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The first-principles all-electron Hartree-Fock cluster procedure is applied to the spinels@n/Aahd
ZnFe,0,, for the pure spinels, Zi" and FE* substituted for AP in ZnAl,O,, and when ZR" is substituted
for Fe®" in ZnFe,0,. Electric-field gradient$EFG's) are calculated for the nuclei at tBesites 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 experif@entaiclear
quadrupole coupling constante(Q) indirectly suggests that the relaxation due to the presence of the defect
is relatively small. For5Fe and %7Zn at the B site, the ratios of the main componeM,, of
the EFG’s, V,JZnAl,0,]1/V,]ZnFe,O,4], agree very well with the experimentally determined ratios
e2qQ[ZnAl ,0,]/e?qQ[ZnFe,0,]. This is significant because these ratios are independent of the nuclear
qguadrupole momer®. Combined with the good agreement found between theoretical and experimental results
for 27Al and 87Zn, the present calculations suggest a valued¢t’Fe)~0.20 b. Electron densities are calcu-
lated at>’Fe and®’zn. The ®"Fe magnetic hyperfine field is calculated, and very good agreement is obtained
with the experimental result for Znk®,. Correcting the Hartree-Fock results for many-body and relativistic
effects is important. The magnetic moment BFe in ZnFg0,, estimated from the Mulliken population
analysis, is found to be 4.8, somewhat larger than the experimental moment of.4.2Charge densities at
the zinc nucleus are calculated at #esites for the pure spinels, and for tBesites when zinc is a substitu-
tional defect. Our calculations suggest that $6Zn-Mossbauer spectroscopy contributions to the center shift
from the second-order Doppler effect are significant in oxide spinels.

I. INTRODUCTION cially studies involving >'Fe Mdssbauer spectroscopy, is
available in the literaturé.

Oxid inel . | ¢ I Nearly all spinels belong to the space gro&p3m
xide spinels comprise a very large group of structura y(Oﬁ) though some lower symmetry spinels also eXist.

related co_mpz)und’s,"' many 5°f .Wh.'?h are of gonadergb!e Spinels are isostructural with the mineral spinel Mg@l,,
technologicat or geological® significance. Spinels exhibit crystallize in a face-centered-cubic lattice and contain eight
a wide range of electronic and magnetic propediemiud- 1 olecyles per unit cell. There are two kinds of voids in such
Ing superconducnvn‘i/m LiTi ;0,4. Many naturally occur-  an arrangement; those tetrahedrally and those octahedrally
ring spinels are common accessory minerals, including spigoordinated by oxygens. The tetrahedrally coordinated and
nel (MgAl,O,) and magnetite (Fe;04). The iron-  octahedrally coordinated positions are callecsites andB
containing spinels are of technological importance dussites, respectively. This structure is described in detail by
primarily to their magnetic and insulating properties. Also, Gortef and Hill, Craig, and Gibb3The unit cell is shown in
the thermodynamic properties of silicate polymorphs includ-Fig. 1. The spinel structuréspace groug-d3m) is charac-

ing those with the spinel structure are of current geophysicalerized by just two parameters, the lattice constaand the
interest due to their possible importance in the mechanismoxygen position parameter of the 32 @) positions. In the

of deep focus earthquakes and importance as a major manildeal spinel structure, the oxygen anions form a perfect face-
constituent. A recent review of oxide spinel research, espesentered-cubic sublattice for whiah=2=0.375. However,
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TABLE I. Experimental nuclear quadrupole coupling constants

= h I ; S
; ) & ! (e?qQ) for variousB-site ions in ZnALO, and ZnFgO,.
| ' |
| 7
(5 B Spinel B site nucleus e?qQ (MHz) Method
ity TS
NS L I
o ZnAl,0, 27p| +3.68 N.M.R2P
AT ; ZnAl,0, STFe -18.1 (1) Méssbauét
o __;___'/’ ZnAl,0, 87Zn -11.4(1.)  Mossbauer
""""" G ZnFe,0, Fe ~7.74(2)  Mossbauef
ZnFe,0, 67Zn —6.0 (9) Mossbauef

FIG. 1. Cubic unit cell of the spinel structure with lattice con-
stanta. Left: A cations are tetrahedrallyg cations octahedrally
coordinated by anions. Right: th® sites are at the center of the
open cubes and at the fcc positions of the unit cell.B\kites are
contained within the shaded cubes.

%Reference 17.

bThe sign ofe?qQ (Z7Al) is experimentally undeterming®ef. 17.
‘References 18 and 19.

dReference 19.

. . . . . *Reference 8.
in most spinelsu# 0.375, which leads to a trigonal distor-

tion of the octahedron of oxygens surrounding Besite . 11-16 - L )
along[111], while theA site retains its cubic symmetry, ~ Properties’™™® in other ionic systems. The spinels we
There are two basic types of spinéfé, the so-called Nave chosen to describe in detail here are ZGY and
normal and inverse spinels. The normal spinels, of whictFNF€:04. The lattice parameters which we measured by
ZnAl,0, and ZnFeO, are typical examples, have the gen- Neutron diffraction are for ZnAlO,, wherea=38.0813(3)
eral formula K)[Y5]O,, whereX andY are divalent and A and u=0.38872); and for ZnFe,0,, where
trivalent ions, respectively. The) and[ ] refer to the eight 2= 8-4299(5) A andu=0.384%2). These spinels not only
tetrahedrally coordinated sites and 16 octahedrally coordi- ha‘g’f e°qQ measured for+ the pure systems, namely for
nated B sites, respectively, within the cubic unit cell. In Al™" in ZnAl,0, and3Eé6 in ZnFe,0,, but also for the
the normal spinel structure all of the divalent cations arecaSes when Zh' or Fe** (°S) substitute as an impurity for
at the A sites, and all of the trivalent cations are at theAl”" in ZnAl,0, and when Z&" substitutes for F&" in
B sites. Inverse spinels can be described by the formul&NFe:04. Table | summarizes the experimentally deter-
(Y)[XY]O,. All of the X ions and one-half of th¥ metal mined quadrupole coupling constants. Here we present re-
ions have switched places compared to the normal spineﬁ“'ts of theoretical calculations for all of these cases. The
structure. impure systems are treated by simply substituting the impu-
The two spinels investigated here, Zn@, (gahnite and rity for the ion in the pure compound without allowing for
ZnFe,0,, (franklinite) belong to the normal spinel structure. IMPUrity-induced lattice relaxation. Information about the
This is largely a consequence of electrostatics, which pre€Xtent of the lattice relaxation is derived by comparing the
dicts a lower Madelung energy for normal than for inversetheoretical and experimental results. This work greatly ex-
spinels when the metal ions are divalent and trivalent spelends our earlier stud§ on /Al and *'Zn nuclear quadru-
cies, as well as the strong preference of Zn for tetrahedrdfol€ intéractions in ZnAJO, and, in particular, includes a
coordinationt This latter effect may be understood to be duetonsideration of the following: the use of more extensive
to the full Zn(3d) shell for the Zrt* ion, leading Zn pref- basis sets, an estimate of the contribution of the oxygen di-

erentially to formsp® hybrid bonds with the oxygen anions. Poles external to the clu+ster, and Eh.e investigation of'Fie
This study deals primarily with the origin of the nuclear Z"Al204 as well as Fé" and Z*" in ZnFe,0,.
quadrupole coupling constante?(Q) at theB sites in nor-
mal spinels. The point symmefrpf the eight tetrahedrah
sites is cubic 8m (Tg), while that of the 16 octahedrd
sites is trigonal & (D34). Hence for normal spinels a zero  The all-electron self-consistent Hartree-Fock cluster pro-
electric-field gradient is expected at the cuBisite/°The  cedure has been used with success for the investigation of
electric-field gradien{EFG) tensor at theB site is axially nuclear quadrupole interactions in a number of ionic
symmetric with the maximum componelt,, of the EFG  crystalst*~*®including 2’Al and %7Zn at the Al sité® in the
tensor in the principal axis system directed along [thl]  spinel ZnAl,O,, and highT, systems:***and for the study
direction’™® of magnetic hyperfine interactiods* This method has also
Until now only point multipole models have been used tobeen successfully applied to the calculation®&Zn isomer
study the electric-field gradients in spinels. Previous investishifts?°
gations of normal spinels have convincingly shdwhthat The Hartree-Fock cluster procedure has been described in
one must include at least the dipole moments on the oxygerdetail elsewheré?=162°and only a brief summary is given
to obtain even qualitative agreement with experiment. Ahere involving some points especially pertinent for the
monopole-only calculation for the EFG at tBesite in nor-  present investigations. In this method, which utilizes the
mal spinels gives a qualitatively incorrect description of theHartree-Fock-Roothaan variational approdththe solid-
EFG. Therefore, we have undertaken a first-principles studgtate system is simulat&by a finite number of ions, which
of the sign and magnitude &f,, at theB site in spinels by we call a cluster, with the ion whose properties are being
the Hartree-Fock cluster proceddfel®a method which has investigated at the center. The number of ions chosen in such
been shown to be successful in determining hyperfinealculations is based on a compromise between accuracy and

