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A first-principles procedure is developed for the quantitative study of the widely differing
Sternheimer antishielding effects that can be ascribed to the induced electric field gradients due to
the various sources of electric field gradient in ionic crystals. The method involves the perturbation
of the electronic states in the crystal by the nuclear quadrupole moment of the central ion, and the
use of these perturbed functions in an evaluation of components of the energy of the crystal which
are linear in the quadrupole moment. With each term in this energy, one can associate an induced
field gradient due to a specific source in the crystal and a specific perturbation of the central-ion
charge distribution. We have applied this ab initio method to a study of the nuclear quadrupole in-
teraction for *’"Fe in Fe,O; using a model in which an Fe** ion is surrounded by six O?~ ligands
whose charge distributions overlap the Fe’* ion. The application of our procedure to the model of
overlapping ions leads to the important conclusion that the field gradients due to the various sources
in the central cluster and the surrounding lattice are all subject to very different antishielding effects.
The sources involved can be grouped broadly into three classes: local, nonlocal, and distant, with the
local sources involving charge densities purely central in character, nonlocal sources involving charge
densities composed of one central-ion orbital and one ligand-ion orbital, and the distant sources in-
volving two categories, a distant electronic one composed of charge densities from purely ligand-ion
orbitals, and a distant nuclear one, comprising the nuclear charges on the ligand ions (0?>~). The ef-
fective antishielding factors . associated with these sources were found to be, respectively, —0.2,
—0.7, —3.8, and —6.5, all very different from y,= —9.19 for the Fe** ion appropriate for a totally
external point-charge source and R = +0.07, the shielding factor with the field gradient due to the
3d valence shell in the Fe?* ion, which have both been used in the past as approximate choices for
the various v The substantial differences between the various effective antishielding factors v
found in the present work are explained physically by the consideration of the different degrees of
penetration of the charge densities corresponding to the various sources producing the field gradients
into the region of the Fe’* ion. We have compared the calculated total electric field gradient at the
S’mFe nucleus in Fe,0;, including the antishielding effects, with experimental Mdssbauer data to ob-
tain an estimate of the extent of charge-transfer covalency in this compound.
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I. INTRODUCTION

The study of nuclear quadrupole interactions' (NQI)
through various experimental techniques such as
Mossbauer effect,” magnetic resonance,’ nuclear quadru-
pole resonance,* and perturbed angular correlation’ has
provided valuable information® about the electronic struc-
ture and related properties of atoms, molecules, and solids.
A major aim of such studies is the understanding of the
nature and importance of the basic mechanisms contribut-
ing to the electric field gradients (EFG’s) in these systems.
In particular for ionic crystal systems, with which the
present work is concerned, one is interested in understand-
ing not only the absolute values of the components of the
EFG but also their variation with chemical environment,
the relationship between the EFG in ionic systems and
that in related metallic systems, and the dependence of the
EFG upon the degree of covalency.

The present work is aimed at a basic understanding of
the origins of the EFG in ionic solids. In particular, we
are concerned with one very important aspect of the study
of these field gradients, namely an unambiguous first-
principles formulation of Sternheimer antishielding ef-
fects’ in the ionic solid, considered not as an assembly of
point ions surrounding a central ion whose nucleus
possesses a quadrupole moment, but as ions whose nuclei
and electronic charge distributions overlap and interact
with one another substantially. Our aim is to develop a
procedure for the quantitative study of the influence of
these interactions upon the EFG in the solid, which
amounts to a study of the antishielding effects associated
with each component of these interacting, overlapping
charge distributions in the solid. As a practical applica-
tion of this procedure we study the NQI at the *’"Fe nu-
cleus in a-Fe,0;, with the aim of illustrating the general
methodology and at the same time understanding the role
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of overlap®~!° and charge-transfer covalency'®~!? effects

in a-Fe,0;, which has been a long-standing problem in the
field of NQI.

The need for an ab initio procedure for the study of
Sternheimer effects becomes evident upon careful exam-
ination of the sources contributing to the EFG in ionic
solids and the methods used so far in the literature for
their quantitative treatment. In the earliest investiga-
tions,>~!° the field gradients at the central-ion nucleus
were evaluated as being due to point monopoles and di-
poles on the lattice sites. These point charges were further
assumed to be totally external to the ion containing the
nucleus in question, and a multiplying factor y , was used
to incorporate the antishielding of this ionic contribution
by the core electrons of the central ion. It is now generally
recognized® 122021 that the extreme ionic model of
separated nonoverlapping ions is not satisfactory because
small departures from spherical symmetry of the ions pro-
duced by covalency effects such as, for example, the
transfer of electrons from the negative ions into p- or d-
like orbitals of the positive ions can produce very signifi-
cant changes in the field gradient. It is possible to write
the net field gradient in the form

™ )+qeleclronic ’ (1)

where gejectronic €mbraces all contributions due to the elec-
tronic charge distributions of the central ion and the
nearest-neighbor ligand ions as modifed from their free-
ion configurations by overlap, charge transfer, and other
effects in the solid, and q|%;ce is the unshielded EFG (Ref.
13) due to the bare nuclei of the nearest-neighbor ligand
ions and effective charges on more distant ions. One
might be concerned about the proper value of the
Sternheimer antishielding factor 7., to use in an equation
of this typc even though such considerations by them-
selves are not crucial to a quantitative understanding of
the EFG in ionic solids. Among the various effects that
can be included in y, those arising from the influence of
electron-electron interactions’’~2® on the free-ion y, are
amenable to a quantitative treatment, and have been in-
cluded in a number of systems. These consistency and
correlation effects have been shown?*~2® to influence the
free-ion y, by no more than 15%. Another effect that
can influence the value of 7, has to do with the departure
of the radial character of the ionic orbitals with respect to
the free-ion state due to the field of the crystalline lat-
tice.26=2® This type of effect has been investigated ap-
proximately, and the general trends observed suggest that
it causes an increase in the free-ion y, for positive ions
and a decrease for negative ions.

In accordance with the expectation®® that the contribu-
tion of the bare nuclei of the nearest neighbors to g may be
antishielded by a factor differing substantially from the
free-ion y,,, we separate this contribution from g{o.. and
include it with Gejecironic- Thus we can write

9 =Qigtice( 1

=(1-v,)q ;:())I)KL +Qcluster > (2)

where g juster includes the total contribution due to all elec-
trons and nuclei of the cluster composed of the central ion
and its ligands, and q(&'u is now the unshielded contribu-
tion due to charges on distant ions in the rest of the lattice
outside the cluster. The major problem in a quantitative
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evaluation of the EFG ¢ in Eq. (2) is the treatment of
Geiuster- A Townes-Dailey-type model'""*° involving the lo-
cal anisotropy in the electron (or hole) distribution on the
central ion has been found to be inadequate for the treat-
ment of g.uger in ionic solids containing the halo-
gens'>1631 a5 well as in alkali-halide solid solutions.’?3
Thus, in ionic systems, for both halogen nuclei as well as
other nuclei, the local anisotropy on the ion in question is
not enough to make the dominant contribution to the
EFG. Therefore, contributions to the field gradient from
sources in other regions of the solid and their separate an-
tishielding effects have to be evaluated carefully. The im-
portance of a proper treatment of antishielding effects can
be illustrated best by a consideration of the model of over-
lapping ions*' ~3% without charge-transfer effects that has
been used in a number of instances® 36— in previous
treatments of NQI and other hyperfine interactions in ion-
ic solids.

