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The first-principles all-electron Hartree-Fock cluster procedure is applied to the spinels ZnAl2O4 and
ZnFe2O4 for the pure spinels, Zn

21 and Fe31 substituted for Al31 in ZnAl 2O4 , and when Zn
21 is substituted

for Fe31 in ZnFe2O4 . Electric-field gradients~EFG’s! are calculated for the nuclei at theB sites using clusters
which involve theB site cation and its six nearest-neighbor oxygens. The rest of the solid is included by
considering all sites outside the cluster as point ions. The calculated EFG’s agree well with the available
nuclear quadrupole interaction data. For the impurity systems, the possibility of impurity-induced lattice
relaxation is not included. However, the concordance found between theoretical and experimental67Zn nuclear
quadrupole coupling constants (e2qQ) indirectly suggests that the relaxation due to the presence of the defect
is relatively small. For 57Fe and 67Zn at the B site, the ratios of the main componentVzz of
the EFG’s, Vzz@ZnAl 2O4]/Vzz@ZnFe2O4], agree very well with the experimentally determined ratios
e2qQ@ZnAl 2O4]/e

2qQ@ZnFe2O4#. This is significant because these ratios are independent of the nuclear
quadrupole momentQ. Combined with the good agreement found between theoretical and experimental results
for 27Al and 67Zn, the present calculations suggest a value forQ(57Fe!'0.20 b. Electron densities are calcu-
lated at57Fe and67Zn. The 57Fe magnetic hyperfine field is calculated, and very good agreement is obtained
with the experimental result for ZnFe2O4 . Correcting the Hartree-Fock results for many-body and relativistic
effects is important. The magnetic moment of57Fe in ZnFe2O4 , estimated from the Mulliken population
analysis, is found to be 4.8mB , somewhat larger than the experimental moment of 4.2mB . Charge densities at
the zinc nucleus are calculated at theA sites for the pure spinels, and for theB sites when zinc is a substitu-
tional defect. Our calculations suggest that for67Zn-Mössbauer spectroscopy contributions to the center shift
from the second-order Doppler effect are significant in oxide spinels.

I. INTRODUCTION

Oxide spinels comprise a very large group of structurally
related compounds,1–4 many of which are of considerable
technological2,4 or geological3,5 significance. Spinels exhibit
a wide range of electronic and magnetic properties,4 includ-
ing superconductivity6 in LiTi 2O4 . Many naturally occur-
ring spinels are common accessory minerals, including spi-
nel ~MgAl 2O4) and magnetite ~Fe3O4). The iron-
containing spinels are of technological importance due
primarily to their magnetic and insulating properties. Also,
the thermodynamic properties of silicate polymorphs includ-
ing those with the spinel structure are of current geophysical
interest5 due to their possible importance in the mechanism
of deep focus earthquakes and importance as a major mantle
constituent. A recent review of oxide spinel research, espe-

cially studies involving 57Fe Mössbauer spectroscopy, is
available in the literature.4

Nearly all spinels belong to the space groupFd3m
(Oh

7) though some lower symmetry spinels also exist.4

Spinels are isostructural with the mineral spinel MgAl2O4 ,
crystallize in a face-centered-cubic lattice and contain eight
molecules per unit cell. There are two kinds of voids in such
an arrangement; those tetrahedrally and those octahedrally
coordinated by oxygens. The tetrahedrally coordinated and
octahedrally coordinated positions are calledA sites andB
sites, respectively. This structure is described in detail by
Gorter2 and Hill, Craig, and Gibbs.3 The unit cell is shown in
Fig. 1. The spinel structure~space groupFd3m) is charac-
terized by just two parameters, the lattice constanta and the
oxygen position parameteru of the 32 (e) positions. In the
ideal spinel structure, the oxygen anions form a perfect face-
centered-cubic sublattice for whichu5 3

850.375. However,
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in most spinelsuÞ0.375,which leads to a trigonal distor-
tion of the octahedron of oxygens surrounding theB site
along @111#, while theA site retains its cubic symmetry.

There are two basic types of spinels,1–4 the so-called
normal and inverse spinels. The normal spinels, of which
ZnAl 2O4 and ZnFe2O4 are typical examples, have the gen-
eral formula (X)@Y2#O4, whereX andY are divalent and
trivalent ions, respectively. The~ ! and@ # refer to the eight
tetrahedrally coordinatedA sites and 16 octahedrally coordi-
natedB sites, respectively, within the cubic unit cell. In
the normal spinel structure all of the divalent cations are
at the A sites, and all of the trivalent cations are at the
B sites. Inverse spinels can be described by the formula
(Y)@XY#O4. All of the X ions and one-half of theY metal
ions have switched places compared to the normal spinel
structure.

The two spinels investigated here, ZnAl2O4 ~gahnite! and
ZnFe2O4 ~franklinite! belong to the normal spinel structure.
This is largely a consequence of electrostatics, which pre-
dicts a lower Madelung energy for normal than for inverse
spinels when the metal ions are divalent and trivalent spe-
cies, as well as the strong preference of Zn for tetrahedral
coordination.1 This latter effect may be understood to be due
to the full Zn(3d) shell for the Zn21 ion, leading Zn pref-
erentially to formsp3 hybrid bonds with the oxygen anions.

This study deals primarily with the origin of the nuclear
quadrupole coupling constants (e2qQ) at theB sites in nor-
mal spinels. The point symmetry7 of the eight tetrahedralA
sites is cubic 4̄3m (Td), while that of the 16 octahedralB
sites is trigonal 3̄m (D3d). Hence for normal spinels a zero
electric-field gradient is expected at the cubicA site.7–9 The
electric-field gradient~EFG! tensor at theB site is axially
symmetric with the maximum componentVzz of the EFG
tensor in the principal axis system directed along the@111#
direction.7–9

Until now only point multipole models have been used to
study the electric-field gradients in spinels. Previous investi-
gations of normal spinels have convincingly shown7–9 that
one must include at least the dipole moments on the oxygens
to obtain even qualitative agreement with experiment. A
monopole-only calculation for the EFG at theB site in nor-
mal spinels gives a qualitatively incorrect description of the
EFG. Therefore, we have undertaken a first-principles study
of the sign and magnitude ofVzz at theB site in spinels by
the Hartree-Fock cluster procedure,10–16a method which has
been shown to be successful in determining hyperfine

properties11–16 in other ionic systems. The spinels we
have chosen to describe in detail here are ZnAl2O4 and
ZnFe2O4. The lattice parameters which we measured by
neutron diffraction are for ZnAl2O4 , wherea58.0813(3)
Å and u50.3887(2); and for ZnFe2O4, where
a58.4599(5) Å andu50.3845(2). These spinels not only
have e2qQ measured for the pure systems, namely for
Al 31 in ZnAl 2O4 and Fe31 in ZnFe2O4, but also for the
cases when Zn21 or Fe31 (6S) substitute as an impurity for
Al 31 in ZnAl 2O4 and when Zn21 substitutes for Fe31 in
ZnFe2O4. Table I summarizes the experimentally deter-
mined quadrupole coupling constants. Here we present re-
sults of theoretical calculations for all of these cases. The
impure systems are treated by simply substituting the impu-
rity for the ion in the pure compound without allowing for
impurity-induced lattice relaxation. Information about the
extent of the lattice relaxation is derived by comparing the
theoretical and experimental results. This work greatly ex-
tends our earlier study16 on 27Al and 67Zn nuclear quadru-
pole interactions in ZnAl2O4 and, in particular, includes a
consideration of the following: the use of more extensive
basis sets, an estimate of the contribution of the oxygen di-
poles external to the cluster, and the investigation of Fe31 in
ZnAl 2O4 as well as Fe

31 and Zn21 in ZnFe2O4.

II. THEORETICAL PROCEDURE

The all-electron self-consistent Hartree-Fock cluster pro-
cedure has been used with success for the investigation of
nuclear quadrupole interactions in a number of ionic
crystals,11–16 including 27Al and 67Zn at the Al site16 in the
spinel ZnAl2O4 , and high-Tc systems,

14,15and for the study
of magnetic hyperfine interactions.11,14This method has also
been successfully applied to the calculation of67Zn isomer
shifts.20

The Hartree-Fock cluster procedure has been described in
detail elsewhere,10–16,20and only a brief summary is given
here involving some points especially pertinent for the
present investigations. In this method, which utilizes the
Hartree-Fock-Roothaan variational approach,21 the solid-
state system is simulated22 by a finite number of ions, which
we call a cluster, with the ion whose properties are being
investigated at the center. The number of ions chosen in such
calculations is based on a compromise between accuracy and

FIG. 1. Cubic unit cell of the spinel structure with lattice con-
stant a. Left: A cations are tetrahedrally,B cations octahedrally
coordinated by anions. Right: theA sites are at the center of the
open cubes and at the fcc positions of the unit cell. AllB sites are
contained within the shaded cubes.

TABLE I. Experimental nuclear quadrupole coupling constants
(e2qQ) for variousB-site ions in ZnAl2O4 and ZnFe2O4 .