Il. THEORETICAL PROCEDURE
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TABLE II. Madelung potentialsv,,, at the A, B, and oxygen and 1d primitive GTF's contracted to €6111), 2(41),

sites in ZnALO,4 and ZnFgO;,. and 1d(1) basis functions. For zinc and iron, we have used
Wachters’s full double-zeta basis Setptimized for neutral
Spinel Site Vin (€AY atoms but augmented with a diffupeexponerf (exponents
ZnAl,0, 72+ —1.7814 of 0.3 and 0.2 for Zn and Fe, respectivelyhe contraction
NER 54839 schemes of the Zn and Fe basis sets are eash 1@,
02 418106 and 5 primitive GTF's contracted to €62111111),

6p(511111), and d(41) basis functions. Finally, for alumi-
num we have used the double-zeta basis set of Dufthing

ZnFe,0 Zn%* —1.8070 - . :
e F23+ 29954 optimized for the neutral atom but with the most diffuse
02 +1.7236 andp exponents removed since the range of these exponents,

defined as (Xexponent™ 2 is approximately twice the
range of the most diffusésmalles}t oxygen basis set expo-
practicability. The influence of the rest of the lattice is incor-Nents. In order to have a balanced basis set and to obtain
porated by including in the Hartree-Fock potential for thephysically meaningful Mulliken populatiorfs,the most dif-
electrons in the cluster the potential due to the ions outsidéises andp exponents ge,,=0.078 andpe,,=0.076) have
the cluster, considering their influence to be described aBeen removed from the Al basis set. While they are impor-
those due to point charges. In this way the Madelung potertant for the free neutral Al atom, the AT cation has a much
tial is incorporated in the all-electron Hartree-Fock clustermore restricted charge distribution. Furthermore, the crystal-
procedure by replacing the ions comprising the surroundingne environment localizes the electrons for both the cations
of the cluster with their ionic point charges out to 15 A from and anions. The most diffuse GErandp exponents of the
the central atom. The charges on the ions in the outermodl basis set are now 0.202 and 0.304, respectively. The con-
shells are adjusted to exactly reproduce the Madelung potetkaction scheme of the Al basis set iss1¥p, and 1d primi-
tial of the true solid at all cluster atoms, as well as requiringtive GTF’s contracted to §53111), 4(4111), and 1i(1)
that charge neutrality is maintained for the entire system obasis functions. The exponents of the single Gaussian
cluster plus point charges. The incorporation of this potential-polarization functions for oxygen and aluminum are taken
due to the rest of the lattice not only allows one essentially tdrom Huzinag&’ with exponents of 1.15 and 0.20 for oxygen
include the whole crystal in calculations, but also providesand aluminum, respectively.
the important stabilization potential necessary to localize the The oxygen and zinc basis sets utilized here have been
electron distribution in diffuse negative ions like?0. The  used in earlier studies includiftfZn nuclear quadrupole in-
Madelung potential at all lattice sites for the lattice param-teractions and isomer shifts in ZpFand the zinc
eters given in Sec. | are listed in Table IIl. These potentialshalcogenided’ The iron basis set is a similar one employed
have been calculated using the method of Nijboer andn the study of*’Fe hyperfine properties in-Fe,O5 (Ref.
DeWette?® 11) and the®"Fe isomer shift in KFeF;.°

For our B site V,, calculations, clustergAlOg)°~, Once the molecular-orbital wave functiong, for the
(FeQg)®~, and(ZnOg) 1% are utilized. Using the lattice pa- cluster are determined self-consistently the components of
rameters given in Table I, the Al-O nearest-neighbor distancéhe EFG tensor site can be calculated using the expreSsion
in ZnAl,0, is 1.9160 A. The Fe-O nearest-neighbor dis- N e et
tance in ZnFgO, is 2.0378 A. The choice of a charge of Vi =Vip Vi + Vi 2)
—10 for the Zn cluster is based on the experimental Obser\ivherevi“-‘ and Ve correspond to the contributions to thie

\égélr?r}otrh?ngg ;rtatnhS;eBr rigehi);]pezrr?/zi(;ljl?rolfn d&itjsg S‘ér component of the EFG tensor from the nuclear chagges
o d ; ) and the electrons in the clustghe sum of which we call the
measurements. This indicates that a d|valen%7rqn with clusterV, ) while Viejxt represents the contribution due to the
no magnetism and_heﬁnce a closed-s+hell cluster V‘."th ZET0 SP{ihint charges external to the cluster as well as oxygen dipole
is the correct choicg, although Zif™ at the B site may moments whose influence is incorporated by a procedure de-

repcr‘:esent a cahgrged 'defect. basis f {BIF’ scribed below. By the inclusion of the nearest neighbors in
| ogtr_acteh auss!an-typle: Ha5|s ur|1:ct|(3lf(r3 IS) ?re%?rrl%- the cluster, covalency, and charge-transfer effect¥prare
ployed in these variational Hartree-Fock calculations. ;.\ ded in a first-principles manner.

The.chztzsen basis sets are of double-zeta plus polarization "o tornal contributiotv®* representing the contribu-
quality=* For oxygen we have used the basis set of. !

e o .~ tion to the EFG tensor from the external monopoles and
Dunning;® which is optimized for neutral O. Our earlier higher multipoles is aiven b
experienc® regarding the®’zZn nuclear quadrupole interac- 9 P 9 y
tion in ZnO demonstrated that bqth basis s_et_s optmjlzed for Vﬁ-"tz Vi(jo>ext+(1_ ym)[vgjl>ext+ Vi(jZ)ext+ o, )
the neutral oxygen atom and basis sets optimized for @
a Watson sphere potential give similar results for calcuIatedvherevi(jo)eXt is the EFG contribution from the point charges
electric-field gradients, provided they are flexible enough. Imonopoleg external to the cluster. Since our Hartree-Fock
all the basis sets used in the present work, the most diffusprocedure is an all-electron calculation, and the monopoles
exponents have been uncontracted from the rest of the basise included in the Hartree-Fock Hamiltonian explicitly, the
set for greatest variational flexibilify. The contraction core and valence electrons in the ions are all perturbed by the
scheme of the oxygen basis in the terminology that is comsources of EFG internal and monopoles external to the clus-
monly used® for quantum chemical calculations i$95p, ter. Therefore, Sternheimer antishielding effétts are di-
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rectly included without the need to introduce antishielding  TABLE Ill. V,, for the (AlO)°" cluster in ZnALO,.

factorsy., for the monopoles. This is not true, however, for : : :
the dipoles and quadrupoles, whose lattice contributioifs External ~ Albasis O basis Al Mulliken  Clustef,,

to the EFG tensor are defined w§)® andvV{?*, respec- ~charges sét sef charge (a.u)

tively, in Eq. (2). Since these higher-order multipoles are notc 5s4p 4s2p 1246 01134
included in the embedding lattice external to the cluster, the 5s4p 4s2pid 1247 01255
antishielding factory,, is needed for their contributions. . 5s4pid 4s2p 41228 —0.1301
However, we find that theT dipole contribution of the lattice . 5sapld  4s2pld 4231 01384
external to the nearest-neighbor octahedron of oxygens to the 5s4pld  4s2pld +9.95 —0.1401

