In Table VI
are presented values of the screening function y
=V(R)R/Z? for the SCF potential and for the
Thomas-Fermi (TF) theory.>****! The Firsov ex-
pression® for the screening length is employed in
the determination of the TF values. The ratio of
the screening functions given in Table VI is plotted
in Fig. 3. One observes that the agreement be-
tween SCF and TF is good for R <1 bohr, whereas
the SCF potential deviates widely from the TF po-
tential at larger separations. The L-shell radius
R, (Al) of Al [Table VII]*? is ~0.6 a.u.; therefore
the deviation of the SCF potential from the TF po-
tential begins at roughly twice the L-shell radius.
Thus, TF theory is a fair approximation to the
SCF results at separations at which the A1** cores
interpenetrate, but is unsatisfactory at longer
range. This behavior is quite understandable. The
charge density of a TF atom decays only algebraic-
ally at large distances and is much too large in
the region of the valence electrons. Furthermore,
the onset of bonding effects as R~ R, enhances the
splitting between y¢cr and x 7. )

At separations smaller than 2R, (Al) the curve in
Fig. 4 exhibits oscillations. It is plausible to at-
tribute these oscillations to “shell effects” as-
sociated with the X and L shells. We note in Fig.
3 that the SCF potential is particularly steep at
separations just below R~1.2 a.u. ~2 R;(Al) and
R~0.7T a.u. ~Rg(Al) +R; (Al). If shell overlap ef-
fects are responsible for the oscillations, one
might expect these effects to be reflected also in
the core kinetic energy. We have indeed found
that the total core kinetic energy is relatively flat
in the regions 0.6—1.0 and 1.5-1.75 a.u., which is
consistent with the behavior in Fig. 4.

An interatomic potential for Al, has been calcu-
lated by Wilson, Haggmark, and Biersack? based
on the density-functional approach referred to in
the Introduction. The screening function for this po-
tential is plotted in Fig. 4 along with ys.r and yyg.
The WHB and SCF screening functions both begin
to deviate from the TF curve for R=1 a.u. The
SCF curve exhibits a “kink” near R =2 a.u. This
kink is most likely associated with the changes in
electronic structure that occur in this region (see
Sec. IIIB); several tests were performed to verify
that this feature is not an artifact of the basis set
employed. The SCF and WHB curves are in good
agreement between 2 and 3 a.u. The SCF curve
then drops sharply (not shown in Fig. 4) and V(R)
becomes negative at 4 a.u. (Table II).



GROUND-STATE POTENTIAL CURVES FOR Al, AND Alz6+..'.

683
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TABLE V. Potential energy? (in a.u.).

Percent Percent
R (a.u.) Ground state V(R) Vi(R)P change® V,(R)¢ change®
2.0 3z; 1.3015 1.3015 o 1.3015 e
1.5 Sz 4.925 4.958 0.7 4.970 0.9
1.0 EhoM 16.449 16.548 0.6 16.594 0.9
0.75 35y 31.052 31.107 0.2 31.107 0.2
0.6 Sz 52.122 52.146 0.05 52.146 0.05
0.45 )4 99.036 99.036 ce- 99.036 e
0.3 is; 216.163 216.163 ax 216.163 e
0.2 e 421.545 421.545 -e- 421.661 X
0.1 5T, 1148.64 1148.86 0.02 1148.86 0.02

2V(R)=E((R) - E(0); E(©)=-483.69072 a.u.

b Vi(R)=E{(R) - E(~), where E; corresponds to the lowest-energy group-I configuration.-

¢ With respect to V(R).

9V,(R)=E,(R) — E(~), where E, is the énergy of the !} state.

B. Population analysis, molecular-orbital correlation
diagrams, and total charge densities

In the three-center approach adopted in the
present study, the number of basis functions
centered on the Al atom is reduced as the inter-
atomic separation is decreased. On the other hand,
the number of basis functions centered on the mid-
point between the Al atoms is kept relatively con-
stant. This procedure results in a transfer of
charge from the atomic bases to the midpoint
bases as the internuclear distance is decreased.
Figure 5 shows Mulliken total populations on the
two Al atoms (broken line) and on the bond for the
'5; state. As discussed above, the energy of this
state is close to the ground-state energy at sep-

TABLE VI. SCF and Thomas-Fermi screening func-
tions x(x) for Al,.?