Spinel B site nucleus e2qQ ~MHz! Method

ZnAl 2O4
27Al 63.68 N.M.R.a,b

ZnAl 2O4
57Fe 218.1 ~1! Mössbauera

ZnAl 2O4
67Zn 211.4 ~1.1! Mössbauerc,d

ZnFe2O4
57Fe 27.74 ~2! Mössbauere

ZnFe2O4
67Zn 26.0 ~9! Mössbauerd

aReference 17.
bThe sign ofe2qQ (27Al ! is experimentally undetermined~Ref. 17!.
cReferences 18 and 19.
dReference 19.
eReference 8.
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practicability. The influence of the rest of the lattice is incor-
porated by including in the Hartree-Fock potential for the
electrons in the cluster the potential due to the ions outside
the cluster, considering their influence to be described as
those due to point charges. In this way the Madelung poten-
tial is incorporated in the all-electron Hartree-Fock cluster
procedure by replacing the ions comprising the surroundings
of the cluster with their ionic point charges out to 15 Å from
the central atom. The charges on the ions in the outermost
shells are adjusted to exactly reproduce the Madelung poten-
tial of the true solid at all cluster atoms, as well as requiring
that charge neutrality is maintained for the entire system of
cluster plus point charges. The incorporation of this potential
due to the rest of the lattice not only allows one essentially to
include the whole crystal in calculations, but also provides
the important stabilization potential necessary to localize the
electron distribution in diffuse negative ions like O22. The
Madelung potential at all lattice sites for the lattice param-
eters given in Sec. I are listed in Table II. These potentials
have been calculated using the method of Nijboer and
DeWette.23

For our B site Vzz calculations, clusters~AlO 6!
92,

~FeO6)
92, and~ZnO6)

102 are utilized. Using the lattice pa-
rameters given in Table I, the Al-O nearest-neighbor distance
in ZnAl 2O4 is 1.9160 Å. The Fe-O nearest-neighbor dis-
tance in ZnFe2O4 is 2.0378 Å. The choice of a charge of
210 for the Zn cluster is based on the experimental obser-
vation that no transferred hyperfine field is detected18,19 at
67Zn for Zn21 at theB site in ZnAl2O4 from Mössbauer
measurements. This indicates that a divalent Zn21 ion with
no magnetism and hence a closed-shell cluster with zero spin
is the correct choice,16 although Zn21 at the B site may
represent a charged defect.

Contracted Gaussian-type basis functions~GTF’s! are em-
ployed in these variational Hartree-Fock calculations.24,25

The chosen basis sets are of double-zeta plus polarization
quality.24 For oxygen we have used the basis set of
Dunning,26 which is optimized for neutral O. Our earlier
experience13 regarding the67Zn nuclear quadrupole interac-
tion in ZnO demonstrated that both basis sets optimized for
the neutral oxygen atom and basis sets optimized for O22 in
a Watson sphere potential give similar results for calculated
electric-field gradients, provided they are flexible enough. In
all the basis sets used in the present work, the most diffuse
exponents have been uncontracted from the rest of the basis
set for greatest variational flexibility.25 The contraction
scheme of the oxygen basis in the terminology that is com-
monly used25 for quantum chemical calculations is 9s, 5p,

and 1d primitive GTF’s contracted to 4s(6111), 2p(41),
and 1d(1) basis functions. For zinc and iron, we have used
Wachters’s full double-zeta basis set27 optimized for neutral
atoms but augmented with a diffusep exponent28 ~exponents
of 0.3 and 0.2 for Zn and Fe, respectively!. The contraction
schemes of the Zn and Fe basis sets are each 14s, 10p,
and 5d primitive GTF’s contracted to 8s(62111111),
6p(511111), and 2d(41) basis functions. Finally, for alumi-
num we have used the double-zeta basis set of Dunning26

optimized for the neutral atom but with the most diffuses
andp exponents removed since the range of these exponents,
defined as (23exponent! 21/2, is approximately twice the
range of the most diffuse~smallest! oxygen basis set expo-
nents. In order to have a balanced basis set and to obtain
physically meaningful Mulliken populations,29 the most dif-
fuses andp exponents (sexp50.078 andpexp50.076) have
been removed from the Al basis set. While they are impor-
tant for the free neutral Al atom, the Al31 cation has a much
more restricted charge distribution. Furthermore, the crystal-
line environment localizes the electrons for both the cations
and anions. The most diffuse GTFs andp exponents of the
Al basis set are now 0.202 and 0.304, respectively. The con-
traction scheme of the Al basis set is 11s, 7p, and 1d primi-
tive GTF’s contracted to 5s(53111), 4p(4111), and 1d(1)
basis functions. The exponents of the single Gaussian
d-polarization functions for oxygen and aluminum are taken
from Huzinaga25 with exponents of 1.15 and 0.20 for oxygen
and aluminum, respectively.

The oxygen and zinc basis sets utilized here have been
used in earlier studies including67Zn nuclear quadrupole in-
teractions and isomer shifts in ZnF2 and the zinc
chalcogenides.20 The iron basis set is a similar one employed
in the study of57Fe hyperfine properties ina-Fe2O3 ~Ref.
11! and the57Fe isomer shift in K3FeF6 .

30

Once the molecular-orbital wave functionscm for the
cluster are determined self-consistently the components of
the EFG tensor site can be calculated using the expression15

Vi j5Vi j
N1Vi j

e1Vi j
ext, ~1!

whereVi j
N andVi j

e correspond to the contributions to thei j
component of the EFG tensor from the nuclear chargesjN
and the electrons in the cluster~the sum of which we call the
clusterVzz) while Vi j

ext represents the contribution due to the
point charges external to the cluster as well as oxygen dipole
moments whose influence is incorporated by a procedure de-
scribed below. By the inclusion of the nearest neighbors in
the cluster, covalency, and charge-transfer effects onVi j are
included in a first-principles manner.

The external contributionVi j
ext representing the contribu-

tion to the EFG tensor from the external monopoles and
higher multipoles is given by

Vi j
ext5Vi j

~0!ext1~12g`!@Vi j
~1!ext1Vi j

~2!ext1•••#, ~2!

whereVi j
(0)ext is the EFG contribution from the point charges

~monopoles! external to the cluster. Since our Hartree-Fock
procedure is an all-electron calculation, and the monopoles
are included in the Hartree-Fock Hamiltonian explicitly, the
core and valence electrons in the ions are all perturbed by the
sources of EFG internal and monopoles external to the clus-
ter. Therefore, Sternheimer antishielding effects31,32 are di-

TABLE II. Madelung potentialsVm at theA, B, and oxygen
sites in ZnAl2O4 and ZnFe2O4 .

Spinel Site Vm (eÅ21)

ZnAl 2O4 Zn21 21.7814
Al 31 22.4839
O22 11.8106

ZnFe2O4 Zn21 21.8070
Fe31 22.2954
O22 11.7236
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rectly included without the need to introduce antishielding
factorsg` for the monopoles. This is not true, however, for
the dipoles and quadrupoles, whose lattice contributions33,34

to the EFG tensor are defined asVi j
(1)ext andVi j

(2)ext, respec-
tively, in Eq. ~2!. Since these higher-order multipoles are not
included in the embedding lattice external to the cluster, the
antishielding factorg` is needed for their contributions.
However, we find that the dipole contribution of the lattice
external to the nearest-neighbor octahedron of oxygens to the
B site is just around 15% of the total dipole contribution.
This suggests that nearly all of the dipole effects to the
B-site EFG are contained within the cluster itself. In addi-
tion, nearly all of the effects of the higher multipoles are
included within the cluster. For instance, the monopoles, di-
poles, and quadrupoles make contributions toVi j which fall
off as d23, d24, andd25, respectively, whered is the dis-
tance from the centralB site nucleus. We therefore choose to
neglect multipoles higher than the oxygen dipoles, and esti-
mate the contribution due to the oxygen dipoles from the
point-dipole model. This somewhat reduces the beauty of the
cluster method by reintroducing Sternheimer antishielding
factors31,32 and the oxygen dipole polarizabilityaD , but al-
lows an estimate of the magnitude of such contributions.
Since these contributions turn out to be small, we did not
make an effort to perform more accurate calculations such as
determining the oxygen dipole moment from cluster investi-
gations. The incorporation of the effects of the potential due
to dipoles on the cluster wave functions, to avoid having to
employ antishielding parameters, would be rather time con-
suming, but would be useful to attempt in the future.

In the subsequent sections of this paper, the results for the
B-site nuclear quadrupole interactions are presented and dis-
cussed. The nuclear quadrupole interactions in the perfect
spinel system of Al31 in ZnAl 2O4 are described first, fol-
lowed by 67Zn and 57Fe nuclear quadrupole interactions in
ZnAl 2O4 and ZnFe2O4. Finally, the results regarding57Fe
magnetic hyperfine interactions and57Fe isomer shifts at the
B site and67Zn isomer shifts at theA andB sites are given
and compared with experimental measurements.

To gain additional insight into the origin and sign of the
EFG, self-consistent molecular orbitals are used to extract
approximate individual atomic-orbital contributions to the
EFG. To accomplish this all self-consitent orbital coefficients
are set to zero except the ones corresponding to basis sets
centered on the atom~Zn, Fe, Al, or O! with angular momen-
tums (s, p, or d) we are interested in. Hence, for example,
the O(s,p,d) atomic orbital contribution is obtained by set-
ting all molecular-orbital coefficients belonging to metal ion-
centered basis sets equal to zero, then evaluating the appro-
priate matrix elements. This procedure is an approximation,
since overlap terms between the various orbitals are not in-
dicated, although they are, of course, taken into account in
the self-consistent calculations. Fortunately, these overlap
terms turn out to make only small contributions to the EFG’s
in all systems studied here.

In all of the compounds investigated, we find that the
electric-field-gradient tensor at theB-site nucleus is axially
symmetric, and therefore the asymmetry parameterh50 and
only the maximum component of the electric-field-gradient
tensorVzz in the principal axis system needs to be considered
further. We also find that for all cases to be studied, the sign

of Vzz is negative, and the direction ofVzz is in the @111#
crystal direction. All of these results are in agreement with
the experimental measurements.

