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1.

The static dipole polarizabilities, a®, have been studied for the ions O*,F,
Na*, Mg®*, CI", K and Ca*" in the crystals NaF, KF, NaCl, KCl, MgO and
CaO. The starting zero-order wave functions have been generated using
various exchange- and exchange-correlation potentials in order to study the
effect of these potentials on a”. The direct contribution to the dipole polariza-
bility, ag, has been determined by the uncoupled Hartree-Fock method.
Self-consistency effects have been included by the geometric approximation.
The crystal potential is incorporated using the Watson sphere model. Good
agreement between theoretical and experimental results are found for those
self-consistent potentials which exclude self-interaction.
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Introduction

In the past 15 years potentials for many electron systems deduced from density
functional theory have been successfully used for theoretical investigations of the
electronic structure of atoms, molecules and solids [1-4]. Physical properties like
atomic form factors [5], anti-shielding factors [6], ionization potentials [7],
hyperfine interactions [8] and others have been investigated. On the basis of local
potentials dipole polarizabilities a” have been calculated within the X, -model
for free ions and atoms [9-11]. In this paper the influence of the type of the
electronic potential V,, on a” is studied for ions in crystals for various exchange
potentials, exchange-correlation potentials and potentials corrected for self-
interaction, respectively. For those cases where Hartree-Fock (HF) data are

0040-5744/81/0059/0299/$01.80



300 B. Maessen and P. C, Schmidt

available, a®(V,.) is compared with a” (HF). The direct contribution to a”, a2 ,
the self-consistency correction a1 and the crystal field effect of ions in different
crystals have been investigated. The Watson sphere model [12] has been used for
the crystal potential. The Watson sphere parameter has been chosen according
to the Madelung potential of the crystal considered [13] and a” has been
calculated for the ionic crystals NaF, KF, NaCl, KCI, MgO and CaO.

2. Theory

In this section the exchange-correlation and the external potentials used for the
calculation of a” are reported. Moreover, the method of calculating the polariza-
bility is outlined.

2.1. Exchange-Correlation Potentials

In density functional theory the electronic potential is usually written as [14, 15]

p(r)
r—r|

where p(r) is the total electron density.

Vialr) = V() + V() + j dr' (1)

V, is the Hartree-Fock exchange potential in the Gaspar-Kohn-Sham (GKS)
model 14, 16]

1/3

ven=—(260) 2)

and V., is the correlation potential. A parametrized expression for V. is given by
Hedin and Lundquist [17]

V.(r)=-0.0193In (1+39.17p'3(r)). (3)

The GKS exchange potential, Eq. (2), is by a factor of 5 smaller than the local
exchange potential proposed by Slater in 1951, [18]. In the X,-method [1] a
variable exchange parameter « is used:

Via =3aV,. 4)

It is found that the X, model predicts instability for stable negative free ions,
originating from the wrong long range behaviour of the electronic potential [19].
Within the X, model a far-off electron of an atomic system with N electrons
“sees” the repulsion potential of N electrons (V"-potential) rather than that of
N-1 electrons (N~ "'-potential). This is due to the self-interaction term in V,,
which does not exactly cancel the self-Coulomb term as in the HF scheme. The
Gaspar-Kohn—Sham potential for an electron i corrected for the self-interaction
is given by Lindgren [20],
1/3

Vi =-| pilr) df'—[(3p<r))l/3—(%p,-<r>) | 5)

r—r| '

where p; is the electron density of the electron considered.
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This orbital dependent Hartree-Slater (HS) potential is successfully used by
Lindgren and Rosén [8] for the study of hyperfine interactions in atoms. Other
exchange potentials corrected for self-interaction, which are also studied in this
paper, are proposed by Cowan [21] and Gopinathan [22].

2.2. Crystal Potential

The crystal potential of the ions considered is simulated by a hollow charged
sphere (Watson sphere model [12]). The total charge q of the sphere is taken
equal to the charge of the ion but opposite in sign. The radius Ry of the sphere
is chosen in such a way that the model potential is equal to the Madelung potential
at the nuclei sites [13]. In this model the crystal potential is given by

_[q/Rola) for r = Ro(a)
Vwia, r)_{q/r for r> Ro(a)’
Ro(a) = a/M

where q is the lattice constant of the crystal and M is the Madelung constant of
the structure; M = 3.49513 for the crystals considered here. The dipole polariza-
bility is calculated separately for the anions and the cations.