R (au.) x=R/a® XTF XscF Xscr/XTF
2.0 8.432 0.033 0.015 0.45
1.5 6.324 0.055 0.044 0.799
1.25 5.270 0.073 0.062 0.851
1.0 4,216 0.101 0.097 0.964
0.75 3.162 0.147 0.138 0.939
0.60 2.530 0.190 0.185 0.974
0.45 1.897 0.255 0.264 1.035
0.30 1.265 0.360 0.384 1.067
0.20 0.843 0.471 0.499 1.059
0.10 0.422 0.656 0.680 1.037

ay=V(R)R/Z?, where Z=13.
v,=0.8853/(Z1/2 + Zz1/2)2/3=0 2372,

arations <1.5 a.u. As one observes in Fig. 5, a
gradual buildup occurs in the charge associated
with the bond until a separation close to the L-
shell radius of Fe is reached; for smaller separ-
ations the united-atom character is manifested by
a rapid increase in the bond population.

A correlation diagram for several orbitals of
Al, is plotted in Fig. 6. The labels on the right-
hand side indicate the Al parentage. The 20, or-
bital (Al 2s— Fe 2s) approaches the united-atom
limit smoothly; this behavior is also observed for
the 1o, orbital, which is not represented in the
figure. In general, the correlation diagram in
Fig. 6 is considerably more complicated than the
schematic one shown in Fig. 2. Some of the finer
structure in the curves may be due to basis-set
deficiencies; this question could be investigated
with numerical Hartree-Fock methods.??

Calculations of total electronic charge density

TABLE VII. Radial expectation values (R,;) (a.u.) for
atomic orbitals.? '

Al S Cr Fe
1s 0.12 0.10 0.06 0.06
2s 0.62 0.48 0.29 0.27
3s. 2.60 1.72 0.91 0.82
4s 3.48 3.24
2p 0.60 0.44 0.26 0.24
3p 3.43 2.06 0.97 0.87
3d 1.22 1.07

2Reference 19.
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FIG. 4. Screening functions for Al,.

at the midpoint between the Al atoms have been
performed. The results are shown in Table VIII
along with values obtained by superposition of
atomic charge densities. The ratio of the SCF to
the superposed charge densities is plotted in Fig.
7. As expected, positive deviations from super-
position (a ratio greater than unity) occur in the
vicinity of R,, whereas negative deviations occur
at smaller separations as a result of the exclusion
principle. As the internuclear separation becomes
still smaller (R<2 a.u.), the ground-state elec-
tronic configuration changes (Tables III and IV).
One observes in Fig. 6 that at close separations
the antibonding 3so, and 2po, orbitals are vacated
in favor of the bonding 3pm, and 4so, orbitals. As

35,3p 3d
T R Tyl T T T
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Y
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L
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FIG. 5. Total Mulliken orbital populations for 1=}
state.
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FIG. 6. Correlation diagram for Al,.

a result of these changes in configuration, a trans-
fer of electronic charge back to the midpoint re-
gion occurs. The buildup of charge is quite pro-
nounced at 1 a.,u.: 17 electrons in bonding (o,, m,)
orbitals and 9 in antibonding (o,, 7,) ones, as com-
pared with 15 and 11 electrons, respectively, at
1.5 a.u. and 14 and 12 electrons at 2.0 a.u. (Table
III). This electron promotion and the resultant re-
distribution of charge are most likely responsible
for the kink observed in the screening function
(Fig. 4) just below 2 a.u.?*

C. Decomposition of total energy into core and valence
contributions

We consider here the separate contributions to
the interatomic interaction from core and valence
electrons. Such a decomposition has been studied
previously on the basis of more approximate
theories.”*® To determine the core contributions
to the interatomic potential within the SCF frame-
work, several types of calculations were per-
formed with the valence electrons omitted?® (see
Table IX). First, the total energy of AL®** was

- calculated using an LCAO method; the atomic

orbitals employed were (a) even-tempered orbi-
tals*? for Al** (LCAO-IO) and (b) core orbitals
obtained from the SCF calculations for the ground-
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TABLE VII. Total electronic charge density at midpoint position as a function of separa-

tion.
R (a.u.)
1.0 1.5 3.0 4.0 5.0
Al 8.5628 1.9726 0.4920 0.0886 0.0543 0.0272
2A1 7.9591 2.1139 0.5290 0.0764 0.0375 0.0204
Aly,core 8.2785 1.9402 0.4884 0.0362 0.0021 0.0000
2.1124 0.5159 0.0322 0.0020 0.0000