III. RESULTS AND DISCUSSION

A. 27Al nuclear quadrupole interaction in ZnAl 2O4

This compound corresponds to the pure spinel, and is es-
pecially suited for our study for the following reasons:~1!
Al 31 is anS-state ion;~2! the quadrupole moment,Q, of
27Al is fairly well established, and the same holds for67Zn
but not for 57Fe; ~3! g` (27Al !'22.6 is small; and~4! this
system corresponds to the pure crystal. Reason~1! is also
true for all other ions studied here as well, which simply
means that the lattice contribution toVzz is dominant.
S-state ions have spherically symmetric charge distributions.
Uncertainties associated with impurity-induced lattice relax-
ation are not involved for pure crystalline systems. In addi-
tion, sinceg` is small for Al31, the magnitude of the dipole
contribution toVzz, estimated from the point-dipole model,
is relatively small compared to the Zn21 and Fe31 cases. In
conclusion, the27Al nuclear quadrupole interaction~NQI! in
ZnAl 2O4 can be considered an excellent benchmark case to
test the electric-field gradients atB-site nuclei in spinels cal-
culated by the Hartree-Fock cluster procedure.

The EFG at the Al nucleus in ZnAl2O4 has been calcu-
lated for the~AlO 6)

92 clsuter using different basis sets in
order to determine the influence ofd-polarization functions
on the Al and O basis sets. These basis sets are thesp por-
tions of the Dunning basis sets,26 as described in Sec. II. In
Table III results of these calculations are given for the fol-
lowing cases: both the O and Al basis sets have no
d-polarization functions; one but not the other species has a
d-polarization function; and all atoms have basis sets aug-
mented with single Gaussiand-polarization functions~expo-
nents of 1.15 and 0.2 for O and Al, respectively!. In order to
test the sensitivity of the final results to the chosen external
charges, two different sets of point charges have been used
for the ions external to the central~AlO 6)

92 cluster. These
are when the external point ions are formal charges~i.e.,
12, 22, and13 for Zn, O, and Al! corresponding to total
ionicity, and when these charges are scaled by a constant
factor 2.3/3.0 ~i.e., approximately11.53, 21.53, and
12.3 for the external Zn, O, and Al sites, respectively!. This
scaling of the external charge magnitudes is based on the

TABLE III. Vzz for the ~AlO 6)
92 cluster in ZnAl2O4 .

External Al basis O basis Al Mulliken ClusterVzz

charges seta setb charge ~a.u.!

c 5s4p 4s2p 12.46 20.1134
c 5s4p 4s2p1d 12.47 20.1255
c 5s4p1d 4s2p 12.28 20.1301
c 5s4p1d 4s2p1d 12.31 20.1384
d 5s4p1d 4s2p1d 12.25 20.1401

aAluminum d-polarization function~exponent 0.2!.
bOxygend-polarization function~exponent 1.15!.
cThe external charges are Zn1.531Al2

2.301O4
1.532 .

dThe external charges are formal charges, Zn21Al2
31O4

22 .
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charge of the central Al atom in the~AlO 6)
92 cluster ob-

tained from Mulliken population analysis for the case when
d-polarization functions are on both Al31 and O22 ions
within the clusters. As seen from Table III, for this best basis
set situation the Al Mulliken charge came out to be about
12.3, which is smaller than the formal Al31 charge. The
rationale for the use of a uniform scaling factor is that since
the central Al atom is best described within the~AlO 6)

92

cluster, the Al Mulliken charge is more accurate than the
oxygen charge, the former being fully coordinated by its
nearest-neighbor oxygens within the cluster. Reducing the
external charges from thier formal totally ionic values has
some physical grounds, in that convalency reduces the
charges somewhat from the formal ionic values, and that the
Mulliken charges reflect this covalency. A detailed study
concerning possible uncertainties associated with the choice
of external point-charge magnitude is presented elsewhere.35

In Table III, the use of formal ionic charges in the embed-
ding lattice is presented only for one case, namely when
d-polarization functions are centered on both the Al and O
ions within the cluster. As seen from Table III, the use of
formal or Mulliken ~scaled! charges for the external ions
gives very similar results for the Al Mulliken population and
theVzz originating from the nuclei and electrons within the
~AlO 6)

92 cluster. The relative closeness of the Mulliken
charges is indicative of the fast convergence of the process of
charge iteration to self-consistency of the external charge
values. In this procedure, the external ions are replaced by
the Mulliken charges; then the Hartree-Fock cluster calcula-
tion is repeated until the external Al charge equals the Mul-
liken Al charge within the cluster. The calculatedVzz from
within the cluster is very close (20.140 and20.138 a.u. for
formal and scaled charges in the external lattice, respec-
tively!. This is likely due to the dominance of the valence
Al(3p) contribution toVzz, which is based on covalency
between the Al-O bond. Covalency effects onVzz are rela-
tively insensitive to the embedding lattice. The lattice EFG at
the Al nucleus due to the point ions external to the cluster
mainly influences the core Al(2p) electrons through Stern-
heimer antishieldinglike effects,31,32 which are small for
Al 31 due to the relative smallness ofg` for Al 31. These
effects are given a more quantitative meaning in Sec. III B,
when individual contributions to the EFG at the Al nucleus
are discussed. It is apparent from Table III that theVzz clus-
ter becomes more negative as the basis sets are augmented
with d-polarization functions. Comparing the case when
there are nod-polarization functions on either Al or O to the
case when both types of atoms haved-polarization functions,
one observes that the clusterVzz is reduced by 22% and that
the Al Mulliken charge decreases slightly. The smaller Al
Mulliken charge is indicative of a more covalent Al-O bond.
However, the small difference between12.5 and 12.3
charges should not be considered significant due to the un-
certainties associated with the use of the Mulliken population
analysis in the first place.

Using the polarized Gaussian basis sets described earlier
with external point charges scaled uniformly by 2.3/3.0 from
the formal values gives a value ofVzz at the Al nucleus of
20.1384 a.u. for the electrons and nuclei within the
~AlO 6)

92 cluster. As Table IV shows, individual contribu-
tions due to the electrons and nuclei within the cluster come

out as20.3781 a.u. and10.2397, respectively. The contri-
bution due to the external monopoles is10.0424 a.u. The
most important higher-order multipole is the contribution to
the Al-site EFG from the dipoles on the oxygen sites. The
dipole moments of the ions at theA andB sites vanish due to
crystallographic symmetry. As discussed earlier, most of the
oxygen dipole contribution is already contained within the
cluster. However, there is a residual contribution from the
oxygen anions external to the~AlO 6)

92 cluster. To estimate
the dipole contribution, the value ofaD'0.4 Å3 has been
chosen for the oxygen dipole polarizability. This is derived
from a best fit of the experimental EFG to the EFG obtained
by the point-charge–point-dipole model.7–9,36This value for
aD is in good agreement with the results of Kirsch, Gerard,
and Wautelet,9 who employed a similar method. The contri-
bution toVzz

latt at the Al site due to the dipoles external to the
cluster is20.0025 a.u. Since external dipoles are not in-
cluded in the Hartree-Fock Hamiltonian, this contribution
must be multiplied by (12g`)'3.6 for the Al31 ion.37

Therefore, the contribution toVzz due to the external dipoles
is approximately20.0091 a.u. The external dipole contribu-
tion is thus quite small compared to either the external
monopoles or nuclei and electrons within the cluster. The
total Vzz at the Al site is the sum of theVzz cluster and the
external monopoles and dipoles, which comes out to a total
of 20.1051 a.u. In order to make a comparison with experi-
mentale2qQ, a value of the quadrupole moment for27Al
must be used. There are two values forQ(27Al ! in the litera-

TABLE IV. Contributions toVzz in atomic units from various
sources for Al31 at theB site in ZnAl2O4 .

Contribution Al31: ZnAl 2O4

Vzz

nuclear 10.2397 a.u.
~from six nearest-neighbor O!
total electronic 20.3781
@from ~AlO 6)

92 cluster#
cluster total 20.1384

O(s,p,d) 20.293
Al( d) 20.0004
Al(2p) 10.014
Al(3p) 20.121
Al( p)total 20.107

monopoles external to 10.0424
clustera

dipoles external to 20.0091
clustera,b

total Vzz 20.1051 a.u.5
21.0231017 V/cm2

aMulliken charges are used for the ionic charges outside the cluster.
bg`~Al 31)522.6 and oxygen dipole polarizabilityaD50.4 Å3.
g` is needed for the dipole contribution, since external dipoles are
not included in the Hartree-Fock Hamiltonian; the choice of
aD50.4 Å3 is from a best fit of the experimental field gradient and
theoretical gradient within the point-dipole model.
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ture, derived at by a comparison of atomic many-body cal-
culations for Vzz with experimental e2qQ. These are
0.165~2! b ~Ref. 38! and 0.1402~10! b,39 with the smaller of
the two the most recently derived result. We find values of
e2qQ for the 27Al nucleus in ZnAl2O4 of 24.07 and
23.46 MHz using, respectively,Q(27Al !50.165 and 0.1402
b. These results are in excellent agreement with the experi-
mental 27Al nuclear-magnetic-resonance measurement17 of
63.68 MHz ~sign undetermined!. If instead, the theoretical
totalVzz of 20.1051 a.u. is combined with the experimental
e2qQ of 63.68 MHz, one obtains a nuclear quadrupole mo-
mentQ(27Al ! of about 0.15 b.