B site is just around 15% of the total dipole contribution.
This suggests that nearly all of the dipole effects to thesaiuminum d-polarization functionlexponent 0.2
B'Slte EFG are Contalned W|th|n the Cluster |tse|f In add'-bOXygend_p0|ar|Zat|0n functior‘(exponent 115
tion, nearly all of the effects of the higher multipoles arectne external charges are #i*Al, 230 0,153 .
included within the cluster. For instance, the monopoles, di¢The external charges are formal charges ‘2,3 0,2 .
poles, and quadrupoles make contribution®/towhich fall
off asd ™%, d™*% andd™®, respectively, wherel is the dis- V,, is negative, and the direction &f,, is in the[111]
tance from the centra site nucleus. We therefore choose 10 ¢ysia| direction. All of these results are in agreement with
neglect muIt|po_Ies _hlgher than the oxygen d_lpoles, and estigo experimental measurements.
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 lll. RESULTS AND DISCUSSION
factors3? and the oxygen dipole polarizabilityy , but al-
lows an estimate of the magnitude of such contributions.
Since these contributions turn out to be small, we did not This compound corresponds to the pure spinel, and is es-
make an effort to perform more accurate calculations such agecially suited for our study for the following reasors)
determining the oxygen dipole moment from cluster investi-Al ** is an S-state ion;(2) the quadrupole momen@Q, of
gations. The incorporation of the effects of the potential due®’Al is fairly well established, and the same holds fzn
to dipoles on the cluster wave functions, to avoid having toout not for >Fe; (3) y.. (*’Al)~—2.6 is small; and4) this
employ antishielding parameters, would be rather time consystem corresponds to the pure crystal. Regdoris also
suming, but would be useful to attempt in the future. true for all other ions studied here as well, which simply
In the subsequent sections of this paper, the results for th@eans that the lattice contribution td,, is dominant.
B-site nuclear quadrupole interactions are presented and di§-state ions have spherically symmetric charge distributions.
cussed. The nuclear quadrupole interactions in the perfedincertainties associated with impurity-induced lattice relax-
spinel system of Al* in ZnAl,0, are described first, fol- ation are not involved for pure crystalline systems. In addi-
lowed by ¢7Zn and 5’Fe nuclear quadrupole interactions in tion, sincey.. is small for A**, the magnitude of the dipole
ZnAl,0, and ZnFeO,. Finally, the results regarding/Fe  contribution toV,,, estimated from the point-dipole model,
magnetic hyperfine interactions afiFe isomer shifts at the is relatively small compared to the Zh and F€'* cases. In
B site and®’Zn isomer shifts at thé andB sites are given conclusion, the?’Al nuclear quadrupole interactiaiNQI) in
and compared with experimental measurements. ZnAl ,O, can be considered an excellent benchmark case to
To gain additional insight into the origin and sign of the test the electric-field gradients Btsite nuclei in spinels cal-
EFG, self-consistent molecular orbitals are used to extractulated by the Hartree-Fock cluster procedure.
approximate individual atomic-orbital contributions to the The EFG at the Al nucleus in ZnAD, has been calcu-
EFG. To accomplish this all self-consitent orbital coefficientslated for the(AlO )°~ clsuter using different basis sets in
are set to zero except the ones corresponding to basis seteder to determine the influence dpolarization functions
centered on the atoZn, Fe, Al, or Q with angular momen- on the Al and O basis sets. These basis sets aretpor-
tums (s, p, or d) we are interested in. Hence, for example, tions of the Dunning basis sef¥as described in Sec. II. In
the O(s,p,d) atomic orbital contribution is obtained by set- Table Il results of these calculations are given for the fol-
ting all molecular-orbital coefficients belonging to metal ion- lowing cases: both the O and Al basis sets have no
centered basis sets equal to zero, then evaluating the apprd-polarization functions; one but not the other species has a
priate matrix elements. This procedure is an approximationd-polarization function; and all atoms have basis sets aug-
since overlap terms between the various orbitals are not inmented with single Gaussiatpolarization functiongexpo-
dicated, although they are, of course, taken into account inents of 1.15 and 0.2 for O and Al, respectiyely order to
the self-consistent calculations. Fortunately, these overlafest the sensitivity of the final results to the chosen external
terms turn out to make only small contributions to the EFG’scharges, two different sets of point charges have been used
in all systems studied here. for the ions external to the centréAlO ¢)°~ cluster. These
In all of the compounds investigated, we find that theare when the external point ions are formal char@es,
electric-field-gradient tensor at th&-site nucleus is axially +2, —2, and+3 for Zn, O, and AJ corresponding to total
symmetric, and therefore the asymmetry paramgtef and  ionicity, and when these charges are scaled by a constant
only the maximum component of the electric-field-gradientfactor 2.3/3.0 (i.e., approximately +1.53, —1.53, and
tensorV,, in the principal axis system needs to be consideredt 2.3 for the external Zn, O, and Al sites, respectiyelhis
further. We also find that for all cases to be studied, the sigscaling of the external charge magnitudes is based on the

A. Z’Al nuclear quadrupole interaction in ZnAl ,0,
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charge of the central Al atom in th@\lO ¢)°~ cluster ob- TABLE V. Contributions toV,, in atomic units from various
tained from Mulliken population analysis for the case whensources for Af* at theB site in ZnAl,0,.

d-polarization functions are on both Al and O’ ions

within the clusters. As seen from Table III, for this best basisContribution APT: ZnAl,0,
set situation the Al Mulliken charge came out to be about V2,
+2.3, which is smaller than the formal Al charge. The |, clear +0.2397 au.

rationale for the use of a uniform scaling factor is that sinc
the central Al atom is best described within tt&O ¢)°~ total electronic 03781
cluster, the Al Mulliken charge is more accurate than theﬁrom (AID¢)®" clusted '

oxygen charge, the former being fully coordinated by itsCluster totael 01384
nearest-neighbor oxygens within the cluster. Reducing the '

external charges from thier formal totally ionic values has
some physical grounds, in that convalency reduces thg(s’p'd) —0.293

e(from six nearest-neighbor)O

charges somewhat from the formal ionic values, and that the'(d) —0.0004
Mulliken charges reflect this covalency. A detailed studyA'(ZP) +0.014
concerning possible uncertainties associated with the choicd(3P) —-0.121
of external point-charge magnitude is presented elsewfiere Al(P)otal —0.107

In Table 111, the use of formal ionic charges in the embed-
ding lattice is presented only for one case, namely whernonopoles external to +0.0424
d-polarization functions are centered on both the Al and Ccluster®
ions within the cluster. As seen from Table lll, the use ofdipoles external to —0.0091
formal or Mulliken (scaled charges for the external ions clustef”
gives very similar results for the Al Mulliken population and
the V,, originating from the nuclei and electrons within the total V,, —0.1051 a.u=
(AlOg)° cluster. The relative closeness of the Mulliken —1.02x 10" Vicm?