Consider a pair of overlapping ions 4 and B. The orbi-
tals o, on 4 will, in general, be nonorthogonal to orbitals
dou on B, so that integrals of the type (o, | dg,) do not
vanish. Representing the ground state of the ion pair 4B

by an antisymmetrized product W5 of the v, and the
dous One can obtain the zero-order (direct, unshielded)
EFG at the nucleus of ion 4 by taking the expectation
value of the operator corresponding to the sum of field
gradients at A due to all the electrons of the ions 4 and B.
Since our basis set is nonorthogonal, this expectation value
does not reduce to a sum of diagonal one-electron matrix
elements,*! but contains in addition a large number of
nondiagonal terms,** each of which is multiplied by an
overlap integral S, =(¥oq | ¢g,). The algebra is consid-
erably simplifed by starting out with a basis set consisting
of the orbitals of ion 4 orthogonalized to those of ion B by
a Schmidt orthogonalization procedure.’** We denote
this set of orthogonalized atomic orbitals (OAQO’s) by
{¥0ar®0u}. Taking the expectation value of the total field
gradient operator using a Slater determinant of these
OAO’s leads to a zero-order contribution g\ onic Which
can be written as®3%3

q(e(l)e)ctromc —qL +(I1(\9)+q(rgr)-: +q(lg()) (3)
and a similar zero-order EFG due to all charges of the
cluster (i.e., the ion pair AB)

q::(l)&ster qelectromc +q(]gl)~1 @)
In Egs. (3) and (4) ¢i5\ refers to the contribution to the
field gradient from the charge on the nucleus of ion B, g;*
is the local electronic contribution involving only the orbi-
tals on ion 4, g\ is the nonlocal contribution involving
the two-centered charge densities represented by the prod-
ucts of orbitals on ions 4 and B, qDE is the distant elec-
tronic contribution to the field gradient at 4 due to charge
densities arising from products of orbitals on ion B only,
and q\% is a similar contribution but with the density
from orbitals of ion B originating from the orthogonaliza-
tion procedure applied to the orbitals of ion A. The situa-
tion embodied by the last two equations is in marked con-
trast with the representation of the EFG at the nucleus of
jon A4 within the extreme ionic model.***> Thus in the
model of overlapping ions, Egs. (2)—(4), there are six dif-
ferent sources of zero-order EFG, while in the extreme
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TABLE I. Source-by-source arrangement of energy terms representing the induced electric field gradients at the central ion of a

cluster in an ionic crystal. The integrals, operators, and orbitals are described in the text.

Q-perturbed Source charge Source
Term in the expansion of AE.? charge density or charge density label S(t)
2 3, ({8¢gatosl | Yoatlop ) 840atoa (Yoptop + Yoptbop) L(CO)
apf
+(S¢gatop| [Yoatos)) |7 2 SpuSev X |53 5658y
2 3, (8¢gatos| [$otbop) (—Sav) (8Ugabov)( —Say) Ustop L(CD)
afv
2 3 (dovibopl|dovtop) (8SarSay) ($0vPon)(8SaySay) Yogtop L(C2)
apw
Central-ion
23 (8Yga A | o) (—Say) (8¢aPov)( —Sav) LINC1)
av nuclear charge
Central-ion
23 (fov|A | $0v)(8Say Sav) ($ovdov)(8Say Say) L(NC2)
o nuclear charge
2 % ({8¢gatosl | Yoatoy ) 8Y0at0a (Y0pbov+ d0s¥0p) N(CO)
a,
+ (8%gabov| [Yoathos) (—Sp,) X(—Sg,)
2 E/ (8¢gatov| [bovibos)(Sav Spy) (8¥gabov ) —Sav) ($80p)(—Sp,) N(C1)
a,
2 3 (bovtopl|voator) (8Sav Sp,) ($0v¥ioa)( —8Sqy ) (Ypbov)(—Sg,) N(CI')
apw
23 (8v¥gaboul [Yoabou) 8¥patioa Btubou DE(C0)
ap
2 3 (Sovboul [Yoabou ) (—8Sav) ($owtoa)( —8Say) B Pou DE(C1")
apv
2 3 (Yopdoul [Yoabou) | Z Spv8Say (Yopvoa) |3 SpvbSay dtudon DE(RCO')
auf’ » v
2 25 (5¢Qa¢0‘4| thB'(bOM) % ESBV Sav (B'ﬁaa%ﬂ') % 2 SBV Sav ¢g[‘¢0;4 DE(RCO)
ap, v v
Ligand-ion
23 (8¥ga| B | Yoa? 8Ygaton & DN(CO)
a nuclear charge
Ligand-ion
23 (dov| B | Yoa)(—8Sav) (B Poa)( —8Say) DN(CI")
av nuclear charge
. Ligand-ion
23 (Yog | B | Yoa) | Z Sgv8Say (Yopoa) | X Spv0Say DN(RC0')
af v v nuclear charge
Ligand-io
23 (8Yga| B | Yog) | 3 SpvSar (8Ugatop) |+ = SpvSar gancrion DN(RCO)
af v v nuclear charge
84gatoa ($8b0r)(Spy Spy) DO(CO)

2 32w<5¢ga¢wl|¢o.,¢ov>(swsﬂy>

?See Eq. (53) in the text.



2338

ionic model* there are only two, namely g\o;.. due to the
charges at all ions in the lattice including the nearest
neighbors, and q'%ence due to the open valence shell of the
central ion.

The zero-order EFG due to each of the six sources
within the model of overlapping ions is antishielded by the
central-ion charge distribution. The total EFG at the nu-
cleus of ion A4 including antishielding factors can be for-
mally written as

g=> (1—ys)gs”
S

(0)