2AB* 7.9786

state configuration of (neutral) Al, (LCAO-MOQ).
The core overlap interaction is defined by

q’ot(R) = V(R) - Z?,/R s

where Z,=3 and V(R) =E ¢ ,o(R) — E(~). Here
E(»)=-479.936 82 a.u. is the value appropriate to
the even-tempered A1** basis set. The third set
of values in Table IX refers to SCF calculations
for Al$*. These energies are lower than those ob-
tained in the LCAO-MO calculation because po-
larization of the ion cores occurs in the SCF cal-
culations. In the last column of Table IX we list
values of &,, calculated with the Gordon-Kim (GK)
program.®?® The method of GK is essentially the
same as that of WHB.* In the present calculations.
with the GK program, the electron densities cor-
respond to the even-tempered basis for AI®*.
Figure 8 shows core-overlap interactions &,, ob-
tained with the GK method for several diatomic
systems. The values for systems other than Al,
were taken from the second paper cited in Ref. 8.
The small value of &, for Al, reflects the relative-
ly small atomic core size of Al. The triangles in
the figure denote the LCAO-MO results. For R
<2 a.u. the GK values are slightly lower than

~ 1 T T ® 1
[ ]
[
& °
N
N !
& * e
5 1 1 1 1 1
05— 2 3 4 5
R(a.u.)

FIG. 7. Ratio of SCF charge density to superposed
atomic charge densities at midpoint between Al atoms.

those of the LCAO-MO calculations, as one can
also verify in Table IX. The differences may to
some extent be due to the neglect of gradient
terms®? and to the superposition approximation in
the GK calculation (see Fig. 7).

The core-overlap interaction obtained with the
LCAO-MO method is plotted along with the total
SCF potential V(R) (Table V) in Fig. 9. One ob-
serves that core overlap becomes the dominant
contribution to' V(R) (i.e., greater than half) for
separations < 1.5 a.u. At larger separations the
interatomic forces are dominated by the combined
effects of the valence electrons and the Coulomb
repulsion Zf,/R. The latter two contributions, of
course, are of opposite sign and cancel each other
to a large extent.

The values of &,, obtained from the LCAO-MO
calculation are lower than those obtained earlier
by one of us” using the Heitler-London method.
The former method is clearly the more accurate
one in principle; at large separations, however,
the LCAO-MO method may become inaccurate be-
cause &,, is expressed as a small difference be-
tween large numbers. At a separation of 3 bohr
the LCAO-MO value is negative whereas the GK,
LCAO-IO, and Heitler-London values’ are posi-
tive. To check the adequacy of the basis set at
this separation, the LCAO-MO calculation was
repeated using the Bagus-Gilbert® nominal set.
The result, &, =-0.0083 a.u. was essentially
similar to that obtained with the even-tempered
basis. Additional checks revealed that the nega-
tive value of ®,, is associated with core polariza-
tion; if the polarization functions are removed
from the basis sets, a positive value of &, is ob-
tained at 3 a.u.

D. Interaction between Al and Al3*

One of the goals of the present study was to ob-
tain a potential appropriate to energetic Al atoms
in Al metal. It is important to recognize that a
fast particle in matter is normally ionized; the
extent of ionization depends on its velocity. There-
fore, the neutral-atom potentials described thus
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TABLE IX. Core-overlap interaction® @,; for Al,.

LCAOP
MO: core orbitals
taken from SCF calculations

I0: even-tempered

Gordon-Kim

for Al, ionic orbitals Self-consistent field (Al6*) even-tempered
R (a.u.) three-center two-center two-center three-center two-center ionic orbitals
5 0.0019 0.0001 ~0.0089
4 0.0027 0.0003 -0.0190
3 —0.0225 0.0028 -0.0429
2 0.2486 0.1575 0.255 0.178 0.123 0.19
1.5 1.988 1.990 1.965 1.44
1.0 13.309 13.64 12.340 9.26
0.75 25.999 34.38 25.801 23.30
0.6 44,713 61.37 44,531 4281
0.45 93.026 118.12 87.713 85.58
0.3 198.147 247.08 197.726 195.23
0.2 388.028 4464 387.222 392.78
0.1 15009 1072.14 1083.65

2Total energy is calculated for Al*; the valence electrons are omitted.
] inear combination of (previously determined) orbitals.
¢ Aluminum basis sets reduced at smaller separations as indicated in Fig. 1.
dBasis sets too small to provide meaningful results.

far are not strictly appropriate to ion—neutral-
atom interactions. Unfortunately, the SCF and

LCAOQO methods are not immediately applicable to

such interactions. Nevertheless, one can esti-

I | [ [

103 —
= CORE OVERLAP 3
= POTENTIAL ]
- GORDON-KIM METHOD .
IOIE— =
3 0% =
Y E 3
& = 3
07 =
1072 Rb2 —
C K, E

03 | | I

R (a.u)

FIG. 8. Core-overlap potential calculated for several

diatomic systems with the Gordon-Kim method. The
triangles denote LCAO-MO results for Al,.

mate the energy of the ion-neutral-atom system .
by expressing atomiclike orbitals in terms of

molecular orbitals.