Therefore, the overlap of the wave functions of the ions in the crystals {23] is not
taken into account. a” for a crystal with lattice constant a is simply calculated
by adding

D D
a (a) = Q anjon ((l) +agation (a)

2.3. Dipole Polarizability a®

The method chosen for the calculation of a” is discussed elsewhere for the case
of HF potentials [24]. The direct contribution to a”, af, is derived by the
simplified uncoupled HF method [25]. From the determinantal wave functions
®y+ 5D of the one-electron perturbed orbitals ¢, +8¢,. the first order self-
consistency contribution to e, a?, is determined from the expectation value

af = =2Dy+ 5D|H,| Do+ 5D) (6)
where #;,
N N
%lz Z U(rma rp)—z V?nCF; (7)
p>m m
0Py 15) = 1/ |1 =155 (8)

is the difference in the actual electron-electron potential and the self consistent
potential VS used for the calculation of the zero order orbitals Prme

In terms of ¢., and 8¢, at is given by
af =alur +6a?, %)

where aﬁ ur is equal to a? for the case of HF potentials and 601{) is an additional
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term for the case of non HF potentials:

atur =—4 Y [2@me,|v|60m00,)

m<p
_<6¢m¢plvla¢p¢’m>_<¢p¢mlv|6§Dm5¢p>] (10)
dal =-2% [<5¢m| Vie' [8om) =% <¢p6¢m|vla¢’m¢l7>:'- (11)
m p

Higher order self-consistency contributions are included by the geometric
approximation [26],
D, -1
o =ab(1-5) (12)
Ao
It shall be pointed out, that Eq. (6) does not include all terms of first order in the
perturbing electric field and of first order in self-consistency, if VSCF Eq. (7), is
a non HF potential. For non HF potentials terms from 8@’ should be included,
where 8@’ is the first order perturbed wave function in #;, Eq. (7). These terms
have been neglected in the present work. They have not been studied in the
literature for a” so far. However, Ahmad and Newman [27] have shown by the
linked-cluster-many-body-perturbation theory for the case of the antishielding
factor of Pr°* that these neglected terms amount to only 5% of the total first order
self-consistency effects.

3. Results

In Table 1 the experimental and theoretical results for a” are listed for various
ionic crystals. The agreement between o (exp), o (HF) and o ” (HS) is quite good
taking into consideration the simplicity of the model crystal potential, the
omission of correlation effects in the geometric approximation for a”, the
problem of covalency especially for the oxids, and obtaining the experimental
results by means of the Clausius-Mossotti relation (see e.g. [31]).

For the V" potentials a ° (theor) is always larger than the experimental value. It
is found that the geometric approximation is less appropriate for VN-potentials
than for V¥ '-potentials. Especially for negative free ions ay (V") can be larger
in size than ag (V") and the geometric approximation is probably no suitable
method for these systems.

Recently Mahan [30] has studied a” for alkali halides using a crystal potential
similar to the Madelung potential described here. The results of Mahan are given
in the last column of Table 1. The differences between his and our results are
discussed in the next section.

4. Discussion

Two aspects shall be considered in this section. Firstly the direct contribution to
a®, af, and the first order self-consistency correction a? shall be studied for C1™.
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We have chosen CI™ as an example because the differences in a” for different
potentials, see Table 1, are most pronounced for negative ions. Secondly the
influence of the various crystal potentials on a” shall be discussed.

In Table 2 «”(Cl7) is given for different V- and V" '-potentials. The V-
potentials used here are the Hedin-Lundquist (HL) potential {17], and potentials
including V.., Eq. (4), witha =3 (Gasper—-Kohn-Sham (GKS) potential [14, 16])
a = ayr (Hartree—Fock adapted (HFA) potential [32]) and a = 1 (Hartree-Fock-
Slater (HFS) potential [18]).

For V™" potentials the results for the HF potential, the Hartree-Slater (HS)
potential of Rosen and Lindgren [20, 8], the potential of Cowan [21] and the
potential of Gopinathan [22] are chosen. It is found that the Cowan and
Gopinathan potentials give nearly the same results for o ”. Calculating a” as a
function of the exchange parameter « in the Cowan or Gopinathan approach
(a®(C, G)), it is found that a = 0.5 gives results for a”(C, G) which are close to
the corresponding HF results.