In order to obtain additional information on the origin of
the EFG and especially its sign, the self-consistent molecular
orbitals are used to extract individual atomic-orbital contri-
butions to the EFG. This is done by retaining only the
molecular-orbital coefficients whose center~Al or O! and
angular momentum (s,p,d) we are interested in~see Sec. II!.
The results of this procedure are also summarized in Table
IV. The contributions toVzz at the Al site due to the cluster
electrons from O(s,p,d), Al( p), and Al(3d) orbitals are
20.293,20.107, and20.0004 a.u., respectively. The con-
tribution from O(s,p,d) orbitals (20.293 a.u.! is largely
compensated for by the nuclear contribution (10.2397 a.u.!
of the six nearest-neighbor O. The Al(p) contribution of
20.107 a.u. is nearly equal to the totalVzz of 20.105 a.u.
The Al(3d) orbitals contribute very little to theB-siteVzz.
However, as seen from Table III the inclusion of
d-polarization functions to the Al basis set changesVzz no-
ticeably. The possible origin of this difference is that the
Al(3d) orbitals influenceVzz indirectly by polarizing the
Al(3p) orbitals. The dominant Al(p) contribution ofVzz is
the result of10.014 a.u. from the core Al(2p) and of
20.121 a.u. from the valence Al(3p) electrons. We can con-
clude that the origin of theVzz is due mainly to the valence
Al(3p) electrons. The sign ofVzz is predicted to be negative
due to the large negative contribution from the valence Al
(3p) electrons which is about nine times greater in magni-
tude than a smaller positive contribution from the core Al
(2p) orbitals. These results show the importance of cova-
lency effects in the calculation ofVzz for ZnAl 2O4 , and
explain the relative insensitivity of the EFG to the external
charges, the latter influencing primarily the Sternheimer-type
polarization contributions such as the one arising from the Al
core 2p electrons.

There are several sources of uncertainties to consider in
the above calculations. These include finite cluster size, error
in external multipoles, neglect of many-body contribution,
and basis set limitations. The many-body contributions to
Vzz is likely small. This is due to the fact that all ions within
ZnAl 2O4 areS-state ions with completely filled shells. Bril-
louin’s theorem, which states that for closed-shell molecules
the matrix elements of one-electron operators connecting sin-
gly excited configurations to the ground state are zero, is
then valid. Therefore, the leading nonvanishing many-body
contributions toVzz would come from doubly excited con-
figurations. Also, many-body effects onVzz are expected to
be small, since one is dealing with basically an ionic com-
pound for which the electrons are usually localized on par-
ticular ions. Finally, first-principle many-body perturbation
theory calculations on Fe21 and Fe31 ions,40,41 and recent

many-body calculations42 on small iron-containing mol-
ecules, have demonstrated the relative unimportance of
many-body effects on the electric-field gradient or the isomer
shift. In regards to cluster size, previously16 we partially
tested the convergence of the calculated EFG with respect to
the cluster size by replacing the six second-nearest-neighbor
Al 31 point charges by total cation pseudopotentials43 with
no basis functions centered on them, in effect increasing the
quantum-mechanical size of the cluster to~AlO 6Al 6)

91.
The result of this expansion increasedVzz at the Al site by
only 0.0003 a.u. compared to the original~AlO 6)

92 cluster.
The use of total cation pseudopotentials replacing the Al31

cores accounts for the repulsive Pauli interaction between the
two nearest-neighbor Al31 ions and the nearest-neighbor
oxygen anions. However, this short-range repulsive interac-
tion may not be enough to test for cluster size convergence,
since covalency and charge-transfer effects are not included.
Nonetheless, at least for the pure spinel, the~AlO 6)

92 clus-
ter appears to be adequate for a quantitative description of
the Al-site EFG.

B. 67Zn and 57Fe nuclear quadrupole interactions in ZnAl2O4

and ZnFe2O4

1. Comparison with experiment

The experimentale2qQ measurements are listed in
Table I. The signs of the67Zn and 57Fee2qQ have all been
experimentally determined to be negative. The ratio
e2qQ@ZnAl 2O4]/e

2qQ@ZnFe2O4] of the experimental
e2qQ results for a givenB-site nucleus between the two
different spinels is very important in that it is independent of
the nuclear quadrupole momentQ and can be compared di-
rectly to the ratio of theoretically determinedVzz for the
different spinels. With measured nuclear quadrupole cou-
pling constants available for two different nuclei located at
the same lattice site in two different compounds with the
same structure, one has an unusual opportunity to test calcu-
lated electric-field gradients at these sites~see below!.

Concerning Zn21 at the B sites in ZnAl2O4 and
ZnFe2O4, it seems likely that significant impurity-induced
lattice distortion may occur due to the replacement of the
smaller Al31 and Fe31 ions with a larger Zn21 cation.18,19

Furthermore, replacing Al31 or Fe31 with Zn21 implies
that one is also dealing with a charged defect which can
cause additional lattice distortion. Nonetheless, it is still use-
ful to obtain results for theoretical electric-field gradients in
these systems without allowing for lattice distortion due to
the presence of the Zn21 defect. A full treatment of lattice
relaxation in spinels in a first-principles manner is a major
undertaking, at least in computer time.

Before discussing in detail our results regarding the
Hartree-Fock cluster calculations for Zn21 and Fe31 at the
B sites in ZnAl2O4 and ZnFe2O4, it is useful to mention
the uncertainties in the accepted values for the27Al, 67Zn,
and 57Fe nuclear quadrupole moments (Q) which are pub-
lished in the literature. The nuclear quadrupole moments for
27Al ~Refs. 38 and 39! and 67Zn ~Refs. 44 and 45! are rea-
sonably well agreed upon. ForQ(57Fe!, the situation appears
to be far from settled.35 The values cover the range from 0.21
b ~Ref. 46! over 0.15 b~Refs. 47 and 48! to 0.082~Ref. 49!.
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In Tables V and VI results are presented for Zn21 and
Fe31 at theB sites in ZnAl2O4 and ZnFe2O4 obtained by
the Hartree-Fock cluster procedure. The method used is the
same as for the Al31 cation in the pure spinel
ZnAl2O4 . The chosen cluster for the Fe

31 ion at theB site in
ZnAl 2O4 or ZnFe2O4 is ~FeO6)

92, while for Zn21 at the
B site the chosen cluster is~ZnO6)

102. The results of Tables
V and VI are for external point charges scaled uniformly by
2.3/3.0 times the formal charges. This value, as described
earlier, is based on the Mulliken charge of about12.3 ob-
tained for Al in the ~AlO 6)

92 cluster for ZnAl2O4 . The
same scaling factor has also been chosen for all other clus-
ters, which include those for the systems Zn21 and Fe31 at
the Al site in ZnAl2O4 , and for Zn21 and Fe31 at the Fe
site in ZnFe2O4. As will be shown below, the Mulliken
charges obtained for Fe31 or Zn21 in both spinels are fairly
close, therefore giving partial justification for the use of the
same scaling factor for both spinels.

For the oxygen dipole polarizabilityaD , values of 0.4
and 0.8 Å3 are chosen for ZnAl2O4 and ZnFe2O4, respec-
tively. The estimates made here are based on a best fit be-
tween experimental and theoreticalVzz obtained using the
point-dipole model. Hence these estimates foraD rely on
both a knowledge ofQ andg` . For ZnAl2O4 , aD has been
obtained using the27Al e2qQ measurements withQ(27Al !
'0.15 b andg`522.6.37 For ZnFe2O4, due to the large
uncertainty inQ(57Fe!, the 67Zn e2qQ results have been

chosen instead for comparison with the point-dipole calcula-
tions. Since the Zn and AlVzz

latt results are similar for
ZnAl 2O4 , it was felt that the Zn results forVzz

latt in
ZnFe2O4 should be of sufficient reliability for obtainingaD
in ZnFe2O4. The aD'0.8 Å3 used for ZnFe2O4 is the
same value as estimated by Evans, Hafner, and Weber.8 The
external dipole contributions also depend ong` , for which
the free-ion valueg`~Zn21)5214.1 ~Ref. 37! is used.

Starting first with the ZnAl2O4 results, the cluster con-
tributes 20.3104 a.u. toVzz, of which 10.2397 and
20.5501 a.u. are due to the nuclei and the electrons within
the ~ZnO6)

102 cluster, respectively. To this total one must
add the contributions due to the monopoles and oxygen di-
poles external to the cluster, which are10.0424 and
20.0382 a.u., respectively. One observes that unlike the Al
results, the dipole contribution toVzz for Zn

21 at theB site
is much larger. This is due to the 5.4 times greater value of
g`~Zn21) compared tog`~Al 31). Combining the cluster
and external contributions yields a totalVzz of 20.3062 a.u.
for Zn21 at theB site in ZnAl2O4 .

Moving next to Zn21 at theB site in ZnFe2O4, we find
that the cluster contribution toVzz is 20.1016 a.u., while the
contributions due to external monopoles and oxygen dipoles
come out to10.0394 and20.0579 a.u., respectively. The
total Vzz for Zn

21 in ZnFe2O4 is therefore20.1201 a.u.
The experimental results18,19 for the coupling constants
e2qQ/h for Zn21 in ZnAl 2O4 and ZnFe2O4 are
211.461.1 and26.060.9 MHz, respectively~see Table I!.

TABLE V. Contributions toVzz in atomic units from various sources for Zn21 at the B site in
ZnAl 2O4 and ZnFe2O4 .

Contribution Zn21: ZnAl 2O4 Zn21: ZnFe2O4

Vzz Vzz

nuclear 10.2397 a.u. 10.1350 a.u.
~from six nearest-neighbor O!
total electronic 20.5501 20.2367
@from ~ZnO6)

102 cluster#

cluster total 20.3104 20.1016

O(s,p,d) 20.290 20.169
Zn(d) 20.021 10.013
Zn(2p) 20.022 20.004
Zn(3p) 20.002 10.047
Zn(4p) 20.260 20.140
Zn(p)total 20.284 20.097

monopoles external to 10.0424 10.0394
clustera

dipoles external to
clustera,b 20.0382 20.0579

total Vzz 20.3062 a.u.5 20.1201 a.u.5
22.9831017 V/cm2 21.1731017 V/cm2

aMulliken charges are used for the ionic charges outside the cluster.
bg`~Zn21)5214.1, which is the free ion value~Ref. 37!. g` is needed for this contribution since dipoles are
not included in the embedding lattice; for ZnAl2O4 and ZnFe2O4 , aD50.4 and 0.8 Å3, respectively, were
used.
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The ratio of these two results is then 1.960.3, which is
independent ofQ(67Zn!. UsingQ(67Zn!50.15 b and the to-
tal Vzz given in Table V, we predict thate

2qQ is 210.8 and
24.2 MHz for ZnAl2O4 and ZnFe2O4, respectively. These
theoretical results, especially that for ZnAl2O4 , are in very
good agreement with the experimental nuclear quadrupole
coupling constants. The ratio of the theoreticalVzz is
0.3062/0.120152.5, in fair agreement with the ratio of ex-
perimental nuclear coupling constants of 1.960.3.