=(1—y)g:” + (1 —yx gy + (1 —pE)g BE

+(1=7p0)g B0 +(1—¥pN)g BN +(1—=V o )gDRL - (5)
The quantities ys associated with each of the qsY due to
sources S refer to the appropriate antishielding factors.
The primary aim of our present work is the understanding
of these antishielding factors from a first-principles point
of view. Prior to the present work, various parametric
choices have been made for these antishielding factors in
studying NQI in ionic solids. Thus, for example, it has
been assumed in many previous calculations®32:33:37- 3946
that ¥ is a good approximation for all the distant an-
tishielding factors ¥pg, ¥po, and ypn. In other words, a
parameter which is strictly applicable only to distant point
charges external to the central ion has been used in past
work as the antishielding factor for the EFG due to the
ligand-ion electronic charge distribution (gpg), the “over-
lapping” component of the ligand-ion electronic charge
distribution (gpg), and the bare nuclei of the ligand ions
(gpn) (see Table I). For y;, the atomic shielding factor R
corresponding to a nonspherical atom or ion with an open
valence shell has been used by many investiga-
tors®10:31-33,37-39,44-47  Eor vy, two very different
choices have been made in the past, one®37~34—47 peing
yn=R and the other’>*® being yy=y,/2. These two
choices have been based on alternate considerations as to
the region where the overlap charge density, arising from
the electronic charge distributions on ions 4 and B, is con-
centrated, and the observation”?’ that, for a point charge
adjacent to an ion, the antishielding of the EFG is sensi-
tively dependent upon the position of the point charge rel-
ative to the nucleus and core charge distribution of the
ion. These different choices have been shown'®31—33 to
give widely different results for the NQI in alkali-halide
molecules and alkali-halide solid solutions. For the case
of the S’™Fe NQI in Fe,0;, which is the system we shall
be concerned with in the present work, the results for dif-
ferent parametric choices for the y. s are discussed in
Section III (Table IV). We shall quote some of the
parametric results briefly here to emphasize the need for
an ab initio treatment of Sternheimer effects. Thus if one
uses for 7, and yy the most recent**® value of R =0.07
for the Fe** ion including the influence of many-body ef-
fects [henceforth referred to as R (Fe?*)], and for ypg,
¥po» and ypn the value?® of ¥y =—9.19 for a Fe’** ion
[henceforth referred to as y,, (Fe**)], the calculated value
of e’qQ/h comes out as 5.36 MHz using the recent
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value®® of Q(’™Fe)=0.082 b. A somewhat different
value of 4.47 MHz is obtained by using a value of g re-
cently published in the literature® using a similar scheme
for choosing ¥;, ¥~, YDE» YDN> @nd Ypo €xcept that an
earlier overestimated value of R =0.32 was used as well as
a slightly different value of y_(Fe’*)=—9.14. A drasti-
cally different value of e’qQ /h =3.01 MHz is obtained by
using y, =R =0.07 and yy =737, (Fe’*)=—4.60. This
extreme sensitiveness of the theoretical value of the field
gradient at the >"™Fe nucleus to the choices of the various
¥s demonstrates clearly the importance of obviating the
need for any parametric choices for the ys and the
development of a procedure for incorporating Sternheimer
effects in a first-principles manner.

The present work has precisely this aim, namely that of
developing and applying to ionic crystals a procedure for
evaluating the induced field gradients Agg associated with
the various direct contributions of the local, nonlocal, and
distant sources of EFG directly and in an ab initio
manner. The induced field gradients are of course to be
added to the zero-order field gradients to obtain the
theoretical value of the net field gradient in the system
under study. One can also define individual effective an-
tishielding factors y.s s as the ratio —Agg /gsY. The re-
sults for the various y.s s will answer such questions as
whether yy is actually closer to R or y,, /2 or has a value
somewhat in between the two, and if it is appropriate to
use ¥, for ¥pg and ypy to obtain the field gradient due to
the electronic and nuclear charges of the nearest-neighbor
ions. We shall see from the results of the present investi-
gations that one obtains somewhat surprising but physical-
ly understandable answers to the last two questions and a
justifiably broad range of values for the various ¥ s.
For the system that we have chosen for an application of
this procedure, namely Fe,O;, we assume overlapping
Fe’* and O%~ ions without any charge transfer. This sys-
tem is chosen both for a comparison of the calculated
Yeft,s With the various parametric choices that have been
made in the past, and for obtaining an estimate of the ex-
tent of charge-transfer covalency in this sytem by compar-
ing the calculated field gradient, including the influence of
Sternheimer effects, with the experimental result. From
the facts that (a) there is a substantial indirect exchange
interaction between the Fe** ions through the O’~ ions
leading to antiferromagnetic coupling**° between the
Fe’* ions at a finite Néel temperature; (b) there is substan-
tial transferred?’ Al hyperfine interaction in ruby,’ !
ALO;Cr**, which has the same corundum-type structure
as Fe,0;; (c) substantial charge-transfer covalency is
found in ab initio wave-function calculations in other ionic
ferric compounds,®~>* one expects to find significant co-
valent bonding in Fe,O3;. Consequently, one expects to
find a substantial difference between the field gradient at
5’mFe in Fe,0; calculated with a model of overlapping
ions and that obtained experimentally, and it will be in-
teresting to examine the nature of this difference and the
information it provides about charge-transfer covalency in
this compound.

It should also be pointed out that while in the present
work we study induced field gradients for a system
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described by a model of overlapping ions, the procedure
developed here can be used conveniently to incorporate an-
tishielding effects in the calculated field gradients due to
valence electrons of a system such as Fe,0; after the influ-
ence of charge-transfer covalency has been included.
Section II deals with the procedure for the study of the
induced field gradients Agg and associated effective an-
tishielding factors 7.gr 5. Section III includes a presenta-
tion of the results for Ags and 7. s and a discussion of
their physical significance and the detailed nature of their
origins. Comparison is made in this section between the
parametric choices of ys and the results of our calcula-
tion. Section IV is concerned with a comparison of our re-
sults for e?qQ in Fe,0; with experiment and a discussion
of its physical significance. In Sec. V the conclusions
from our work are summarized and possibilities for future
investigation aimed at furthering our understanding of
Sternheimer effects in ionic crystals are suggested.

II. FORMALISM FOR THE STUDY
OF ANTISHIELDING EFFECTS
IN IONIC SOLIDS

The splitting of a nuclear level due to the electric quad-
rupole interaction is given by'

2
E'____ﬂ_Q__ 3211 , 6
AEo 41(21+1)( z ) ©

where 1 and Q are the angular momentum and quadru-
pole moment of the nucleus, respectively, =g, is the
largest component of the EFG tensor at the position of the
nucleus, and defines the principal coordinate system, and e
is the positive elementary charge. If V is the electrostatic
potential due to the external charge distribution, we can
write

=%n€€vgh

1 —
=-e~[<- VE).]o . (7)

In Eq. (6) the EFG is assumed to have axial symmetry
about the z axis. The EFG ¢ (=gq,) at the site of the nu-
cleus of a central ion in an ionic solid can be separated
into a contribution from the cluster composed of the cen-
tral ion plus the nearest-neighbor ligands and a contribu-
tion from the rest of the lattice ions. If a wave function ¢
describes the electronic charge distribution of the isolated
cluster, we can write

3 cos’@, — 1
g=AP |Gy | DI+ Z;———
g R,
3cos’@, —1
1y )Z G5, ®
p Ri

where the radius vector ﬁg locates the nearest-neighbor
ligands (nuclear charge Z;ze) surrounding the central ion
and ﬁk locates ions with effective charges {ie in the rest
of the lattice outside the cluster. Also
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R 3cos?6; —1
1= — 2 ——yr— ’ 9)

where T; locates an electron in the cluster. The Sternhei-
mer factor y,, appropriately describes the induced EFG at
the central-ion nucleus due to distortions of the electronic
charge distribution of the cluster by the ions in the
remainder of the lattice because these ions can safely be
approximated as point charges with respect to the central
ion.

As discussed in the Introduction, the major problem in
the evaluation of the NQI in the solid has to do with the
contribution {®|g, | ®) from the cluster including the
variety of antishielding effects enumerated before. The
wave function @ could be a Slater determinant composed
of self-consistent-field (SCF) Hartree-Fock linear com-
bination of atomic orbitals (—molecular orbitals)
[LCAO(-MO)’s] of the cluster. In fact, the expression for
q presupposes such a formulation of ® in which the
valence as well as the core electrons are involved in a vari-
ational calculation of one-electron molecular orbitals in
the potential field of the nuclei and electrons of the clus-
ter. The core electrons are subject to perturbative effects
through the anisotropic potential produced by the charges
on the nuclei and core electrons of the neighboring ligand
ions and the valence electrons, and by the hybridization
and overlap effects involving the core and valence elec-
trons. These perturbation effects produce the anisotropies
in the core-electron distributions responsible for the field
gradients produced by the latter, reflecting their an-
tishielding or shielding effects on the field gradients pro-
duced by the charges within the cluster. There is a practi-
cal difficulty in treating the influence of these perturba-
tions of the core electrons by the SCF LCAO(-MO) pro-
cedure in that this method minimizes the energies of the
one-electron orbitals. While the fractional changes of the
energies of the valence orbitals compared to their energies
in free ions are substantial, for the core electrons which
are internal in location and have relatively large one-
electron energies, the corresponding fractional changes are
rather small. Consequently, unless a large enough basis
set is used in minimizing the one-electron energies of the
core orbitals, the accuracies of the one-electron wave func-
tions may not be sufficient, especially for the study of lo-
calized properties such as field gradients at the nuclei,
which put particular emphasis on the accuracy of the cal-
culated electron distributions.