charges is indicative of the fast convergence of the process of
charge iteration to self-consistency of the external chargéMulliken charges are used for the ionic charges outside the cluster.
values. In this procedure, the external ions are replaced byy-(Al®*)=-2.6 and oxygen dipole polarizabilitwp=0.4 A%
the Mulliken charges; then the Hartree-Fock cluster calcula-7- is needed for the dipole contribution, since external dipoles are
tion is repeated until the external Al charge equals the Mul-not included in the Hartree-Fock Hamiltonian; the choice of
liken Al charge within the cluster. The calculat®t], from ap=0.4 A% is from a best fit of the experimental field gradient and
within the cluster is very close<{0.140 and—0.138 a.u. for  theoretical gradient within the point-dipole model.
formal and scaled charges in the external lattice, respec-
tively). This is likely due to the dominance of the valence out as—0.3781 a.u. and-0.2397, respectively. The contri-
Al(3p) contribution toV,,, which is based on covalency bution due to the external monopoles+.0424 a.u. The
between the Al-O bond. Covalency effects Wp, are rela- most important higher-order multipole is the contribution to
tively insensitive to the embedding lattice. The lattice EFG athe Al-site EFG from the dipoles on the oxygen sites. The
the Al nucleus due to the point ions external to the clustedipole moments of the ions at tWeandB sites vanish due to
mainly influences the core Al{® electrons through Stern- crystallographic symmetry. As discussed earlier, most of the
heimer antishieldinglike effect®;*> which are small for 0xygen dipole contribution is already contained within the
Al3* due to the relative smallness of, for AI®". These cluster. However, there is a residual contribution from the
effects are given a more quantitative meaning in Sec. Il BoXygen anions external to tH&lO ¢)°~ cluster. To estimate
when individual contributions to the EFG at the Al nucleusthe dipole contribution, the value ef,~0.4 A® has been
are discussed. It is apparent from Table Il thattheclus- ~ chosen for the oxygen dipole polarizability. This is derived
ter becomes more negative as the basis sets are augment&@m a best fit of the experimental EFG to the EFG obtained
with d-polarization functions. Comparing the case whenby the point-charge—point-dipole modef:**This value for
there are na-polarization functions on either Al or O to the «ap is in good agreement with the results of Kirsch, Gerard,
case when both types of atoms halspolarization functions, and Wautelet,who employed a similar method. The contri-
one observes that the clusiéy, is reduced by 22% and that bution toV'a" at the Al site due to the dipoles external to the
the Al Mulliken charge decreases slightly. The smaller Alcluster is —0.0025 a.u. Since external dipoles are not in-
Mulliken charge is indicative of a more covalent Al-O bond. cluded in the Hartree-Fock Hamiltonian, this contribution
However, the small difference between2.5 and +2.3 must be multiplied by (% v.)~3.6 for the AR ion?’
charges should not be considered significant due to the urFherefore, the contribution td,, due to the external dipoles
certainties associated with the use of the Mulliken populatioris approximately—0.0091 a.u. The external dipole contribu-
analysis in the first place. tion is thus quite small compared to either the external
Using the polarized Gaussian basis sets described earlieronopoles or nuclei and electrons within the cluster. The
with external point charges scaled uniformly by 2.3/3.0 fromtotal V,, at the Al site is the sum of th¥,, cluster and the
the formal values gives a value df,, at the Al nucleus of external monopoles and dipoles, which comes out to a total
—0.1384 a.u. for the electrons and nuclei within theof —0.1051 a.u. In order to make a comparison with experi-
(AlO¢)°~ cluster. As Table IV shows, individual contribu- mentale’qQ, a value of the quadrupole moment féfAl
tions due to the electrons and nuclei within the cluster comenust be used. There are two values @ Al) in the litera-
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ture, derived at by a comparison of atomic many-body calmany-body calculatiof8 on small iron-containing mol-
culations for V,, with experimental e2qQ. These are ecules, have demonstrated the relative unimportance of
0.1652) b (Ref. 38 and 0.140210) b,*° with the smaller of many-body effects on the electric-field gradient or the isomer
the two the most recently derived result. We find values ofhift. In regards to cluster size, previou$lywe partially
e’qQ for the Al nucleus in ZnALO, of —4.07 and tested the convergence of the calculated EFG with respect to
—3.46 MHz using, respectivelf(*’Al)=0.165 and 0.1402  the cluster size by replacing the six second-nearest-neighbor
b. These results are in excellent agreement with the experja| 3+ point charges by total cation pseudopotentiaisith
mental >’Al nuclear-magnetic-resonance measurerfeat  no basis functions centered on them, in effect increasing the
+3.68 MHz (sign undetermined If instead, the theoretical guantum-mechanical size of the cluster (IO Al 6)9+-
total VZZ of —0.1051 a.u. is combined with the experimental The result of this expansion increasvgz at the Al site by
e’qQ of +3.68 MHz, one obtains a nuclear quadrupole mo-only 0.0003 a.u. compared to the origifalO 5)°~ cluster.
mentQ(*’Al) of about 0.15 b. The use of total cation pseudopotentials replacing the Al

In order to obtain additional information on the origin of cores accounts for the repulsive Pauli interaction between the
the EFG and especially its sign, the self-consistent moleculagyo nearest-neighbor Al" ions and the nearest-neighbor
orbitals are used to extract individual atomic-orbital Contri'oxygen anions. However, this Short-range repu|5ive interac-
butions to the EFG. This is done by retaining only thetion may not be enough to test for cluster size convergence,
molecular-orbital coefficients whose centékl or O) and  sjnce covalency and charge-transfer effects are not included.
angular momentums(p,d) we are interested ifeee Sec. )l Nonetheless, at least for the pure spinel, thE ¢)°~ clus-

The results of this procedure are also summarized in Tablgsr appears to be adequate for a quantitative description of
IV. The contributions tdV,, at the Al site due to the cluster the Al-site EFG.
electrons from Of,p,d), Al(p), and Al(3d) orbitals are
—0.293, —0.107, and—0.0004 a.u., respectively. The con-
tribution from O(,p,d) orbitals (—0.293 a.u. is largely  B. 7zZn and 5Fe nuclear quadrupole interactions in ZnAl,O,
compensated for by the nuclear contribution@.2397 a.u. and ZnFe,0,
of the six nearest-neighbor O. The AKX contribution of
—0.107 a.u. is nearly equal to the tod}, of —0.105 a.u.
The Al(3d) orbitals contribute very little to th8-site V,,. The experimentale’qQ measurements are listed in
However, as seen from Table Il the inclusion of Table I. The signs of th&’Zn and *Fe e?qQ have all been
d-polarization functions to the Al basis set chanygs no-  experimentally determined to be negative. The ratio
ticeably. The possible origin of this difference is that thee?qQ[ZnAl,0,]/e’qQ[ZnFe,0,] of the experimental
Al(3d) orbitals influenceV,, indirectly by polarizing the e?qQ results for a givenB-site nucleus between the two
Al(3p) orbitals. The dominant Alf) contribution ofV,,is  different spinels is very important in that it is independent of
the result of +0.014 a.u. from the core Al{® and of the nuclear quadrupole mome@tand can be compared di-
—0.121 a.u. from the valence Al electrons. We can con- rectly to the ratio of theoretically determined,, for the
clude that the origin of th&/,, is due mainly to the valence different spinels. With measured nuclear quadrupole cou-
Al(3p) electrons. The sign 0f,, is predicted to be negative pling constants available for two different nuclei located at
due to the large negative contribution from the valence Althe same lattice site in two different compounds with the
(3p) electrons which is about nine times greater in magni-same structure, one has an unusual opportunity to test calcu-
tude than a smaller positive contribution from the core Allated electric-field gradients at these sitese below.
(2p) orbitals. These results show the importance of cova- Concerning Zi* at the B sites in ZnALO, and
lency effects in the calculation o¥,, for ZnAl,0,, and ZnFe,O,, it seems likely that significant impurity-induced
explain the relative insensitivity of the EFG to the externallattice distortion may occur due to the replacement of the
charges, the latter influencing primarily the Sternheimer-typsmaller AR+ and F€* ions with a larger ZA* cation819
polarization contributions such as the one arising from the AFurthermore, replacing A" or Fe** with Zn?* implies
core 2p electrons. that one is also dealing with a charged defect which can
There are several sources of uncertainties to consider ipause additional lattice distortion. Nonetheless, it is still use-
the above calculations. These include finite cluster size, errdtl to obtain results for theoretical electric-field gradients in
in external multipoles, neglect of many-body contribution, these systems without allowing for lattice distortion due to
and basis set limitations. The many-body contributions tathe presence of the Zii defect. A full treatment of lattice
V,,is likely small. This is due to the fact that all ions within relaxation in spinels in a first-principles manner is a major
ZnAl,0, areS-state ions with completely filled shells. Bril- undertaking, at least in computer time.
louin’s theorem, which states that for closed-shell molecules Before discussing in detail our results regarding the
the matrix elements of one-electron operators connecting sirdartree-Fock cluster calculations for Zh and FE* at the
gly excited configurations to the ground state are zero, i8 sites in ZnALO, and ZnFegO,, it is useful to mention
then valid. Therefore, the leading nonvanishing many-bodythe uncertainties in the accepted values for thal, %7zn,
contributions toV,, would come from doubly excited con- and %"Fe nuclear quadrupole momen®®)( which are pub-
figurations. Also, many-body effects an,, are expected to lished in the literature. The nuclear quadrupole moments for
be small, since one is dealing with basically an ionic com-?’Al (Refs. 38 and 3Pand 67Zn (Refs. 44 and 4bare rea-
pound for which the electrons are usually localized on parsonably well agreed upon. FQ(®’Fe), the situation appears
ticular ions. Finally, first-principle many-body perturbation to be far from settled® The values cover the range from 0.21

theory calculations on Fé and Fe" ions*®* and recent b (Ref. 46 over 0.15 b(Refs. 47 and 48to 0.082(Ref. 49.