The theoreticale2qQ(67Zn!, obtained using the totalVzz
found by the Hartree-Fock cluster procedure and
Q(67Zn!50.15 b are in very good agreement with the experi-
mental results in regards to both magnitude and sign. This
good agreement is somewhat surprising, considering that
Zn21 is a charged defect with respect to the pure spinel
13 B-site ion in ZnAl2O4 and ZnFe2O4. The agreement is
better for ZnAl2O4 than for ZnFe2O4, but the difference
between theory and experiment may not be too serious con-
sidering the relative smallness of thee2qQ involved for
ZnFe2O4 compared to the contributions from the external
monopoles and dipoles. Also, the lattice distortion introduced
by the impurity Zn21 is likely to be different for the two
systems. However, the relative closeness between the experi-
mental and theoreticale2qQ results indicates that the lattice
is not too distorted by the presence of the Zn21 impurity at
theB site. The oxygen octahedron surrounding the Zn thus

appears to be quite stiff. Polarization of the oxygen anions
due to the charged defect within the~ZnO6)

102 cluster is
included self-consistently in our Hartree-Fock cluster calcu-
lations.

Finally, the results of our unrestricted Hartree-Fock
~UHF! cluster investigations for the remaining two systems,
Fe31 at theB sites in ZnAl2O4 and ZnFe2O4, are now
presented~see Table VI!. The latter system corresponds to
the pure ZnFe2O4 spinel, and the former to Fe31 replacing
Al 31 as a substitutional impurity. The clusters are
~FeO6)

92 surrounded by point charges located at lattice sites
for the pure spinels, with charges scaled from the formal
ionic charges by the factor 2.3/3.0 as described above.

Starting with Fe31 at the Al site in ZnAl2O4 , the contri-
butions toVzz from within the ~FeO6)

92 cluster consist of
10.2397,20.3424, and20.2880 a.u. due to the nuclei,a
electrons~spin-up electrons!, and b electrons~spin-down
electrons!, respectively. It appears that thea electrons con-
tribute approximately 0.05 a.u. more toVzz than theb elec-
trons. The sum of the nuclear and electronic contributions to
Vzz comes out to20.3907 a.u. To obtain the totalVzz at the
Fe nucleus, the contributions due to the external monopoles
(10.0424 a.u.! and dipoles (20.0256 a.u.! must also be
added to the cluster total. The totalVzz at the Fe nucleus is
20.3739 a.u.

TABLE VI. Contributions to Vzz in atomic units from various sources for Fe31 at the B site in
ZnAl 2O4 and ZnFe2O4 . a refers to spin-up electrons.b refers to spin-down electrons.

Fe31: ZnAl 2O4 Fe31: ZnFe2O4

Contribution Vzz Vzz

nuclear 10.2397 10.1350
~from six nearest-neighbor O!

a electrons b electrons a electrons b electrons
electronic totala 20.3424 20.2880 20.1566 20.1431
O(s,p,d) 20.153 20.150 20.089 20.088
Fe(s,p,d) 20.245 20.117 20.102 20.041
Fe(d) 20.023 20.019 10.001 20.010
Fe(2p) 20.002 20.020 20.001 20.005
Fe(3p) 20.013 10.150 10.021 10.091
Fe(4p) 20.183 20.260 20.102 20.143
Fe(p)total 20.198 20.130 20.082 20.057

monopoles external to 10.0424 10.0394
clusterb

dipoles external to 20.0256 20.0387
clusterb,c

cluster totald 20.3907 20.1647

totalVzz
e 20.3739 a.u.5 20.1640 a.u.5

23.6331017 V/cm2 21.5931017 V/cm2

aThe electronic total equals the sum of thea or b electrons. This sum also includes overlap terms.
bMulliken charges are used for the ionic charges outside the cluster.
cWe have made use ofg`~Fe31)529.1 ~Ref. 31! and aD50.4 Å3 for ZnAl 2O4 and aD50.8 Å3 for
ZnFe2O4 .
dThe cluster total equals the combined contributions from nuclear charges,a electrons, andb electrons.
eThe totalVzz equals the combined contributions from external monopoles, external dipoles, and the cluster
total.
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Following the same procedure as above, for ZnFe2O4,
whose contributions toVzzat the Fe nucleus are also listed in
Table VI, we find that the cluster~nuclear plus electronic!,
external monopole and external dipole contributions toVzz
are 20.1647, 10.0394, and20.0387 a.u., respectively.
Therefore, the totalVzz at the Fe nucleus in ZnFe2O4 is
20.1640 a.u.

Direct comparison with experimental nuclear quadrupole
coupling constants is difficult without a reliable value for
Q(57Fe!. However, we can confidently compare our calcu-
lated field gradients to the ratio of the two experimental
quadrupole couplings, since these ratios are independent of
Q. The ratio of theoreticalVzz for Fe in ZnAl2O4 and
ZnFe2O4 of 2.3 is in excellent agreement with the
experimental8,17 ratio of 2.3460.01. One may argue that this
agreement is somewhat fortuitous due to the fact that one
system~Fe31 in ZnFe2O4) corresponds to the pure spinel,
while the other system~Fe31 in ZnAl 2O4) corresponds to a
defect spinel. In the latter situation one may expect impurity-
induced lattice relaxation to influence the experimental
e2qQ significantly. However, it is likely that the distortion
associated with substituting Fe31 for Al 31 is even less than
the case for substituting Zn21 for Al 31, the latter situation
corresponding to a charged defect. The excellent agreement
between experimental and theoretical nuclear quadrupole
couplings for Zn21 replacing either Al31 in ZnAl 2O4 or
Fe31 in ZnFe2O4 provides indirect support that the lattice is
not very much distorted by the defect from that for the pure
spinels.

The experimental quadrupole couplingse2qQ(57Fe! can
be combined with the theoreticalVzz results at the57Fe
nucleus to estimate a value forQ(57Fe!. We predict from our
calculations thatQ(57Fe! is close to10.20 b. Both the pure
spinel ~Fe31 in ZnFe2O4) and the defect spinel~Fe31, re-
placing Al31 in ZnAl 2O4) lead to quadrupole moments
which differ by just 0.01 b. These results are inconsistent in
regards to the magnitude ofQ(57Fe!'0.08 b obtained by
Duff, Mishra, and Das49 from UHF calculations on iron di-
halides, but are in reasonable agreement with the larger
quadrupole momentsQ;0.1520.20 b obtained by other
researchers.46–48Due to the very good agreement found be-
tween experimental and theoreticale2qQ for the systems Zn
21 and Al31 at the Al site in ZnAl2O4 and Zn21 at the Fe
site in ZnFe2O4, as well as the excellent agreement found
between ratios of experimentale2qQ and theoreticalVzz for
Zn and Fe at theB sites in both spinels, one is led to the
conclusion thatQ(57Fe!'0.20 b. This value is close to the
resultQ(57Fe!50.16 b from a recent study of EFG’s in a
number of iron compounds by a band-structure procedure.50

We are currently involved in a reassessment of the calculated
EFG’s ~Ref. 49! in iron dihalides trapped in rare gas solids,
from which the earlier lower value ofQ had been obtained.

2. Individual atomic orbital contributions
to the electric-field gradient at Zn and Fe

Table V lists individual atomic-orbital contributions to
Vzz from our cluster calculations with Zn21 substituting for
Al 31 in ZnAl 2O4 , and with Zn21 substituting for Fe31 in
ZnFe2O4. Here we denote the former system as Zn21:
ZnAl 2O4 and the latter system as Zn21: ZnFe2O4, for con-

venience. Beginning with Zn21: ZnAl 2O4 , Mulliken popu-
lation analysis yielded a zinc charge of11.80 for this clus-
ter, indicating that there is a small but significant transfer of
electrons from the oxygen ligands to zinc which would have
a charge of12 otherwise. The effect of this transfer is
shown below for the zincp-orbital contributions toVzz. The
net clusterVzz, due to the electrons and nuclei within the
~ZnO6)

102 cluster, came out as20.3104 a.u. The approxi-
mate atomic-orbital contributions obtained by the procedure
described in Sec. II and for27Al in ZnAl 2O4 in Sec. III A
give20.284 and20.021 a.u. for the Zn(p) and Zn(d) elec-
trons, respectively. The sum of these two contributions to
Vzz amounts to20.305 a.u., which is very close to the total
cluster contribution of20.3104 a.u. The contributions from
the Zn(2p), Zn(3p), and Zn(4p) atomic orbitals are
20.022, 20.002, and 20.260 a.u., respectively. The
Zn(4p) electrons dominateVzz at the Zn nucleus, being
about 92% of the Zn(p) contribution. The totalVzz at the
nucleus is the sum of the total cluster and external contribu-
tions, and results from the transfer of electrons from the
ligand oxygen ions to the 4p orbitals, which would be empty
in a free Zn21 ion. The contributions from the external
monopoles and dipoles are opposite in sign, and nearly can-
cel each other. The totalVzz is 20.3062 a.u., which is com-
posed of20.3104 and10.0042 from sources within and
external to the~ZnO6)

102 cluster, respectively. The total
Vzz originates mainly from the valence Zn(4p) electrons,
which make up;85% of this total with an additional
;7% each from Zn(3d,4d) electrons and core Zn(2d) elec-
trons. For Zn21: ZnAl 2O4 , the core Zn(3p) electrons con-
tribute less than 1% to the totalVzz.