In the procedure we have adopted, the core wave func-
tions are not directly involved in the initial calculation of
the valence-electron wave functions except through their
contribution to the potential experienced by the valence
electrons. Instead, as descibed later in this section, the
core electrons are perturbed by the nuclear quadrupole
moment, a procedure similar to that used for studies of
antishielding effects in free-atom and free-ion systems.
Also, while this procedure can in principle be applied to a
model where the valence orbitals are obtained by an SCF
LCAO(-MO) procedure, we have studied here the NQI
and antishielding effects in the case where only the co-
valency effects associated with the overlap (Pauli) distor-
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tion of the valence electrons of the transition-metal ion by
the influence of the ligand ion are considered. In this
model, which describes completely ionic bonding,” the
cluster wave function is composed of OAQ’s. The present
investigation is aimed not at calculating covalency effects
or accurate values of the total EFG, but rather at a de-
tailed understanding of shielding-antishielding effects in
ionic solids. We confine ourselves to this model here be-
cause it avoids the complications of an SCF procedure and
because a number of recent calculations of NQI in ionic
crystals®3' 0 have used this model for the charge distri-
bution but have treated the Sternheimer effects parametri-
cally. In the present work, these effects are calculated
from first principles, so that the difference between our
computed total EFG and the experimental value can be as-
cribed to the departure of the charge distribution in the
overlap model from the actual (SCF) charge distribution.
From this we can estimate the amount of charge-transfer
covalency in ionic solids.

In the model of overlapping ions, the many-electron
wave function of the cluster is a Slater determinant
formed out of atomic orbitals of all the ions of the cluster
orthogonalized to one another. The formalism and com-
putations are considerably simplified if ligand-ligand in-
teractions can be neglected, which is true for many ionic
solids. In that case we have to consider only the central
ion and any one of the ligands at a time. Only one such
pair needs to be considered for all ligands related by sym-
metry. In all subsequent discussions, we shall therefore
consider a central-ion—ligand-ion pair of the cluster.

If vy, are atomic orbitals (AO’s) of the central ion and
j

2%% (Yo | x [Yop) |3 2 Ss.Spy

L

|¢0v>(SBVSﬁv)
DO

=q:"+q5 +qDE +qD0 +aBN -

Each of the terms on the right-hand side contained
within bold parentheses is the zero-order EFG due to a
source of the cluster pair to which we can ascribe a certain
degree of extemahty with respect to the central-ion core as
follows: qL arises from local charge densities composed
entirely of central-ion orbitals; gy’ arises from nonlocal
sources, the charge densities involved being composed
of one central-ion orbital and one ligand orbital; {5 arises
from distant electronic sources, with the charge densities
composed entirely of ligand orbitals; g3 arises from dis-
tant overlap sources, the charge densities originating en-
tirely from the small ligand-type components of the
OAO’s; g% arises from distant nuclear sources, the bare
nuclear charges on the ligands.

Since the orthogonalization process is only a rearrange-
ment of the nonorthogonal AO basis set,* it introduces no
electron-electron interactions in the system, and hence no
distortion effects of the antishielding type. All the terms
in Eq. (18) must therefore be corrected for antishielding
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2 % 2 (dov | x [ o) (—Sp,)

#ou those of the ligand, we can write the OAOQO’s as
Schmidt-orthogonalized linear combinations* as follows:

"'Na ¢Oa_2Sau¢Op+% 2 TaB',bOﬁ] ’ (10)
M B

bou=doy > (11)

with

. —1.2
1——72 , (12)
B

Sap={Yoa | bou) » (13)

and
TaBZESapsﬁp, . (14)

m

The many-electron wave function for the pair of ions is
Wo=o [ (Dhpp(2) - - - doy(iddopli +1) -+ -],  (15)

where 7 is the antisymmetrizing operator.
The zero-order EFG at the central-ion nucleus due to
sources in the pair of ions is then given by
Z; (3cos’®,—1)

q(O):<\PO|é\el|q}0)+ R3 ’ (16)
1

where the sum over i in g [Eq. (9)] is restricted to the
number of electrons in the pair of ions, the ligand being
the one with g =1. Denoting the operator (3 cos?’—1)/r>
by the symbol |x |, we have

2 <¢0p|x id’Oy)
u

N DE

+(Z1,(3¢c0s?@,—1)/R3)pn (17)

(18)

|

effects. This is the main point of discussion in the litera-
ture. In the absence of a standard procedure for making
these corrections, one was forced to conjecture as to the
antishielding factors for each of these terms. Since these
corrections are not just small percentage changes in the
uncorrected values, but are, in many instances, responsible
for order-of-magnitude changes in the unshielded
terms®! %57 (the antishielding of large negative ions being
an extreme example), the total field gradient is very sensi-
tive to the choice of Sternheimer factors for the various
contributions to ¢q. In view of the above, it is clear that for
a reliable calculation of the total field gradient, the
Sternheimer effects must be incorporated directly and
rigorously into the theory so as to obviate the necessity for
guessing the shielding or antishielding factors.

Our formalism is aimed at calculating the distortion ef-
fects directly from first principles using a first-order per-
turbation procedure. For this purpose we have adapted
the moment-perturbation (MP) technique,*® previously
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used for the calculation of exchange core-polarization ef-
fects for magnetic hyperfine fields in ionic crystals involv-
ing paramagnetic ions>” or paramagnetic defect centers,®
to the problem of the NQI. A brief description of the MP
method and its adaptation to the nuclear quadrupole prob-
lem will now be given.

The quantitative evaluation of the contribution to the
field gradient from Sternheimer effects requires the incor-
poration of the influence of the NQI to first order in the
total energy of the ionic crystal. This can be accom-
plished in two essentially equivalent ways."*® One can
first allow the central-ion orbitals, including the core orbi-
tals, to be distorted by the various sources of EFG in the
system such as the nonspherical valence electrons of the
central ion and the nuclear charges and electrons on ligand
ions of the cluster, and then calculate the change (due to
the induced distortions) in the energy of interaction of
these distorted central-ion orbitals with the nuclear quad-
rupole moment. Alternatively, one can first perturb the
orbitals of the central ion via the NQI thereby causing
them to get distorted, and then calculate the changed ener-
gy of the cluster of central ion and ligand ions to first or-
der in Q.