1. Comparison with experiment
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TABLE V. Contributions toV,, in atomic units from various sources for Zh at the B site in
ZnAl,0,4 and ZnFeO,.

Contribution Zrt": ZnAl,0, Zn%*: ZnFe,0,
VZZ VZZ

nuclear +0.2397 a.u. +0.1350 a.u.

(from six nearest-neighbor)O

total electronic —0.5501 —0.2367

[from (ZnOg) 1% clustei]

cluster total —0.3104 —0.1016
O(s,p,d) -0.290 —0.169
Zn(d) -0.021 +0.013
Zn(2p) —0.022 —0.004
Zn(3p) —0.002 +0.047
Zn(4p) —-0.260 —-0.140
Zn(P)otal —0.284 -0.097
monopoles external to +0.0424 +0.0394
cluster?
dipoles external to
clustef —0.0382 —0.0579
total V,, —0.3062 a.u= —0.1201 a.u=
—2.98x 107 V/cm? —1.17x 10" Vicm?

Mulliken charges are used for the ionic charges outside the cluster.

by..(Zn?T)=—14.1, which is the free ion valugef. 37. y.. is needed for this contribution since dipoles are
not included in the embedding lattice; for Zn/, and ZnFgO,, ap=0.4 and 0.8 &, respectively, were
used.

In Tables V and VI results are presented for?Znand  chosen instead for comparison with the point-dipole calcula-
Fe3" at theB sites in ZnALO, and ZnFgO, obtained by tions. Since the Zn and AV results are similar for
the Hartree-Fock cluster procedure. The method used is th&nAl,0,, it was felt that the Zn results 1‘or\/'zaztt in
same as for the A" cation in the pure spinel ZnFeOQ, should be of sufficient reliability for obtainingp
ZnAl,O,. The chosen cluster for the Feion at theB sitein  in ZnFe,0,4. The ap~0.8 A3 used for ZnFgO, is the
ZnAl,0, or ZnFe,0, is (FeO)°~, while for Zn?* atthe same value as estimated by Evans, Hafner, and Wetiee.

B site the chosen cluster nOg)°~. The results of Tables €xternal dipole contributions also depend g, for which

V and VI are for external point charges scaled uniformly bythe free-ion valuey..(Zn?*) = —14.1(Ref. 37 is used.

2.3/3.0 times the formal charges. This value, as described Starting first with the ZnAJO,, results, the cluster con-
earlier, is based on the Mulliken charge of abet®.3 ob- ~ {ributes —0.3104 a.u. toV,, of which +0.2397 and
tained for Al in the (AlO)°~ cluster for ZnALO,. The  —0-5501 a.u. are due to the nuclei and the electrons within
same scaling factor has also been chosen for all other cludl® (ZnOe) ™" cluster, respectively. To this total one must
ters, which include those for the systems?Zrand Fé* at add the contributions due to the mo_nopoles and oxygen di-
the Al site in ZnALO,, and for Zr** and Fé* at the Fe poles external to thg cluster, which are0.0424_ and
site in ZnFeO,. As will be shown below, the Mulliken —0.0382 a.u., respectl\/_ely._ One observezs+that unhke_ the Al
charges obtained for Pé or Zn2* in both spinels are fairly results, the dipole contribution #,, for Zn"" at theB site

| theref . tial iustification for th £ th is much larger. This is due to the 5.4 times greater value of
close, therelore giving partial justitication for the use o eym(Zn“) compared toy..(Al 3"). Combining the cluster
same scaling factor for both spinels.

. L and external contributions yields a tota), of —0.3062 a.u.
For the oxygen dipole polarizability, values of 0.4 ;. 7n2+ 4t theB site in ZnAl,0,.

and 0.8 & are chosen for ZnAIO, and ZnFgO,, respec- Moving next to Zr#* at theB site in ZnFeO,, we find
tively. The estimates made here are based on a best fit bt the cluster contribution 14, is —0.1016 a.u., while the
tween experimental and theoreticd}, obtained using the  contributions due to external monopoles and oxygen dipoles
point-dipole model. Hence these estimates &gy rely on  come out to+0.0394 and—0.0579 a.u., respectively. The
both a knowledge 0@ andy... For ZnAl;O,4, ap has been  total V,, for Zn?* in ZnFe,0, is therefore—0.1201 a.u.
obtained using thé’Al e’qQ measurements witQ(*’Al)  The experimental resuls™ for the coupling constants
~0.15 b andy..=—2.63" For ZnFg,0,, due to the large e2qQ/h for Zn?* in ZnAl,O, and ZnFeO, are
uncertainty inQ(*Fe), the ®'Zn e’qQ results have been —11.4+1.1 and—6.0+0.9 MHz, respectivelysee Table)l
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TABLE VI. Contributions toV,, in atomic units from various sources for Fe at the B site in
ZnAl,0,4 and ZnFeO,. « refers to spin-up electrong refers to spin-down electrons.

Fe3*: ZnAl,0, Fe3*: ZnFe,0,
Contribution V,, V,,
nuclear +0.2397 +0.1350
(from six nearest-neighbor)O
a electrons B electrons a electrons B electrons
electronic totaP —0.3424 —0.2880 —0.1566 —0.1431
O(s,p,d) —0.153 —0.150 —0.089 —0.088
Fe(s,p,d) —0.245 -0.117 —0.102 —0.041
Fe(d) —0.023 —-0.019 +0.001 —-0.010
Fe(2p) —0.002 —0.020 —0.001 —0.005
Fe(3p) -0.013 +0.150 +0.021 +0.091
Fe(4p) —0.183 —0.260 -0.102 -0.143
FeP)otal —0.198 -0.130 —0.082 —0.057
monopoles external to +0.0424 +0.0394
clusteP
dipoles external to —0.0256 —0.0387
clusteP®
cluster total —0.3907 —-0.1647
total V,, © —0.3739 a.u= —0.1640 a.u=
—3.63x 107 Vicm? —1.59x 107 Vicm?

#The electronic total equals the sum of theor 8 electrons. This sum also includes overlap terms.

®Mulliken charges are used for the ionic charges outside the cluster.

“We have made use of. (Fe*")=—9.1 (Ref. 31 and «p=0.4 A3 for ZnAl,0, and ap=0.8 A3 for
ZnFe,0,.

9The cluster total equals the combined contributions from nuclear chatgelectrons, angB electrons.

The totalV,, equals the combined contributions from external monopoles, external dipoles, and the cluster
total.

The ratio of these two results is then £.0.3, which is appears to be quite stiff. Polarization of the oxygen anions

independent oR(%7Zn). Using Q(®"Zn)=0.15 b and the to- due to the charged defect within th&nOg)%" cluster is

tal V,, given in Table V, we predict tha’qQ is —10.8 and  included self-consistently in our Hartree-Fock cluster calcu-

—4.2 MHz for ZnAl,O, and ZnFeO,, respectively. These |ations.

theoretical results, especially that for Zn&,, are in very Finally, the results of our unrestricted Hartree-Fock

good agreement with the experimental nuclear quadrupoleyHF) cluster investigations for the remaining two systems,

coupling constants. The ratio of the theoreticd}, is Fe®" at theB sites in ZnALO, and ZnFeO,, are now

03062/01201: 25, in fall’ agreement with the ratio of ex- presentedsee Table w The latter System Corresponds to

perimental nuclear coupling constants of £@3. the pure ZnFgO, spinel, and the former to Fé replacing
The theoreticab?qQ(°’Zn), obtained using the totdf,,  A|3+ a5 a substitutional impurity. The clusters are

found by the Hartree-Fock cluster procedure anden )9~ gurrounded by point charges located at lattice sites

67 _ . .
Q(*'Zn)=0.15 b are in very good agreement with the EXPEfor the pure spinels, with charges scaled from the formal

mental results in regards to both magnitude and sign. Th|§?niC charges by the factor 2.3/3.0 as described above.