Moving next to Zn21: ZnFe2O4, we find that the total
Vzz at the Zn nucleus, equal to20.1201 a.u., is composed of
20.1016 and20.0185 a.u. from sources within and external
to the ~ZnO6)

102 cluster, respectively. The Zn Mulliken
charge for this cluster came out as11.73. The totalVzz for
this system is dominated again by the valence Zn(4p) elec-
trons, which contribute approximately20.140 a.u. Other
significant contributions are also due to the Zn(d) and the
core Zn(3p) electrons, which contribute10.013 and
10.047 a.u., respectively, to the totalVzz.

In comparing the two systems Zn21: ZnAl 2O4 and
Zn21: ZnFe2O4, we find that, for both systems, the valence
Zn(4p) atomic orbitals are the most important in determin-
ing the totalVzz at the zinc nucleus. However, in the case of
ZnAl 2O4 the Zn(4p) contribution is about 0.05 a.u. less
than the total clusterVzz, while for ZnFe2O4 the Zn(4p)
contribution is about 0.04 a.u. greater than the clusterVzz.
These differences are due primarily to differences in the core
Zn(2p,3p) contribution to Vzz, which is negative for
Zn21: ZnAl 2O4 and positive for Zn

21: ZnFe2O4. It is dif-
ficult to surmise the origin of the nature of these small but
significant differences.

Finally, we discuss the results for the atomic-orbital con-
tributions toVzz of our UHF calculations on the~FeO6)

92

clusters for Fe31 at theB sites in ZnAl2O4 and ZnFe2O4.
The former case corresponds to a substitutional impurity, and
the latter to the pure spinel. These results are summarized in
Table VI. The charges of the central Fe atoms in these clus-
ters came out as12.35 and 12.22, respectively, for
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ZnAl 2O4 and ZnFe2O4. These charges are quite close to
the value of12.32 found for Al in ZnAl2O4 . Since the
molecular orbitals are obtained from UHF calculations, the
a andb electrons are in orbitals which are allowed to have
different spatial wave functions. Since the~FeO6)

92 cluster
has a total spin of 2.5, the self-consistenta andb molecular
orbitals are different in general due to exchange interaction,
especially between electrons in the unpaired spin orbitals in
a spin state and those in thea states of the paired orbitals.
One observes several interesting trends in comparing the
contributions toVzz from either thea or b electrons of a
given individual atomic orbital. First of all, thea and b
oxygen O(s,p,d) contributions are nearly the same. This is
not unexpected, since O22 anions are closed-shell systems
with equal numbers ofa andb electrons. For the Fe atomic
orbitals, significant differences can be seen between the con-
tributions froma andb electrons toVzz: These differences
can be understood by noting that the free Fe31 cation has
five spin-up (a) electrons and zero spin-down (b) electrons
in the 3d shell. There are no 4s, 4p, or 4d electrons in the
free Fe31 ion; however, in the solid charge transfer from the
2s and 2p O22 atomic orbitals to the empty valence orbitals,
in particular the 4s, 4p, andb-3d orbitals of iron can occur.
As can be noticed in Table VI, in both spinels the dominant
contribution toVzz at the Fe nucleus is due to the Fe(p),
especially the Fe(3p) and valence Fe(4p) electrons, with
Fe(4p) being the dominant contribution. Again the negative
sign ofVzz and hencee2qQ is determined by the dominant
negative contribution from the cation valencep electrons.
Covalency and charge-transfer effects are most important in
determining both the magnitude and sign ofVzz in these
sytems. However, the Fe(3p) orbital also contributes signifi-
cantly toVzz, especially theb-Fe(3p) electrons.

Let us first consider Fe31: ZnAl 2O4 . The contributions
to Vzz from the Fe(p) and Fe(d) atomic orbitals,20.328
and 20.042 a.u., respectively, give a total of20.370 a.u.
from these two sources. This sum of the Fe(p) and Fe(d)
sources is quite close to the totalVzz ~cluster plus external!
of 20.3739 a.u. The Fe(p) and Fe(d) electrons, respec-
tively, contribute;88% and;11% to the totalVzz. The
a-Fe(p) contribution is substantially greater than the total
b-Fe(p) contribution, even though the dominant Fe(4p)
contribution is 1.4 times greater for theb electrons. The
b-Fe(3p) electrons make a substantial positive contribution
to Vzzwhich is much greater in magnitude than that from the
a-Fe(3p) electrons.

Moving to Fe31 in ZnFe2O4, as seen in Table VI, the
relative contributions toVzz are similar to the case for
Fe31: ZnAl 2O4 . That is, the Fe(p) electrons, especially the
Fe(3p) and Fe(4p), are most important in determining the
sign and magnitude ofVzz at the Fe nucleus. The Fe(4p)
orbitals make the largest contribution and determine the
negative sign forVzz. However, a fairly sizable contribution
from the Fe(3p) electrons of opposite sign reduces the mag-
nitude of Vzz. For both Fe31: ZnAl 2O4 and Fe31:
ZnFe2O4, the b-Fe(4p) and b-Fe(3p) contributions to
Vzz are greater in magnitude than the respective contribu-
tions from thea electrons. This is likely due to the relative
difference in shielding by the Fe(3d) electrons. There are a
number of trends to observe for Fe31 at theB site in both

spinels. There is a substantial contribution toVzz from the
b-Fe(3p) electrons which is opposite in sign from an even
greaterb-Fe(4p) contribution. The ratio of these two contri-
butions is similar in both spinels, namely 1.7 and 1.6 for
ZnAl 2O4 and ZnFe2O4, respectively. The Fe(d) contribu-
tion to Vzz, on the other hand, is fairly small. In the case of
Fe31: ZnAl 2O4 the Fe(d) orbitals contribute roughly 11%
to the totalVzz, and there is no significant difference be-
tween the contributions from thea or b electrons, in sharp
contrast to the Fe(p) atomic orbitals. For Fe31: ZnFe2O4,
the Fe(d) orbitals contribute an even smaller relative propor-
tion to the totalVzz. However, this should not imply that
there is no charge transfer to theb-Fe(3d) orbitals which are
empty for the free Fe31 cation. As seen in Table VII, which
lists the gross atomic-orbital populations from a Mulliken
population analysis, there is a charge transfer of;0.29 and
;0.24 electrons to theb-Fe(d) orbitals in ZnAl2O4 and
ZnFe2O4, respectively. We cannot distinguish between the
numbers of electrons in Fe(3d) and Fe(4d) in this type of
analysis, but most likely the majority of the transfer is to the
Fe(3d) atomic orbital. Since the Fe(3d) contribution to
Vzz is relatively small, one concludes that the charge distri-
bution of theb-Fe(3d) orbitals must be close to spherically
symmetric. The origin of the substantial difference predicted
between the individual contributions toVzz from the b-Fe
(3p) andb-Fe(4p) orbitals, and the difference between the
Fe(p) a and b contributions is difficult to ascertain. We
suspect, however, that due to the nearly emptyb-Fe(3d)
shell compared to the fulla-Fe(3d) shell, theb-Fe(3p)
electrons are more polarizable than thea-Fe(3p) electrons
the latter being more tightly bound because of the attractive
exchange interactions with thea-Fe(3d) electrons. There-
fore, the semicoreb-Fe(3p) electrons would be subjected to
a greater Sternheimer antishieldinglike effect than thea or-
bitals.

C. 57Fe magnetic hyperfine fields

The magnetic hyperfine field at the57Fe nucleus,B hf ,
arises from two contributions, the Fermi contact termBC and
the dipolar contributionBD . The contact term due to the
unpaired spin density at the iron nucleus is~in T! ~Refs. 11
and 51!

TABLE VII. Mulliken gross populations for iron from the
~FeO6)

92 cluster for iron at theB site in ZnAl2O4 and
ZnFe2O4 . The external charges are scaled (32.3/3.0) charges.

number of electrons
Spinel Contribution s p d total

ZnAl 2O4 a electrons 3.18 6.00 5.02 14.20
b electrons 3.16 6.00 0.29 9.45
(a1b) 6.34 12.00 5.31 23.65
(a2b) 0.02 0.00 4.73 4.75

ZnFe2O4 a electrons 3.20 6.07 5.02 14.29
b electrons 3.19 6.06 0.24 9.49
(a1b) 6.39 12.13 5.26 23.48
(a2b) 0.01 0.01 4.78 4.80
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BC552.4rs~0! ~3!

where rs(0) is the spin density@the difference between
spin-up (a) and spin-down (b) electron density# in units of
a0

23 at the iron nuclei. Thea and b charge densities are
given in Tables VIII and IX. The dipolar contribution to the
hyperfine field, which is axially symmetric in the@111# di-
rection, is given~in units of T! by

BD56.3~Vzz↑2Vzz↓! ~4!

whereVzz↑ andVzz↓ are thea andb electronic contributions
to Vzz in a.u. The total hyperfine field isBhf5BC1BD . Our
results for 57Fe in ZnAl2O4 and Zn57Fe4O4 are very simi-
lar, in fact to three significant figures the dominant Fermi
contact contribution is identical for both systems. Also, since
magnetic hyperfine experimental data are available only for
the pure spinel ZnFe2O4, we have chosen to discuss just
those results for simplicity. Using Eqs.~3! and~4!, the results
for rs(0)5r(0)↑2r(0)↓ listed in Tables VIII and IX and
the results for thea and b electronic contributions toVzz
listed in Table VI, we find thatBC5266.6 T and
BD520.1 T. The contact contribution is much greater than
the dipolar contribution which is typical for ferric com-
pounds. The magnetic hyperfine fieldBhf from the Hartree-
Fock cluster calculations is therefore266.7 T. A substantial
correction is expected from relativistic and correlation ef-
fects to the contact contribution. We obtain estimates for
these corrections from atomic many-body calculations.