In both cases the various contributions to this energy
change include Coulomb and exchange interactions be-
tween the electrons on the central ion and the electrons
and nuclei on the neighboring ligand ions. The change in
energy can be written as

AE,p=e’QAg=e’Q 3 Ags=e’Q 3 3 Ags(y - (19)
N S t

The last expression in Eq. (19) is a statement of the fact
that it should be possible, in principle, to identify groups
of terms in the expansion of AE,, which correspond to
contributions due to specific sources, S, of the system, in
one-to-one correspondence with similarly identifiable
sources in the expansion of ¢'° in Eq. (18). In other
words, we should be able to write

Ag=Aq +Aqy +Aqpg +Agpo +AgpN - (20)

Each source .S may also be subdivisible into types ¢, where
each subdivision corresponds to a different degree of
ligand character mixed into the perturbed core charge dis-
tribution of the central ion. One can then arrive at indivi-
dual effective Sternheimer factors for each source, in ac-
cordance with the conventional definition®”®!

Yett,s = —Ags /g5 = — [E Ags () ]/qé‘” , (b3
t

where ¢$”’ is the term due to the source S in the expansion
of ¢'9 given in Eq. (18), which we shall henceforth call
the zero-order or unshielded contribution.

Of the two procedures for evaluating AE,p, we choose
the second, or MP procedure, for reasons of computation-
al convenience and relatively easy extension to related sys-
tems. Thus the one-electron orbitals of the central ion are
perturbed by the NQI represented by the perturbation
Hamiltonian"!

2341
3cos?f; —1
ZS%Q(i)=—e2Q2——r;'—
1/2
2Y5(61,9;)
=— |47 | oz o)

In the uncoupled perturbation-theory®"®? approach used

by Sternheimer for the study of shielding-antishielding ef-
fects in atoms and ions, which we shall utilize here, one
has to solve the perturbed Schrodinger equation

(%Oa""S%Q)(¢0a+8wQa)=(60a+86Qa)(¢0a+8¢Qa) ,
(23)

where d¢p, and 8¢y, are, respectively, the first-order per-
turbation energy and first-order perturbation of the wave
function g, of the central ion with zero-order energy €,
associated with the corresponding one-electron Hamiltoni-
an 5, Neglecting terms which are second order in Q
and using #,¥oq = €0a¥oq, We obtain from Eq. (23)

(H o0 — €0a)0Wga= — (8 g — B€ga g - (24)

The unperturbed wave functions v, can be expanded in
terms of radial and angular components in the form

u'(nl;r)

woazwon]m(?)X(S): Y],,,(B,@)X(S) s (25)

%(s) als), ms=%
S)=
Bls), my=—1L- (26)

Depending upon the angular momentum quantum number
I of the unperturbed orbital ¥y, the effect of 67 can
lead to one, two, or three perturbed functions
¥0a=Y0a+8Yga, With the perturbation &¢y, given by’

Yoa=8Vou_.1,m(r)X(s)

Su'(nl—1";r)

=QcXIm,I'm) Yim(6,0)X(s),

27

where the quantum number /' can have one or more of the
possible values:

1 +2 foralll
I'=1l forl>0 (28)
[ -2 forl>2

and

cAim,'m)= [ Y} (0,9)P;(cos0) ¥, (6,0)

XsinfdO0de . (29)

With the use of Eq. (24), the radial part du'(nl—1';r) of
the perturbation function 8¢ _,;'m(T) can be shown to
satisfy the radial differential equation
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1d>  1I'(+1)
2

- - Su'(nl—1';
[ 2dr2+2 u'(n r)

+ Voa(r)—€gq

L,(L)
r3 r3 nl

Here Vy,(r) is an appropriate Hartree-Fock potential®?®
for the unperturbed central-ion orbital g, Using the
Hartree-Fock equation satisfied by u’(nl;r) and neglecting
nonlocality effects in Vg, (r), one can formally make the
replacement for Vy,(r) referred to as the Sternheimer ap-
proximation®! and rewrite Eq. (30) as

u'(nlyr) . (30)

_1d* 1 d*'(nl;r)
2 dr?  2u'(nlyr)  dr?

I''+1)=1(+1)
2r?

Su'(nl—1';r)

()
=3\ "3 /n

3 PN L
These equations can be solved by using a variational pro-
cedure” or by numerical integration® to obtain

Su'(nl—1';r).

Having obtained the Q-perturbed orbitals of the central
ion, one must consider the effects of overlap distortion on

the perturbed functions ¥g,= ¢oa+5¢ga This implies
a Schmidt orthogonalization®**3

Yoa—¥oa=Yoa+8¥ga - (32)

Considering only the central ion and one ligand, we have

+

u'(nl;r) . (31)

8¢'Qa=Na 8¢Qa‘2 6Sav¢0v+28Taﬂ¢’0ﬂ ’ (33)
v B
where
8Sav = <8¢Qa ' ¢Ov> (34)
and
5Top=23, 850,Sp, - (35)

The two-center integrals S, and 8S,, can be evaluated
by using the a-function expansion method.**®* The N,
are normalization factors which are close to unity within
terms of the order Y, Tp

The next step in our procedure is to compute the change
in the energy of the system due to the distortion produced
by the nuclear quadrupole moment. This is accomplished
as follows. One computes the total energy of the system
using the perturbed OAOQO’s on the central ion as well as
those on the ligand ion as the occupied orbitals, retaining
only terms which involve one order in the NQL>® In our
formalism, this implies that only those terms in the ex-
pression for the total energy in which 8y, appears once
are retained. In practice, one starts with the many-
electron determinantal wave function constructed from
the OAO’s of Egs. (10), (11), and (33):
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(36)

and the total Hamiltonian for the cluster composed of the
central-ion M and N, nearest-neighbor ligands (in our case
we use N, =1 for each central-ion—ligand-ion pair):

N
g Z
=‘2 B R e T
i g=1Ti ij [Ti—T1;
ZyZg ZigZgy (37)
g=1 Rg |R Rg|
P

in atomic units. Z, and Z;, are the charges on the
central-ion nucleus and the ligand nucleus located at the
point ﬁg with respect to the central-ion nucleus as origin.
The distance of the ith electron as measured from the
ligand nucleus at l_ig is given by Tj,. The total energy of
the cluster is then given by

Epa=(V|#|V¥) . (38)

This expectation value contains terms which are zero,
first, second, and higher order in the quadrupole interac-
tion 89!’0, of which, as stated earlier, we are only interest-
ed in the first-order terms, i.e., those terms which have
only one 8Ygp, in them. From an examination of Egs.
(36)—(38) these terms can be shown to be contained in the
sum

AEeQ=22<8wQa|%IWO) y (39)

where ¥, is a determinantal wave function composed of
all unperturbed central-ion OAO’s and ligand-ion AQ’s,
Vg, is obtained from W, with the replacement
Yoa—>8¥g,, and a runs over all the perturbed central-ion
OAO’s. Thus ¥, and 8%y, differ by one orbital, and
these differing orbitals are orthogonal, {¥q, |8¢p,)=0.
Using the familiar rules for matrix elements of one- and
two-electron operators*!"®> between such a pair of deter-
minantal functions, we obtain, from Eq. (39),

AE,o=2 | 3 (8%pq | f | Yoa)
+ 2 D ((8%pakon |8 | Yoaton)
a 7

— (8Ygabon | 8 | Sontoa)) |, (40)

where

(8iga | f | Woa) = [ SUigel f (T Ddr) (41)

and
(890ubin |8 | Voakon) = [ [ 80l DEon(2)8(F1, Fo)toal 1)
X&oy(2)dTid Ty, (42)

with f and g the one- and two-electron parts of the Hamil-
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tonian for a single central-ion—ligand-ion pair, namely = summation over 7 in Eq. (40) goes over all N occupied or-