9029‘ _agreement s somewh_at surprising, considering _tha Starting with FE€™ at the Al site in ZnALO,, the contri-
Zn” s a charged defect with respect to the pure Splnel)utions toV,, from within the (FeOg)°~ cluster consist of

+3 B-site ion in ZnAl,O, and ZnFeO,. The agreement is :
better for ZnALO, than for ZnFeO,, but the difference +0.2397,-0.3424, and—0.2880 a.u. due to the nucle,

between theory and experiment may not be too serious corgl€Ctrons(spin-up electrons and B electrons (spin-down
sidering the relative smallness of treqQ involved for e!ectron$ respectlvely. It appears that tlaeelectrons con-
ZnFe,0, compared to the contributions from the externalfibute approximately 0.05 a.u. more ¥, than thejs elec-
monopoles and dipoles. Also, the lattice distortion introducedrons. The sum of the nuclear and electronic contributions to
by the impurity Zrt* is likely to be different for the two V2, comes out to-0.3907 a.u. To obtain the tots,, at the
systems. However, the relative closeness between the expefie nucleus, the contributions due to the external monopoles
mental and theoretica?qQ results indicates that the lattice (+0.0424 a.u. and dipoles ¢0.0256 a.U. must also be

is not too distorted by the presence of the?Zrimpurity at  added to the cluster total. The tod}, at the Fe nucleus is
the B site. The oxygen octahedron surrounding the Zn thus-0.3739 a.u.
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Following the same procedure as above, for ZyGg, venience. Beginning with Z#": ZnAl ,0,, Mulliken popu-
whose contributions t¥,, at the Fe nucleus are also listed in lation analysis yielded a zinc charge ©f1.80 for this clus-
Table VI, we find that the clustginuclear plus electronic  ter, indicating that there is a small but significant transfer of
external monopole and external dipole contributions/tg  electrons from the oxygen ligands to zinc which would have
are —0.1647, +0.0394, and—0.0387 a.u., respectively. a charge of+2 otherwise. The effect of this transfer is
Therefore, the totaV,, at the Fe nucleus in Znk®, is  shown below for the zinp-orbital contributions td/,,. The
—0.1640 a.u. net clusterV,,, due to the electrons and nuclei within the

Dir_ect comparisor_1 WiFh_experi_mentaI nuc_lear quadrupole(Zno6)1of cluster, came out as 0.3104 a.u. The approxi-
coupling constants is difficult without a reliable value for mate atomic-orbital contributions obtained by the procedure
Q(*'Fe). However, we can confidently compare our calcu-gescribed in Sec. Il and foF’Al in ZnAl ,0,4 in Sec. I A

Iateg ﬁEIC: gradiel_nts to the ;ﬁtio of :_he two _egperimdent?l }ve —0.284 and—0.021 a.u. for the Zng) and Zn@) elec-
unaTrhuepOr;tigog? Itﬂgez’rs;ircl:;?\/ Ei%? ::aeloif] azrre] AT Oepzm den ons, respectively. The sum of these two contributions to
' 2z 24 V,, amounts to—0.305 a.u., which is very close to the total

ZnFe,0, of 2.3 is in excellent agreement with the I -
. 17 g . cluster contribution of-0.3104 a.u. The contributions from
experiment&' ratio of 2.34+0.01. One may argue that this g}e Zn(2), Zn(3p). and Zn(%) atomic orbitals are

agreement is somewhat fortuitous due to the fact that on :
system(Fe3* in ZnFe,0,) corresponds to the pure spinel, ~9:022, —0.002, and —0.260 a.u., respectively. The
while the other systerfFe®* in ZnAl ,0,) corresponds to a Zn(4p) electrons dominaté/,, at the Zn nucleus, being

defect spinel. In the latter situation one may expect impurity-200out 92% of the Zrg) contribution. The totaV,, at the
induced lattice relaxation to influence the experimentaI”UC|eUS is the sum of the total cluster and external contribu-

e2qQ significantly. However, it is likely that the distortion tions, and results from the transfer of electrons from the
associated with substituting Fe for Al ** is even less than ligand oxygen ions to thegtorbitals, which would be empty
the case for substituting Zii for Al 3*, the latter situation N @ free Zrf* ion. The contributions from the external
corresponding to a charged defect. The excellent agreemefftonopoles and dipoles are opposite in sign, and nearly can-
between experimental and theoretical nuclear quadrupolég! each other. The totdl;, is —0.3062 a.u., which is com-
couplings for Z#+ replacing either AF* in ZnAl,O, or posed of—0.3104 andl+0.0042 from sources within and
Fe3* in ZnFe,0, provides indirect support that the lattice is €xternal to the(ZnOg)'®" cluster, respectively. The total
not very much distorted by the defect from that for the pureVzz Originates mainly from the valence Znig# electrons,
spinels. which make up~85% of this total with an additional
The experimental quadrupole coupling&Q(*’Fe) can  ~ 7% each from zZn(d,4d) electrons and core Znfd elec-
be combined with the theoretical,, results at theS’Fe  trons. For Zrf*: ZnAl,,0,, the core Zn(®) electrons con-
nucleus to estimate a value f@(>'Fe). We predict from our ~ tribute less than 1% to the totdl,,. _
calculations thaQ(®’Fe) is close to+0.20 b. Both the pure Moving next to Zrf*: ZnFe,0,, we find that the total
spinel (Fe3* in ZnFe,0,) and the defect spindFe3*, re-  Vzzat the Zn nucleus, equal to 0.1201 au.,is composed of
placing AR* in ZnAl,O,) lead to quadrupole moments —0.1016 and-0.0185 a.u. from sources within and external
which differ by just 0.01 b. These results are inconsistent if0 the (ZnOg)'®™ cluster, respectively. The Zn Mulliken
regards to the magnitude &(°’Fe)~0.08 b obtained by charge for this cluster came out &sl.73. The totaV,, for
Duff, Mishra, and Da¥ from UHF calculations on iron di- this system is dominated again by the valence Zx)(élec-
halides, but are in reasonable agreement with the largdfons, which contribute approximately 0.140 a.u. Other
quadrupole moment§~0.15-0.20 b obtained by other significant contributions are also due to the @p(and the
researcher®~*8 Due to the very good agreement found be-core Zn(3) electrons, which contribute+0.013 and
tween experimental and theoretieglQ for the systems zn +0.047 a.u., respectively, to the totd},.
2+ and AP at the Al site in ZnALO, and Zr*" at the Fe In comparing the two systems Zh: ZnAl,0, and
site in ZnFe0,, as well as the excellent agreement foundZn”": ZnFe,0,4, we find that, for both systems, the valence
between ratios of experimentefqQ and theoreticaV,, for ~ Zn(4p) atomic orbitals are the most important in determin-
Zn and Fe at thé sites in both spinels, one is led to the ing the totalV,, at the zinc nucleus. However, in the case of
conclusion thaQ(>*’Fe~0.20 b. This value is close to the ZNAlI,O4 the Zn(4p) contribution is about 0.05 a.u. less
result Q(°F&=0.16 b from a recent study of EFG’s in a than the total cluste¥,,, while for ZnFe,0,4 the Zn(4p)
number of iron compounds by a band-structure procetfure. contribution is about 0.04 a.u. greater than the clustgr
We are currently involved in a reassessment of the calculatefihese differences are due primarily to differences in the core
EFG’s (Ref. 49 in iron dihalides trapped in rare gas solids, Zn(2p,3p) contribution to V,,, which is negative for

from which the earlier lower value & had been obtained. Zn*": ZnAl,0, and positive for Z8*: ZnFe,0,. Itis 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 toV,, of our UHF calculations on théFeOg)°~
Table V lists individual atomic-orbital contributions to clusters for Fé* at theB sites in ZnALO, and ZnFgO,.
V,, from our cluster calculations with Zi substituting for ~ The former case corresponds to a substitutional impurity, and
Al3" in ZnAl,0,, and with Zr?* substituting for Fé" in  the latter to the pure spinel. These results are summarized in
ZnFe,0,. Here we denote the former system as?Zn  Table VI. The charges of the central Fe atoms in these clus-
ZnAl,0, and the latter system as Zh: ZnFe,O,, for con- ters came out ast+2.35 and +2.22, respectively, for