A nonrelativistic many-body calculation52 on the Fe31

ion has shown that correlation reduces the magnitude of the
contact contribution by 8% including consistency effects.
While there are no relativistic many-body calculations on
iron available, such calculations have been performed for the
manganese atom.53 First-principles many-body calculations

on the manganese atom have shown that the nonrelativistic
contact contribution is reduced in magnitude by 17% due to
relativistic effects. Thus we correct our Hartree-Fock cluster
calculations forBhf in ZnFe2O4 to include relativistic and
many-body effects by reducing the Hartree-Fock cluster re-
sult by 25%. This procedure gives a magnetic hyperfine field
of 250.0 T at the iron nucleus in ZnFe2O4. This estimate is
in very good agreement with the experimental
measurement54 of 251.5 T, extrapolated to 0 K. We empha-
size, however, that this good agreement may be fortuitous
due to the relatively large corrections from many-body and
relativistic effects tors(0) which have been taken from
atomic calculations.

It is useful to make a comparison between thers(0) for
the~FeO6)

92 cluster representative of ZnFe2O4 and the free
Fe31 ion. The difference between the cluster calculation and
the free-ion results can be considered as a contribution to the
hyperfine field from the solid-state environment. Table X
givesrs(0) for the Fe

31(6S) ion from atomic Hartree-Fock
calculations employing the same basis set as used in the clus-
ter calculations. These results yield275.5 T for the free-ion
hyperfine field. Comparing this withBhf5266.7 T from the
Hartree-Fock cluster calculations gives18.8 T for the con-
tribution to Bhf from the solid-state environment. Reducing
this result by 25% to correct approximately for relativistic
and many-body effects gives an estimate of16.6 T for the
corrected contribution toB hf due to solid state effects.

The local magnetic moment has also been measured55 by
neutron-scattering experiments to be 4.2mB for iron in
ZnFe2O4, reduced from the free Fe31-ion value of
;5.9mB , the reduction being ascribed to covalency effects.
The Mulliken population analysis for the cluster molecular
orbitals can be used to obtain a semiquantitative estimate of
the difference between spin-up and spin-down electron popu-
lations within the iron atom. These results, given in Table
VII, are labeled (a2b) for the difference in spin-up and
spin-down populations. For ZnFe2O4, we obtain 4.80mB for
the local magnetic moment, with the reduction due mainly to
an increase in the minority-spin Fe(3d) population from zero
electrons for the Fe31 ion to 0.24 electrons. The reduction of
;1mB while likely due to covalency effects, significantly
underestimates the experimental delocalization reduction of
;1.7mB .

D. Total electron density at the iron nucleus:
57Fe isomer shifts

In Mössbauer spectroscopy, the isomer shiftS between
two different compounds is related to the charge density dif-
ference at the nucleus between the same two compounds by

TABLE VIII. Individual atomic-orbital contributions to the elec-
tron density at the Fe nucleus located at theB site in ZnAl2O4 .
r tot(0)5r(0)↑1r(0)↓.

Orbitals r(0)↑ r(0)↓ r(0)↑-r(0)↓ r tot(0)

Fe(1s) 5228.05 5228.14 20.09 10 456.19
Fe(2s) 508.22 511.72 23.50 1019.94
Fe(3s) 72.17 69.90 12.27 142.07
Fe(4s) 1.85 1.80 10.05 3.65

Total 5810.29 5811.56 21.27 11 621.85

TABLE IX. Individual atomic-orbital contributions to the elec-
tron density at the Fe nucleus located at theB site in ZnFe2O4 .
r tot(0)5r(0)↑1r(0)↓.

Orbitals r(0)↑ r(0)↓ r(0)↑-r(0)↓ r tot(0)

Fe(1s) 5228.06 5228.15 20.09 10 456.21
Fe(2s) 508.24 511.75 23.51 1019.99
Fe(3s) 72.31 70.05 12.26 142.36
Fe(4s) 1.54 1.47 10.07 3.01

Total 5810.15 5811.42 21.27 11 621.57

TABLE X. Individual atomic-orbital contributions to the elec-
tron density at the nucleus for the Fe31 free ion in atomic units
(a0

23). r~0!↑:r~0! of a electrons.r~0!↓:r~0! of b electrons.

Orbitals r(0)↑ r(0)↓ r(0)↑-r(0)↓ r tot(0)
a

Fe(1s) 5228.11 5228.20 20.09 10 456.31
Fe(2s) 508.22 511.86 23.64 1020.08
Fe(3s) 72.63 70.34 12.29 142.97

Total 5808.96 5810.40 21.44 11 619.36

ar tot(0)5r(0)↑1r(0)↓.
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S5aHF@r1~0!2r2~0!#, ~5!

whereaHF is known as the isomer shift calibration constant.
If S is in mm/s, r(0) in a0

23 , then aHF is in units of
~mm/s!a0

3 . For 57Fe, andr(0) obtained from nonrelativistic
calculations, a current estimate30,56,57 of aHF is 20.27
~mm/s!a0

3 . If r1(0) is the charge density at the iron nucleus
for Fe31: ZnAl 2O4 , and r2(0) refers to ZnFe2O4, then
from Tables VIII and IX we find that
r1(0)2r2(0)50.28a0

23 . From Eq.~5! we predict that the
isomer shift between these systems is about20.08 mm/s.
The higher charge density at the Fe nucleus for ZnAl2O4 as
compared to ZnFe2O4 is due to the shorter Fe-O bond length
in the former. Our results predict a greater covalency for
Fe31: ZnAl 2O4 than for ZnFe2O4. Using the experimental
isomer shifts17,8 for ZnAl 2O4 and ZnFe2O4 with respect to
iron metal of10.32 and10.35 mm/s, respectively, the ex-
perimental isomer shift between the two spinels is20.03
mm/s. The correct sign and approximate magnitude~small!
is predicted by our theoretical results for the charge densities.
Based on typical uncertainties20 in calculatedDr(0) of about
60.1a0

23 for Hartree-Fock calculations with Gaussian basis
sets, these results are reasonable.

Perhaps a better comparison can be made with systems
which have much larger isomer shifts between them, and for
which theoreticalr(0) calculations are available. Nieuwport,
Post, and van Duijnen57 have calculatedDr(0) at the iron
nucleus for a relatively large number of ferrous and ferric
compounds as well as the free ions Fe21(5D) and
Fe31(6S) with the same basis sets. Using their result for the
ferrous system K3Fe~CN! 6 gives

r@Fe31#2r@K3Fe~CN!6#524.26a0
23.

For our calculations from Tables IX and X, we obtain

r@Fe31#2r@ZnFe2O4#522.21a0
23 .

Therefore, the density difference between the two com-
pounds is

Dr~0!5r@ZnFe2O4#2r@ K3 Fe~CN!6#522.05a0
23 ,

from which the isomer shift between them is predicted to be
10.55 mm/s. The experimental isomer shifts, with respect to
iron metal, for ~Ref. 8! ZnFe2O4 and ~Ref. 58!
K 3Fe~CN! 6 , are 0.35 and20.13 mm/s, respectively. There-
fore, the experimental isomer shift between the two com-
pounds is then10.48 mm/s, which is in satisfactory agree-
ment with our theoretical result of10.55 mm/s. The
difference between these two results of 0.07 mm/s is about
15% of the experimental isomer shift between these two
compounds.

E. Total electron density at the zinc nucleus
located atA and B sites in ZnAl2O4 and ZnFe2O4

In addition to the situation when zinc is a substitutional
impurity at theB site, we have calculated the total electron
densityr(0) for zinc at theA sites as well. This latter case
corresponds to the pure spinel. The basis sets are the same as
used earlier for electric-field gradients at the zinc nucleus.
The external charges are all scaled (32.3/3.0) from the for-
mal charges as before. The chosen cluster for the tetrahe-
drally coordinatedA site is~ZnO4)

62. The~ZnO6)
102 clus-

ter for theB site is the same as described earlier. In fact, the
results forr(0) at the zinc nucleus are calculated from the
molecular orbitals from the earlier study. The results for the
total charge density at the zinc nucleus for the pureA site
and substitutionalB site ~without lattice relaxation! for both
spinels are given in Table XI. Also, presented are
recently18,19 available 67Zn Mössbauer center shifts,SC ,
with respect to a67ZnO source. One should recall that, for
67Zn Mössbauer effect, unlike57Fe, the second-order Dop-
pler effect~SOD! cannot be ignored. It is possible that most
of SC , which is the sum of the isomer shiftS and the shift
SSOD, is due to the second-order Doppler effect. Unlike
ZnF2 and the zinc chalcogenides20 ZnO, ZnS, ZnSe, and
ZnTe, there currently is no reliable calculation forSSOD in
spinels. We therefore cannot make a direct comparison be-
tween our calculatedr(0) and SC .

20 We can only make
predictions forSSOD from our theoretical results combined
with the experimentalSC . Finally, Table XII gives results for
individual contributions tor(0).

TABLE XI. Theoretical r(0), S, andSSOD, as well as experimentalSC for 67Zn in Zn@Al 2O4# and
Zn@Fe2O4#.

Totalc Theoreticald Experimentale Calculatedf

Spinel Zn site Clustera dnn ~Å!b r(0) (a0
23) S (mm/s! SC (mm/s! SSOD (mm/s!