Eq. (37) with Ny =1, for example. Thus bitals of the pair of ions.
The integrals in Eq. (40) can be expressed in terms of
X=2 f(T)+2 e(T0T))+H Ny @3 the unorthogonalized functions o, and ¢, and the over-
: i>j lap integrals S,, and 8S,, by expanding out the OAQ’s
f(T)=K(T;)+A(T;)+B(1}) , (44) according to Egs. (10), (11), and (33). The integrals
(890 | f | Yoo, where f is given in Egs. (44)—(47), can be
K(1;)= —%V? , (45)  transformed into sums of one-electron integrals over the
z operators A and B, given in Eqgs. (46) and (47), and two-
A(T)= _oM , (46) electron integrals over the operator g, given in Eq. (48).
T This is accomplished through the use of the Hartree-Fock
Z;, equations satisfied by the functions ¢, and g, namely,
B(ti))=——"7—, (47)

| Ti—Ry | (K +B + Vo, )dou=€oubou 49)

g(ﬂ,f})z—_.l—_’=% ’ (48) and
ni=nl (K +4 +Vou Woa=€aatoa (50)

and # yy is the internuclear repulsion. In Egs. (40) and
(42) &oy is the collective symbol for all of the unperturbed ~ where Vo, and Vg, are the relevant Hartree-Fock poten-

OAO’s on the central ion and the ligand ion, so that the  tials®*% given by
]
Vou(Tdou(1)=3 <¢ov )|~ o 2>>¢0,, 1)-(% |- l%(z)):pwm (51)
Voul Ml =3 (¢Oﬁ<2> op2) o (Vog2) | -1~ |90l g 1) ] (52)

In Egs. (51) and (52), the summations over v and 3 apply to all the occupied orbitals of the ligand and central ion, respec-
tively.

The final expression for the quadrupolar interaction energy obtained by this procedure and which we have utilized for
computation in Fe,0; is

AE, = 2% (2 §<6¢Qa¢0ﬂ|l¢'0a¢05')

%zsﬂvsﬂ’v
v

|

725658

+ % (8¢gatos’| |¥oatos)

+ 2 (84gatbosl [povbos) ( _Sav)+§ 2 (bovtosl|botbop) (8S 4y Say)

.

2 2 (8¢QaIA |¢Ov)(—sav)+2 2 2 <¢W IA l¢0v>(asa1/sav)
a v v a v

+ ,2 > (8Ygatosl [Yoador ) ( Sﬁv)+2<5¢ga¢0vl|¢0a¢0ﬂ> —Sgy)

+§ > (8%gabov| [bovbop) (SavSpy) +3, 3, (bovtbosl [Yoabor) (8SavSsy) ‘

v v v N
+|23 (2 l(awgaw o) + 3 (Bovboy ooy ) —8S )
m
+§<¢Oﬂ'¢0pl[¢0a¢0p) 2 854,Sg, | + §<5¢Qa¢0p||¢03¢op> 72 SaSgy H
v v DE

+

2% 3 3 3 (8Ygabov||Yoadbor ) (SpySp.)

DO
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a

+

+ 3 (Sugal B [Yop) |+ 2 5uSpy
B v

BERI, LEE, DAS, AND STERNHEIMER

(8%ga | B | You) + 3 (dov | B | Yoa ) (—8Say)+ 2 (Yop | B | toq) [zssavsﬂ’v
v 12 v

DN

(53)

Since the overlap integrals are all real in our chosen coordinate system, we do not differentiate between complex conju-

gates.

The operator represented by the double vertical bars in Eq. (53) is g(ry,r;)(1 —Py,) where P, permutes particle labels.
Thus each of the integrals (&,&,||&3£4) represents a Coulomb integral minus its exchange counterpart:

(iallesgd=[ [ g:n)g;(z)—rf—zgx1>§4<2>dndr2— [ 5(1)5(2)$§4(1)§;(2)drldrz.

It can be noted from Eq. (53) that in addition to retaining
terms that are first order in the quadrupole moment Q, we
have only retained terms that are either bilinear in overlap
integrals, or involve one order of overlap integral and in-
tegrals involving the ligand orbitals once or terms involv-
ing the ligand orbitals twice. Thus the results we shall ob-
tain involve two orders in two-center character which is
felt to be adequate for most ionic crystals considering the
magnitudes of the overlap integrals that occur in such sys-
tems.

III. RESULTS OF THE APPLICATION
OF THE FIRST-PRINCIPLES ANTISHIELDING
FORMALISM TO Fe;,0;

In this section we shall present the results of the appli-
cation of the formalism developed in the preceding section
to the >’™Fe NQI in a-Fe,0;. We shall be mainly con-
cerned here with the understanding of the antishielding ef-
fects in a-Fe,O; within a model of overlapping ions in
particular, and its implications for ionic crystals in gen-
eral. In Sec. IV the nature of the agreement of the calcu-
lated nuclear quadrupole coupling constant in a-Fe,0;
with experiment will be discussed, and the possible role
played by charge-transfer covalency effects will be
analyzed.

The material a-Fe,0; investigated in this work has the
corundum structure.’*®’ The basic unit of interest to us
consists of a central Fe’* ion surrounded by a heavily dis-
torted octahedron containing six O*~ ions. From the
structural parameters from the x-ray diffraction data of
Blake, Zoltai, Hessevick, and Finger67 for pure synthetic
a-Fe,0; at room temperature, the oxygen ions are seen to
form two equilateral triangles, one on either side of the
iron, with the ions of one triangle lying at 4.00a, and
those of the other at 3.67a, from the Fe’* ion. In apply-
ing the formalism of Sec. II to a-Fe,0;, we need to calcu-
late overlap integrals S,, and 8S,,, the one-electron in-
tegrals in Eq. (17), and the one- and two-electron integrals
in Eq. (53) for the electronic orbitals of Fe>* and O?~ ions
in the basic unit.

In our calculations, the unperturbed Fe’* ion wave
functions 1, were those®®® of Watson; these are in good
agreement with recently published’’ Hartree-Fock wave
functions. The O?~ wave functions were those of Wat-
son,”! who used a stabilizing potential well of two positive

(54)

[
charges. The radial parts of the wave functions for Fe**
and O?~ ions used in the present work are shown in Fig.
1, which will be useful in the understanding of the relative
magnitudes of the zero-order and antishielding contribu-
tions discussed later in this section and Sec. IV. The Q-
perturbed wave functions 8¢, for the Fe’* ion were gen-
erated by Sternheimer’? by the procedure described earlier
in Sec. II.

Equation (17) represents the direct or zero-order electric
field gradients due to the five types of sources in the clus-
ter as described earlier, while Eq. (53) represents the
induced field gradient due to each of these sources. The
terms in Eq. (53) are actually the first-order quadrupolar
perturbation energies, each term being linear in Q, so that
dividing by eQ cancels this factor, thereby providing us
with the induced field gradients eAqs in Eq. (20). Togeth-
er with the zero-order contributions provided by Egs. (17)
and (18), we then have the pair-wise terms (g;°,Aqy),
(g\,Aqn), (gBE.AdpE), (450,89p0) and (gBN,AgpN)
from which we can obtain the effective antishielding fac-
tOTS Vefr,L s Veff,N> Yeff,DEs Yeft,p0» @nd Yefr,pN fOr each type
of source in the cluster according to Eq. (21).