For example, localized or-

bitals on atom A of diatomic aluminum can be ex-

100

E

T

ENERGY (a.u.)

IIIIIII

0.l

8,, (R) (LCAO-MO)

[ EEN

1

1

1 lIIJl[

R {o.u)

2.0

FIG. 9. Core-overlap potential and SCF potential for

Al



TABLE X. Interactions? between Al and AB*,

‘ Al-AP*

AB*-AB* LCAO-MO Al-Al

R (a.u.) SCFP® B SCF¢
5 1.791 —0.0023¢ —0.0148
4 2.231 0.2201¢ —0.0025
3 2.957 1.0301¢ 0.2621

1.298

2 4.678 4.073 1.3015

1 21.340 19.475 16.449

0.75 37.801 34,811 31.052

0.3 227.726 221.561° 216.163

2V(R) in a.u.; the asymptotes are as follows: Epp, )
= —483.69072 a.u.; By ,’*(0)=—481.81377 a..; Ep,6+()
=-479.936 82 a.u.

®Values given in Table IX plus Z2/R.

¢Values given in Table V.

dWeighted average of all six states.

© Lowest state only; average=—235.167 a.u.

pressed as

3s, =40, +40,,

(3.1)
3P'A=27Tu+2"g or 3pA=3Ug+30u) :
where the molecular ¢ and 7 orbitals can be ob-
tained from either SCF or LCAO states. The
asymmetric “molecular” state

¥y, = (AL core)3s,33,3p,,

which corresponds to the system Al-Al®**, can be
written in terms of (proper) molecular states by
use of Eq. (3.1):

¥, =407 27, +40] 27, +407, 27, + 40} 27,
+(4o, 45, +45, 40,)2m,
+(40, 47, +40, 40,)27, . (3.2)

The energy of the state ¥ A is the appropriate
average of the energies of the six states given in
Eq. (3.2). Table X presents numerical results for
this calculation. The energies of the six molecular
states were obtained by LCAO-MO calculations
based on orbitals generated in the SCF calculations
for Al,. Only the ?II state was considered since
the ?% state (i.e., ¥,=3s%3p0,) is higher in energy
at 4 a.u. and, as expected, rises more steeply
with a decrease in R.

For R< 3 a.u., the average of the two states with
three open shells [i.e., the last two states given in
Eq. (3.2)] reproduces the full results very well.
This latter approximation was employed to cir-
cumvent difficulties associated with the 3so, or-
bital description (see Fig. 6).

The energies for the Al-Al** interaction are
plotted in Fig. 10. The SCF potentials for Al,
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FIG. 10. Al-Al, Al-Al*3, and A1™3-Al*3 interactions.

(Table V) and ALS* are given for comparison.
The Al-A1** and Al, potentials and their deriva-
tives are quite similar for R<1 a.u.

IV. CONCLUSIONS

The short-range interaction between two alumin-
um atoms has been studied by SCF techniques.
A three-center expansion based on Slater -type
orbitals with even-tempered exponents was em-
ployed. S, Cr, or Fe exponents were used at the
central expansion point, depending on the inter-
atomic separation. This procedure yielded a
smooth potential with negligible discontinuity at
the points at which the basis set was changed.

The following sequence of ground states was ob-
served as the separation was decreased.

35— 55\~ 35+ 15 4 154 5
P R S R M LGN Jaet | i

Certain states (designated as group I) such as
'T; give a good approximation to the ground-
state energy at all separations < 1.5 a.u.

The SCF potential is in good agreement with TF
for separations smaller than ~1 a.u. A similar re-
sult was found previously for A1H.® At larger sep-
arations the SCF potential decreases more rapidly
than TF, and it becomes negative between 3 and
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4 a.u. The SCF potential is in reasonable over-
all agreement with the density-functional calcula-
tions of WHB.* A kink is observed in the SCF
screening function at a separation near R =2 a.u.
This behavior is most likely related to the changes
in the ground-state configuration that occur in this
vicinity.

The contribution of core overlap to the inter-
atomic potential was estimated from LCAO cal-

culations in which the valence electrons were
omitted. Core overlap becomes the dominant con-
tribution for separations <1.5 a.u.
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