ZnAl 2O4 A ~ZnO4)
62 1.9442g 17 992.33 21666 213.0 1366

B ~ZnO6)
102 1.9160 17 992.45 21266 226.5 21466

ZnFe2O4 A ~ZnO4)
62 1.9708 17 991.96 23166 26.0 12466

B ~ZnO6)
102 2.0378 17 992.02 22866 218.5 1966

aScaled (32.3/3.0) charges are used for the external point charges.
bNearest-neighbor Zn-O distance.
c60.10a0

23 uncertainty.
dCalculated relative to ZnO ~wurtzite!; r(0)ZnO517 992.7660.10a0

23 . S (mm/s!5aHF Dr(0);
aHF51(38.263.8)a0

3 mm/s; Ref. 20.
eReferences 18 and 19; relative to the67ZnO ~wurtzite! source.
fRelative to ZnO~wurtzite!; SSOD5SC~experimental!2S~theoretical!.
gA slightly differentu-parameter~0.3889! value was used (u50.3887 would givednn51.9414 Å, a decrease
of 0.14%!.
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From our previous study of the pressure dependence of
the isomer shift for the cubic zinc chalcogenides,19 our re-
sults predicted thatr(0) at the zinc nucleus increased with
decreasing zinc-ligand nearest-neighbor distance. As seen in
Table XI, the same trend is seen forr(0) when looking at
either theA or B site. First, let us compare theA sites. In
going from ZnAl2O4 to ZnFe2O4, dnn increases by about
1.4%, whiler(0) decreases by 0.37a0

23 . We estimate, based
on our previous work20 on 67Zn isomer shifts in binary zinc
compounds, that the error in calculatedDr(0) is approxi-
mately60.10a0

23 . The same general trend is predicted for
the B sites. In going from ZnAl2O4 to ZnFe2O4, dnn in-
creases by about 6.4%, whiler(0) decreases by 0.43a0

23 .
Decreasing Zn-O bond lengths increases the covalency of the
Zn-O bond by increasing overlap of their orbitals. The
Zn(4s) contribution is expected to increase, and it does, as
can be seen from Table XII. The Zn(3s) contribution par-
tially compensates for the increase of the Zn(4s) density
because of the Pauli exclusion principle.20

These predicted trends are in disagreement with measured
center shifts, assumingSC is due primarily to the isomer
shift. SC actually increases with increasing Zn-O nearest-
neighbor distance when comparing eitherA or B sites.19

The isomer shift calibration constantaHF for 67Zn is
known from our earlier work20 as 38.263.8 (mm/s!(a0

3) for
nonrelativisticDr(0). In Table XI we have listed theoretical
S, relative to ZnO~wurtzite!, using a result for the charge
density at the zinc nucleus in ZnO from an earlier
calculation20 which employed the same methods and basis
sets as here for the spinels. In all cases the spinels are pre-
dicted to have negativeS with respect to ZnO~wurtzite!.
This is in agreement with the trends for experimentalSC ,
though the magnitudes vary quite a bit.

From Table XI, we predict that between theA sitesS(A
sites! is 1(1568) mm/s and that between theB sitesS(B
sites! is 1(1668) mm/s, where ZnAl2O4 has the greater
charge density at the zinc nucleus in both cases. The relative
isomer shifts between ZnAl2O4 and ZnFe2O4 are thus pre-
dicted to be similar for bothA andB sites.

Now, let us compare theA andB siter(0) results for the
same spinel. TheA site is predicted by our cluster calcula-
tions to have very similar charge densities at the zinc nucleus
relative to the B site within the same spinel. For
ZnAl 2O4 , r(A site!2r(B site!52(0.1260.15)a0

23 , while

for ZnFe2O4, r(A site!2r(B site!52(0.0660.15)a0
23 .

The general trend in the experimentalSC is that, for both
spinels, the center shift of theA site is greater than that of the
B site by about 13mm/s. If the center shift is due entirely to
the isomer shift withSSOD50, thenr(0) is predicted to be
(0.3460.04)a0

32 greater at theA site than theB site. Our
theoretical results are considerably lower than this, being
about zero. There are several possible reasons for these dis-
crepancies between our calculatedDr(0) and the experi-
mentalSC . We have already mentioned the possible role of
SSOD. Assuming that the theoreticalDr(0) are accurate then
we predict~see Table XI! that theSSOD are quite significant
in spinels being in some cases even greater in magnitude and
opposite in sign than the isomer shift contribution toSC .
Another possibility, which will be clearer when independent
SSOD results become available, is that the use of small~near-
est neighbors only! clusters surrounded by point charges may
be inadequate for accurateDr(0) calculations in spinels.
This may be true for both theA andB sites in regards to
charge densities at the zinc nucleus. At theB site, we have
substituted a13 B-site ion with the Zn21 ion. The zinc
defect is therefore a charged defect unlike the case where
Fe31 substituted for Al31 in ZnAl 2O4 . In regards to the
A site, corresponding to the pure spinel, theA site is sur-
rounded by 12 second-nearest-neighbor13 ions ~actually
12.3 since scaled charges are used!. Therefore, the nearest-
neighbor oxygens to theA site may be subjected to a poten-
tial which is quite sensitive to the surrounding point charges.
However, our results on the nuclear quadrupole interactions
~see Sec. III B! showed that the lattice is not very much
distorted by the presence of the Zn21 impurity at theB site.
For this reason we expect the influence of the charged zinc
defect onDr(0) to be quite small.

A final consideration is that significant covalent mixing
can be expected between theA andB site cations, at least in
ZnFe2O4. It is known that ZnFe2O4 orders antiferromag-
netically at 10 K. Below 10 K a transferred~via oxygen
ligands! hyperfine fieldBthf'1 T is observed at the Zn
nucleus.18,19,59The possibility ofA-B interactions involving
covalency through the oxygens is obviously not included in
nearest-neighbor clusters. Much larger clusters would be
needed to study the influence of such effects onr(0).

At present it is not possible to exclude any of the possi-
bilities mentioned. In67Zn-Mössbauer spectroscopySSODof-
ten is a significant contribution to the observed center shift
SC ~Ref. 60!, and might well be responsible for the discrep-
ancies described above.

IV. CONCLUSIONS

The first-principles all-electron Hartree-Fock cluster pro-
cedure is applied to the compounds ZnAl2O4 and
ZnFe2O4, for the pure spinels Zn21 and Fe31 substituted
for Al 31 in ZnAl 2O4 and Zn21 substituted for Fe31 in
ZnFe2O4. Electric-field gradients are calculated at the
B-site nuclei using clusters which involve theB-site cation
and its six nearest-neighbor oxygens. The rest of the solid is
included by considering all sites outside the cluster as point
ions. The calculated electric-field gradients agreed well with
the available NQI data. For the impurity system, the possi-
bility of impurity-induced lattice relaxation is not included.

TABLE XII. Individual contributions to r(0) at the 67Zn
nucleus.

r(0)(a0
23)a

ZnAl 2O4 ZnAl 2O4 ZnFe2O4 ZnFe2O4

Orbitals A siteb B sitec A siteb B sitec

Zn(1s) 16 116.19 16 116.18 16 116.21 16 116.21
Zn(2s) 1639.12 1639.07 1639.13 1639.11
Zn(3s) 234.37 234.11 234.36 234.26
Zn(4s) 2.65 3.09 2.26 2.44
Total 17 992.33 17 992.45 17 991.96 17 992.02

aScaled (32.3/3.0) charges are used for the external charges.
b~ZnO4)

62 cluster.
c~ZnO6)

102 cluster.
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However, the concordance found between theoretical and ex-
perimental 67Zn nuclear quadrupole coupling constants
(e2qQ) indirectly suggests that the relaxation due to the
presence of the defect is relatively small. For57Fe or 67Zn at
the B site, the ratiosVzz@ZnAl 2O4#/Vzz@ZnFe2O4# agree
very well with the corresponding ratios of experimental
e2qQ. This is significant because these ratios are indepen-
dent of the nuclear quadrupole momentQ. Combined with
the good agreement found between theoretical and experi-
mental results fore2qQ of 27Al and 67Zn, the present calcu-
lations suggest thatQ(57Fe!'0.2 b. In regards to individual
contributions toVzz, theB-site cation valencep orbitals are
dominant. The contribution toVzz from the oxygen dipole
moments external to the cluster has been estimated by use of
the point-dipole model. We show here that this contribution
is important: it can be as large as 48% of the totalVzz at the
B site.

The 57Fe magnetic hyperfine field is calculated, and very
good agreement is obtained with the experimental result for
ZnFe2O4, after correcting the Hartree-Fock results for
many-body and relativistic effects, which are found to be
important. The magnetic moment of Fe in ZnFe2O4 is esti-
mated from the Mulliken population analysis, and is found to
be somewhat larger than the experimental moment. This re-
sult suggests that larger clusters are needed involving both
A and B site cations to includeA-O-B interactions which
may reduce the Fe magnetic moment. Finally, the57Fe iso-
mer shift between the two systems Fe31: ZnAl 2O4 and

ZnFe2O4 is very small, in agreement with experimental
data. The calculated isomer shift between ZnFe2O4 and the
ferrous compound K3Fe~CN! 6 is concordant with experi-
ment.

Theoretical charge densities at the zinc nucleus are calcu-
lated at theA sites for the pure spinels, and for theB sites
when zinc is a substitutional defect. These results are diffi-
cult to directly compare with experimental67Zn Mössbauer
data due to the non-negligible contribution to the center shift
from the second-order Doppler (SSOD) effect. Independent
SSOD results from lattice-dynamical calculations are not yet
available for these compounds. The theoretical67Zn isomer
shifts are combined with experimental67Zn center shifts to
derive estimates forSSOD. Hopefully, SSOD will become
available for spinels in the future. Our calculations suggest
that contributions to the center shift from the second-order
Doppler effect are significant in oxide spinels.
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