We shall consider now the net results for the induced
field gradients Ags=Aq;, Aqy, Agpe; Agdpo, and Agpn,

1.50 T

o] T T T T

e 2p .
_Fe 3s

_Fe*3d \,
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-100 ~Fe** 3p

0% 2s

-150 1 1 I 1 11 1
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FIG. 1. Radial wave functions P(r)=u'(nl;r) for some atom-
ic orbitals of the Fe’* and O%~ ions. The origin for the Fe’* ion
wave functions is at r =0. The origin for the O*~ ion wave
functions is at a distance of 4.00a, from the Fe nucleus, and r
increases from right to left for these functions.
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TABLE II. Comparison of the induced electric field gradients and corresponding effective antishielding factors calculated in the present work with previous parametric treatments of

antishielding effects.

Parametric antishielding factors used

Induced electric Effective

field gradient

Zero-order

in previous work?®

antishielding
factor from

electric field
gradient

from present

work
elAgq

present work

Choice 1I

Choice 1

Agq
q10)

eq(O)

Veft

(10" esucm™3)

(10" esucm™?)

Source

FIRST-PRINCIPLES THEORY OF ANTISHIELDING EFFECTS . . .

0.32
—4.57
—9.14

0.07
—4.60

—-9.19

0.32
0.32
—9.14

0.07
0.07
—9.19

—0.197

—0.710
—3.776

1.355

—0.602

6.843
—0.847

Local

Nonlocal
Distant

8.724

2.311

electronic
Distant

—-9.19 —9.14

—9.14

—9.19

—6.489

—12.696

—1.957

nuclear
Distant

—9.14

-9.19

-9.14

—9.19

—3.785

0.195

0.052

overlap

-9.19 —9.14

-9.14

—-9.19

—0.066 —0.607° —9.19°

Distant rest

of the lattice

2These choices are described in Sec. III.

®Not calculated in the present work. (See text.)
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and the corresponding effective antishielding factors
Vefr,s =Veff,L» Veff,N> Veff,DEs Yef,p0» and YefrpN [see Egs.
(17)—@21)]. The relationship of these antishielding factors
to the Sternheimer atomic shielding factor R for the 3d
valence shell®® of a free Fe** ion and the Sternheimer
antishielding factor y, for a point charge outside a free
Fe’* ion?® will be analyzed, and possible physical reasons
for the differences of our results from these two factors
R(Fe?*) and vy (Fe**) will be discussed. A more detailed
examination of the origins of the Ags and the y. s is at-
tempted in Ref. 73 by analyzing the relative importance of
individual contributions from different source charge dis-
tributions within each class of terms as defined in Sec. II.

In Table II we have listed the contributions to the field
gradient at the S’™Fe nucleus due to zero-order and in-
duced effects, as well as the sum of the two, from the vari-
ous sources, local, nonlocal, and distant, discussed in Secs.
I and II. Also listed are the corresponding effective an-
tishielding factors y.g for the various sources, obtained by
taking the ratios of the induced and direct contributions.
For purposes of comparison, we have also included in this
table the various parametric choices made for these an-
tishielding factors in the literature. For the parameters v
of Eq. (5), choice I utilizes y, =yy =R (Fe**) and
YDE=YD0=YDN=VDRL =" (F&’*).

The two sets of values listed under choice I differ by the
use in the first case (choice I A) of the most recent?> 45
values of R (Fe**) and y, for a Fe** ion, both including
many-body effects, while the second case (choice 1B) in-
volves the earlier overestimated®’*”® value of R (Fe’*)
and also a slightly different earlier value’” of y_(Fe’¥).
The second case under choice I is included because it was
the one used in earlier work® on the field gradient in a-
Fe,O;. The two cases under choice II involve the
parametric**33 choices y; =R, YN =Yo(Fe’*)/2, and
YDE=YDN =VDRL=Y.(Fe’*), the numerical values of
R(Fe**) and v, (Fe**) employed in the two cases being
the same as the ones used, respectively, for the two cases
under choice I.

In examining the results in Table II, it is first interest-
ing to compare the ab initio values of Yefr. 1, Vefr,n» Veft, DE>
and 7. pn that we have obtained with those used in the
parametric treatments. Thus as far as ¥, ; is concerned ,
there is a very significant difference from the value of
R(Fe**), the two differing in both sign and magnitude.
This drastic difference is not unexpected because the
zero-order contribution ¢/ in the model of overlapping
ions for Fe,0; receives a major contribution from the 3p
orbitals of the Fe’* ion while the zero-order field gradient
in a free Fe’* ion arises entirely from the 3d orbitals. The
ab initio value of vy is found to be intermediate be-
tween the extreme parametric values Yy =R and v, /2
used in choices I and II, respectively. This behavior sug-
gests that the overlap region between the Fe’t and O~
ions from which the nonlocal field gradient g}’ derives its
major contribution is neither as internal to the Fe’* ion as
choice I would imply, nor as external as would be indicat-
ed by choice II. Perhaps the most remarkable difference
between the ab initio results and the results obtained using
parametric choices of yg is manifested in the case of
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dominant contribution to the antishielding effects. For
the angular perturbations only the net induced EFG and
shielding factors are shown. Space does not permit a dis-
cussion of all the interesting trends that are observed in
this table, a detailed discussion of these being available
elsewhere.”” We shall merely note that the 3p—p pertur-
bation makes the largest contribution to the antishielding
effects except for the local contribution to the EFG, where
2p—p is the leading contributor and that for all the
sources of EFG and all the perturbations the induced con-
tribution is antishielding in nature except for the 3d —d
perturbation for the nonlocal source case. The first
feature involving dominance of the 3p —p perturbation for
nonlocal and distant sources is identical with the situation
for v, and is a result of the fact that the 3p orbital among
all the orbitals of the Fe’* ion has both sizable deforma-
bility and density at the nucleus. For the local source,
however, the penetration of the source into the inner re-
gions of the Fe’* ion makes the density at the nucleus of
the Fe’* orbital concerned more important than the defor-
mability, and so the 2p —p perturbation becomes more ef-
fective than 3p—p. Regarding the second feature of the
induced EFG from the 3d —d perturbation, it can perhaps
be understood by the fact that this perturbation leads to a
diffuse distribution which overlaps the nonlocal source
charge density substantially and therefore produces the ob-
served shielding effect, much like R for the local contribu-
tion for the Fe** ion.”