Considering first a ¢ it can be seen from Table 2 that a¢ depends sensitively on
the chosen exchange parameter a. The results a§ (HFA), a5 (HL), a5 (HS) and
ad(C, G; a=0.5) are nearly equal, which means that the smooth attractive
correlative potential V,.(HL), Eq. (3), has nearly the same effect as the increase
of the exchange parameter « in the X, -method from a = ftoa =ayr (=0.72325
for Cl) and the same effect as the exclusion of self repulsion. a5 (HFA), a5 (HL)
and a§ (HS) are larger than a§ (HF), because the outermost orbitals of negative
ions are slightly more diffuse in the HFA-, HL- and HS-approximations than in
the HF approach. As af also aiwr is nearly the same for the methods given
above, however, Sa? is quite different for the V™ - and the V"~ '-potentials. This
is due to the self-energy terms in dar (p =m in Eq. (11)). In contrast to the
VN—l—potentials one gets a net self-energy term in da] for the V™ -potentials,
which is positive in sign and which is the dominant contribution to a . Therefore,
dal(Vv™)and Sa?(VN_l) are different in size and in sign. The differences in sa?
cause quite different results for the total a” (last row in Table 2) gained from the
geometric approximation. There is some doubt whether the self-consistency
effects on a” are described correctly by the geometric approximation for vy
potentials.

Next the results of Mahan [30], last column in Table 1, shall be discussed. For
his calculations Mahan has taken an exchange-correlative potential without
self-interaction. Because the correlation potential used by Mahan is a smooth
attractive function like Eq. (3), his values for a” should be smaller than a” (HS),
10" column of Table 1, for which the potential V, is omitted. However Mahan
has not included self-consistent effects in the calculation of a® and therefore
a?(Mahan) < «” (HS) does not hold for all alkali halides. As can be seen from
Table 2 these self-consistent effects are very important for negative ions and ay
decreases the total a”. Therefore the inclusion of self-consistent effects would
lower a”(Mahan) below a” (HS) and also below aD(exp) for all alkali halides.
It may be that a more realistic function for the electron correlation potential V.
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Table 3. Relative change of the dipole polarizability a” for several
ions as a function of the crystal potential of the crystals given in
Table 1, e.g. for FTAV/V = (Vy(NaF) — V,(KF))/ Va,(NaF) and
Aa”/a® = (@ ghion (NaF) = @ smion (KF))/ @ rion (NaF), where Vi is
the lattice potential

Aa®/a® - 1007

Ion ﬁv‘—/ 100 GKS  HL HS wWC
Na* -17.8 -85 -1.7 ~-1.4 ~1.8
K* ~15.0 -9.2 ~7.9 -2.9 -0.9
F~ 13.4 22.2 18.8 11.2 10.1
cr 10.4 11.8 10.2 7.8 6.7
0 12.3 34.1 30.2 23.5

* GKS = Gaspar-Kohn-Sham potential; HL = Hedin-Lundquist
potential; HS = Hartree-Slater potential;, WC =semiempirical
results of Wilson and Curtis [33].

has nodes as found for the helium atom [15]. However to investigate all aspects
of correlative effects more quantitatively, the model for the crystal has to be
improved simultaneously, because our results a P (HS), which exclude correlative
effects, are already close to the experimental results.

Finally in this section the influence of the crystal potential on a” shall be
considered. Table 3 shows for different ions the percentage change of the lattice
potential Vy and P (HS) and a®(HL) for the crystals given in Table 1. As
expected the change in a” is mostly pronounced for the weakly bonded electrons
of O°". The changes Aa "/ ™ for the HS (and HF) procedure for the alkali halides
are in agreement with semi empirical calculations of Wilson and Curtis [33] which
are listed in Table 3, too.

5. Conclusions

From the investigations reported here it can be seen that:

(a) The calculated values of a” depend strongly on the model chosen for the
self-consistent potential; especially «” varies drastically as a function of the
exchange parameter «.

(b) The V" -exchange-correlative potentials lead to values o P which are mostly
larger than the corresponding Hartree-Fock (HF)- and experimental values.

(c) Besides HF the Hartree—Slater (HS) approximation gives good results for a®
in ionic crystals. On the basis of the Watson sphere model the difference in
a”(exp) and a” (HS) is less than 10% for the alkali halides.
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