2. Individual atomic orbital contributions
to the electric-field gradient at Zn and Fe
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ZnAl,0, and ZnFgO,. These charges are quite close to TABLE VII. Mulliken gross populations for iron from the
the value of+2.32 found for Al in ZnALO,. Since the (FeOs)°" cluster for iron at theB site in ZnAl,O, and
molecular orbitals are obtained from UHF calculations, the?NF€04. The external charges are scaled2.3/3.0) charges.

a and B electrons are in orbitals which are allowed to have
different spatial wave functions. Since ttfeeOg)°~ cluster

number of electrons

has a total spin of 2.5, the self-consistenand 8 molecular Spinel Contribution N P d total
orbitals are different in general due to exchange interactiorznAl ,0, « electrons 3.18 6.00 5.02 14.20
especially between electrons in the unpaired spin orbitals in B electrons 3.16 6.00 0.29 9.45
a spin state and those in the states of the paired orbitals. (a+B) 6.34 12.00 531 2365
One observes several interesting trends in comparing the (a—pB) 0.02 0.00 4.73 4.75

contributions toV,, from either thea or B electrons of a
given individual atomic orbital. First of all, the and 8 zZnFe,O, a electrons 3.20 6.07 5.02 14.29

oxygen O,p,d) contributions are nearly the same. This is B electrons 3.19 6.06 0.24 9.49
not unexpected, since O anions are closed-shell systems (a+B) 6.39 12.13 526 23.48
with equal numbers oft and 3 electrons. For the Fe atomic (a—p) 0.01 0.01 4.78 4.80

orbitals, significant differences can be seen between the cor
tributions froma and B electrons toV,,: These differences
can be understood by noting that the free*Fecation has  spinels. There is a substantial contribution\tg, from the
five spin-up ) electrons and zero spin-dowp) electrons  B-Fe(3p) electrons which is opposite in sign from an even
in the 3d shell. There are nos} 4p, or 4d electrons in the  greaterB-Fe(4p) contribution. The ratio of these two contri-
free FE€™ ion; however, in the solid charge transfer from the butions is similar in both spinels, namely 1.7 and 1.6 for
2s and 2 O?~ atomic orbitals to the empty valence orbitals, ZnAl ,0, and ZnFeO,, respectively. The Fel) contribu-
in particular the 4, 4p, andB-3d orbitals of iron can occur. tion to V,,, on the other hand, is fairly small. In the case of
As can be noticed in Table VI, in both spinels the dominantFe®*: zZnAl O, the Fe¢l) orbitals contribute roughly 11%
contribution toV,, at the Fe nucleus is due to the B¢( to the totalV,,, and there is no significant difference be-
especially the Fe(8) and valence Fe(@) electrons, with tween the contributions from the or 3 electrons, in sharp
Fe(4p) being the dominant contribution. Again the negative contrast to the Fey) atomic orbitals. For F&": ZnFe,0,,
sign of V,, and hencee?qQ is determined by the dominant the Fefl) orbitals contribute an even smaller relative propor-
negative contribution from the cation valenpeelectrons. tion to the totalV,,. However, this should not imply that
Covalency and charge-transfer effects are most important ithere is no charge transfer to tBeFe(3d) orbitals which are
determining both the magnitude and sign \f, in these  empty for the free F&" cation. As seen in Table VII, which
sytems. However, the Fep3 orbital also contributes signifi- lists the gross atomic-orbital populations from a Mulliken
cantly toV,,, especially the3-Fe(3p) electrons. population analysis, there is a charge transfer@&.29 and
Let us first consider F&: ZnAl,0,. The contributions ~0.24 electrons to thgd-Fe(d) orbitals in ZnAlL,O, and
to V,, from the Fef) and Fef@) atomic orbitals,—0.328  ZnFe,O,, respectively. We cannot distinguish between the
and —0.042 a.u., respectively, give a total 6f0.370 a.u. numbers of electrons in Fed3 and Fe(4l) in this type of
from these two sources. This sum of the Fe@nd Fef) analysis, but most likely the majority of the transfer is to the
sources is quite close to the tod), (cluster plus external Fe(3d) atomic orbital. Since the Fefl3 contribution to
of —0.3739 a.u. The F@) and Fef) electrons, respec- V,,is relatively small, one concludes that the charge distri-
tively, contribute~88% and~11% to the totalV,,. The  bution of theB-Fe(3d) orbitals must be close to spherically
a-Fe(p) contribution is substantially greater than the totalsymmetric. The origin of the substantial difference predicted
B-Fe(p) contribution, even though the dominant Fpj4 between the individual contributions 4,, from the B-Fe
contribution is 1.4 times greater for the electrons. The (3p) andB-Fe(4p) orbitals, and the difference between the
B-Fe(3p) electrons make a substantial positive contributionFe(p) a and B8 contributions is difficult to ascertain. We
to V,, which is much greater in magnitude than that from thesuspect, however, that due to the nearly emgtfFe(3d)
a-Fe(3p) electrons. shell compared to the fulk-Fe(3d) shell, the B-Fe(3p)
Moving to F€* in ZnFe,O,, as seen in Table VI, the electrons are more polarizable than théd=e(3p) electrons
relative contributions toV,, are similar to the case for the latter being more tightly bound because of the attractive
Fed*: znAl,0,. That is, the Fgg) electrons, especially the exchange interactions with the-Fe(3d) electrons. There-
Fe(3p) and Fe($), are most important in determining the fore, the semicorg-Fe(3p) electrons would be subjected to
sign and magnitude o¥,, at the Fe nucleus. The Fg§#  a greater Sternheimer antishieldinglike effect than ¢her-
orbitals make the largest contribution and determine théitals.
negative sign fol,,. However, a fairly sizable contribution
from the Fe(®) electrons of opposite sign reduces the mag- _ N
nitude of V,,. For both Fé": ZnAl,0, and Fé&™: C. *'Fe magnetic hyperfine fields
ZnFe,O,, the B-Fe(4p) and B-Fe(3p) contributions to The magnetic hyperfine field at th&Fe nucleusB s,
V,, are greater in magnitude than the respective contribuarises from two contributions, the Fermi contact t&8mand
tions from thea electrons. This is likely due to the relative the dipolar contributiorB,. The contact term due to the
difference in shielding by the Fe@ electrons. There are a unpaired spin density at the iron nucleudiis T) (Refs. 11
number of trends to observe for e at theB site in both  and 53
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TABLE VIII. Individual atomic-orbital contributions to the elec- TABLE X. Individual atomic-orbital contributions to the elec-
tron density at the Fe nucleus located at Biesite in ZnAl,O,. tron density at the nucleus for the ¥efree ion in atomic units
Pii(0)=p(0)T+p(0)]. (ag3). p(0)1:p(0) of & electronsp(0)|:p(0) of B electrons.

Orbitals p(0)1 p(0)l  p(0)1-p(0)! Pior(0) Orbitals p(0)T p(0)L  p(0)T-p(0)! Prof0)*
Fe(1s) 5228.05 5228.14 —0.09 10 456.19 Fe(1s) 5228.11  5228.20 —0.09 10 456.31
Fe(2) 508.22 511.72 —-3.50 1019.94 Fe(Z) 508.22 511.86 —3.64 1020.08
Fe(3s) 72.17 69.90 +2.27 142.07 Fe(3) 72.63 70.34 +2.29 142.97
Fe(4s) 1.85 1.80 +0.05 3.65

Total 5808.96  5810.40 —1.44 11 619.36
Total 5810.29 5811.56 —-1.27 11 621.85

%ptot(0)=p(0)7+p(0)!.