IV. COMPARISON OF THE EFG AT *""Fe
IN Fe,0; CALCULATED 4B INITIO
WITH EXPERIMENT AND EARLIER
CALCULATIONS USING PARAMETRIZED
ANTISHIELDING FACTORS

In the preceding section we have analyzed the results of
our ab initio calculation of induced field gradients in
Fe,0; to draw conclusions regarding the nature of an-
tishielding effects in the solid associated with local, nonlo-
cal, and distant contributions to the EFG at the iron site.
In this section we shall use the results of our calculations
to make comparison with the observed nuclear quadrupole
coupling constant in Fe,O; and with results of calcula-
tions using Eq. (5) with different choices of antishielding
parameters ys for the local, nonlocal, and distant induced
field gradients. Some of these choices have been used in
recent published results® for Fe,0,. Table IV lists the re-
sults of our theoretical calculations and those of four other
calculations where the induced field gradients were ob-
tained by multiplying the local, nonlocal, and distant
zero-order contributions to the field gradient with dif-
ferent choices of antishielding parameters representing
two distinct types of parametric treatment of NQI in ionic
solids used in the literature. Choice I, in keeping with
Table II, amounts to using only two distinct parameters R
and v, while choice II employs three distinct parameters,
namely R, y,/2, and y,. In choice I the induced field
gradients due to both local and nonlocal sources were ob-
tained by multiplying the respective values of g{*’ by the
same factor R [that is, ¥y and y; in Eq. (5) were both as-
sumed to be equal to R], while the induced field gradients
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due to all four distant sources including the point sources
in the rest of the lattice outside the cluster were obtained
by multiplying the respective zero-order field gradients by
the same factor y,. Two different sets of numerical
values are listed under choice I (columns marked 4 and B
in Table IV). The set A represents a choice of numerical
values based on the results of many-body
calculations?>24®) for R (= + 0.074) and 7, (=—9.19)
for Fe’* and Fe’*, respectively. The set B, which
represents the choice used in estimating the EFG in earlier
published calculations®, uses an earlier estimate’* of R
(=0.32) and an earlier one-electron result’> for ¥,
(=—9.14). The choices of v, are, in effect, quite close to
each other in both sets 4 and B, while the choice of R in
set B represents a serious overestimate,’*’> as pointed out
earlier in Sec. I. Choice II deviated from choice I only in
the treatment of the nonlocal field gradient. In an attempt
to account for the nature of the nonlocal sources of EFG,
which is intermediate between the natures of the local and
distant sources, a parametric value of y /2 was used in
choice II to obtain the induced EFG due to nonlocal
sources. The numerical values of R and ., within this
choice are the same as for choice I. Sets of antishielding
parameters based on assumptions similar to those made in
formulating choice II have been used in some of the earlier
calculations'®3! =33 of field gradients in alkali-halide mole-
cules and solid solutions.

The results of Table IV, and in particular the differ-
ences between the various terms eq (local, nonlocal, etc.)
obtained from the ab initio versus the parametric calcula-
tions, and the resulting differences between the various
calculated values of e2gQ /h clearly emphasize the impor-
tance of carrying out a first-principles treatment of
Sternheimer antishielding effects for the ionic crystal
Fe,0;, such as has been done here. A detailed analysis of
the reasons for the substantial differences between the ab
initio results for the field gradients due to the various
sources and the results for parametric choices for an-
tishielding and shielding effects is presented in Ref. 73.
The reasoning is based on a consideration of the charge-
density terms in the source terms belonging to the classes
of local, nonlocal, distant electronic, and distant nuclear
and their penetration into the region ascribed to the charge
distribution associated with the Fe’* ion.

We refer now to a discussion of our results from the
point of view of the next motivation for the present work,
namely an assessment of the degree of charge-transfer co-
valency in Fe;0;, by a comparison of the nuclear quadru-
pole coupling constant obtained from the calculated EFG
using a model of overlapping ions and no charge transfer
between the Fe* and O°~ ions with the experimental re-
sult. Our net electric field gradient at *’™Fe, comprising
all zero-order and induced contributions given in Table
IV, leads to a nuclear quadrupole coupling constant
e?qQ/h of 1.61 MHz using the recent value®®® of
Q(°’™Fe)=0.082b. This theoretical value of e2qQ/h is
seen to be less than one-sixth of the experimentally ob-
served coupling constant,’” namely 1021 MHz, in
37mFe,0,. The balance, it appears, has to be sought in the
influence of charge-transfer covalency which is not includ-
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ed in the model of overlapping ions. In particular, we can
examine the possibility of bridging the gap through
transfer of electrons from the ligands to the 3d shell of the
Fe3* ion. We have calculated the contribution of a single
3d,, electron to the coupling constant to be

3cos’0—1
r3

i, )

VQ,MZZ— h (1/’3422

=63.0, (55)

measured in MHz. The difference of 8.60 MHz between
our ab initio results and experiment requires about 13.6%
additional population in the 3d,, state as compared to the

other four 3d states, which could result perhaps from
ligand charge transfer to the Fe’* ion 3d,, state of spin
antiparallel to that of the five 3d electrons already present.
In terms of conventional notation'"® for the covalency ef-
fect, the difference of 8.60 MHz requires a value of
fo—Sf+=0.136, the o direction referring to the axis of
symmetry, the ¢ axis. The net transfer f,+f, to the 3d
shell of the Fe** ion can, of course, be somewhat larger.
A net transfer as large as 20% is not unreasonable com-
pared to the estimates of charge-transfer covalency arrived
at from interpretations of transition-metal ion and
transferred ligand hyperfine constants in iron-group com-
pounds,'"*2=3%7677 "and from first-principles covalency
calculations’® in ferric compounds.

The above analysis emphasizes the need for a first-
principles covalency calculation if one is to obtain a com-
plete understanding of the origin of the NQI in Fe,0s.
Such a calculation would require large amounts of com-
puter time, and in view of the need to predict the anisotro-
py of the charge distribution, makes acute demands on the
accuracy and flexibility of the basis set as compared to
those necessary to explain isotropic properties such as iso-
mer shifts and the contact hyperfine interaction; but its re-
sults should be rewarding in terms of furthering our
understanding of the origins of the NQI in this and related
systems. To be complete, the covalency calculation would
have to include transfer of ligand charge to both 4s and 4p
states in addition to the 3d states, and a detailed analysis
of the wave functions obtained from such a calculation
can be made by testing not only the quadrupole coupling
constant but also the isotropic and anisotropic hyperfine
interactions of the metal-ion nucleus >’™Fe and those of
the ligand-ion nucleus !’O.
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In addition to the first-principles covalency calcula-
tions, ab initio antishielding calculations, such as the
present one with the model of overlapping ions, in systems
other than Fe,0;, would further aid in the understanding
of antishielding effects in actual ionic crystals and of their
departure from the case of free ions and atoms. Thus it
would be very useful to investigate related transition-metal
compounds as well as other ionic crystals with more tight-
ly bound positive ions such as Al,O;,”° or more tightly
bound negative ions such as the cadmium halides where
both the !Cd (excited nuclear state with I =) and the
halo%gn nuclear quadrupole coupling constants are avail-
able.

V. CONCLUSIONS

An ab initio procedure has been developed for the study
of antishielding effects in the NQI in ionic crystals. While
the procedure has been applied quantitatively here to a
model of overlapping ions, it can be easily extended to a
treatment of antishielding effects due to inner shells of the
central ion in an evaluation of EFG which employs wave
functions incorporating charge-transfer covalency. The
application of our procedure to the model of overlapping
ions for Fe,O3 has shown that the antishielding effects as-
sociated with the various sources in this model are rather
sensitive to the charge distributions in the crystal and are
very different from the effects represented by the valence-
electron shielding factor R for the 3d electron in a ferrous
ion and by the external-charge antishielding factor v, for
a ferric ion. These differences can be explained on the
basis of the extent of interpenetration between the various
sources producing the EFG and the electronic charge dis-
tribution on the Fe’* ion. Within this model our pro-
cedure gives a nuclear quadrupole coupling constant for
STmFe in Fe,0; which is about one-sixth of the experimen-
tal value. A simple analysis indicates that a reasonable
amount of charge-transfer covalency can bridge this gap
between theory and experiment.
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