Bc=52.94(0) 3 on the manganese atom have shown that the nonrelativistic

where p.(0) is the spin densityfthe difference between contact contribution is reduced in magnitude by 17% due to
spin-up ?a) and spin-down g) electron densityin units of relativistic effects. Thus we correct our Hartree-Fock cluster
a;? at the iron nuclei. Ther and 8 charge densities are calculations forBy; in ZnFe,O, to include relativistic and

0 = : . - many-body effects by reducing the Hartree-Fock cluster re-
given in Tables VIl and IX. The dipolar contribution to the y y y g

. C . . : sult by 25%. This procedure gives a magnetic hyperfine field
hyperfine field, which is axially symmetric in tH&11] di- ¢ 50,0 T at the iron nucleus in Zng®,. This estimate is

rection, is given(in units of T) by in very good agreement with the experimental
B measurement of —51.5 T, extrapolated to 0 K. We empha-
Bp=6.3Vz—Vzz) (4) size, however, that this good agreement may be fortuitous

due to the relatively large corrections from many-body and
relativistic effects topg(0) which have been taken from
atomic calculations.

It is useful to make a comparison between thé0) for

whereV,, andV,, are thea andg electronic contributions
to V,, in a.u. The total hyperfine field By;=Bc+Bp. Our
results for°>’Fe in ZnAl,0, and Zr°’Fe,O, are very simi-

lar, in fact to three significant figures the dominant Ferm'the(FeO(s)g* cluster representative of Zng@, and the free

contact contribution is identical for both systems. Also, sinceFe3+ ion. The difference between the cluster calculation and
magnetic hyperfine experimental data are available only fofhe free-ion results can be considered as a contribution to the

the pure spinel ZnFg®,, we have chosen to discuss just p herfine field from the solid-state environment. Table X
those results for S|mpI|C|ty.' Usmg Eg®) and(4), the results gives p(0) for the FE(8S) ion from atomic Hartree-Fock
for ps(0)=p(0)1—p(0)! listed in Tables VIl and IX and  ca|cylations employing the same basis set as used in the clus-
the results for thex and B electronic contributions t&;,  ter calculations. These results yield75.5 T for the free-ion
listed in Table VI, we find thatBc=-66.6 T and hyperfine field. Comparing this witB,;= —66.7 T from the
Bp=—0.1T. The contact contribution is much greater thanHartree-Fock cluster calculations gives8.8 T for the con-
the dipolar contribution which is typical for ferric com- tribution to By from the solid-state environment. Reducing
pounds. The magnetic hyperfine fieh; from the Hartree- this result by 25% to correct approximately for relativistic
Fock cluster calculations is therefore66.7 T. A substantial and many-body effects gives an estimatetd6.6 T for the
correction is expected from relativistic and correlation ef-corrected contribution t® ; due to solid state effects.
fects to the contact contribution. We obtain estimates for The local magnetic moment has also been measttsd
these corrections from atomic many-body calculations. neutron-scattering experiments to be g2 for iron in

A nonrelativistic many-body calculati6h on the Fé*  ZnFe,O,, reduced from the free Pé-ion value of
ion has shown that correlation reduces the magnitude of the'5-9ug, the reduction being ascribed to covalency effects.
contact contribution by 8% including consistency effects.The Mulliken population analysis for the cluster molecular
While there are no relativistic many-body calculations OnOI’bItQ|S can be used to obtaln a semiquantitative estimate of
iron available, such calculations have been performed for thEe difference between spin-up and spin-down electron popu-

managanese atoRi. First-nrincioles manv-bodyv calculations lations within the iron atom. These results, given in Table
g princip y-hody VII, are labeled @— ) for the difference in spin-up and

spin-down populations. For Znk®,, we obtain 4.8@ for

TABLE IX. Individual atomic-orbital contributions to the elec- c . ¢ -
the local magnetic moment, with the reduction due mainly to

tron density at the Fe nucleus located at Bisite in ZnFeO,.

pio0)=p(0)1 + p(0) . an increase in the minority—spin Fe{Bpopulation from zero
electrons for the F&" ion to 0.24 electrons. The reduction of
Orbitals p(0)1 p(0)L  p(0)1-p(0)] pii(0) ~1ug while likely due to covalency effects, significantly
underestimates the experimental delocalization reduction of
Fe(1s) 5228.06 5228.15 —0.09 10 456.21 ~1.7ug.
Fe() 508.24 511.75 -3.51 1019.99
Fe(3) 72.31 70.05 +2.26 142.36 D. Total electron dgnsity at the iron nucleus:
Fe(ds) 154 1.47 +0.07 3.01 *'Fe isomer shifts
In Mossbhauer spectroscopy, the isomer sBifbetween
Total 5810.15  5811.42 -1.27 1162157  two different compounds is related to the charge density dif-

ference at the nucleus between the same two compounds by
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TABLE XI. Theoretical p(0), S, and Sgop, as well as experimenta. for ©zn in ZnAl ,0,] and

Zn[Fe,0,4].
Totaf Theoreticl Experimentdl  Calculated
Spinel Znsite  Clustet d,, (A)® p(0) (5%  S(um/i9 Sc (um/9  Ssop (wm/s)
ZnAl,0, A (ZnO,)®~  1.944% 1799233  —16*6 -13.0 +3+6
B (ZnOg)1%~  1.9160 17992.45 —12+6 -26.5 —14+6
ZnFe,0, A (Zn0,)% 1.9708  17991.96 —31+6 -6.0 +24+6
B (ZnOg)**~  2.0378  17992.02 —28+6 —-18.5 +9+6

aScaled (< 2.3/3.0) charges are used for the external point charges.

bNearest-neighbor Zn-O distance.

°+0.10n, ® uncertainty.

dCalculated relative to ZnO (wurtzite); p(0)zo=17 992.76:0.108,°. S (um/9=ay: Ap(0);
aye=+(38.2+3.8)a3 um/s; Ref. 20.

®References 18 and 19; relative to th&nO (wurtzite) source.

fRelative to ZnO(wurtzite); Ssop= Sc(experimental— S(theoretical.

9A slightly differentu-paramete(0.3889 value was usedu= 0.3887 would gived,,=1.9414 A, a decrease
of 0.14%).

S=apd p1(0)—po(0)], (5) from which the isomer shift between them is predicted to be

, i ) o +0.55 mm/s. The experimental isomer shifts, with respect to
whereaye is known as the |303mer shift calibration constant. ;o metal, for (Ref. § ZnFe,0, and (Ref. 58
If Sis n mm/s, p(0) in ay°, then aye is in units of K FeCN), are 0.35 and-0.13 mm/s, respectively. There-
(mm/9ag. For >Fe, andp(0) obtained from nonrelativistic fore, the experimental isomer shift between the two com-
calculations, a current estima€®®” of ape is —0.27  pounds is thent 0.48 mm/s, which is in satisfactory agree-
(mm/sa3. If p;(0) is the charge density at the iron nucleusment with our theoretical result of+0.55 mm/s. The
for Fe**: ZnAl,0,4, and p,(0) refers to ZnFgO,, then difference between these two results of 0.07 mm/s is about
from Tables VII and IX we find that 15% of the experimental isomer shift between these two
p1(0)—p,(0)=0.283, 3. From Eq.(5) we predict that the compounds.
isomer shift between these systems is abe®08 mm/s.

The higher charge de_nsity at the Fe nucleus for Z@ as E. Total electron density at the zinc nucleus

compared to ZnFg0 4 is due to the shorter Fe-O bond length located atA and B sites in ZnAl,O, and ZnFe,O,

in the former. Our results predict a greater covalency for - ) ) o o
Fe3*: ZnAl ,0, than for ZnFeO,. Using the experimental In addition to the situation when zinc is a substitutional

isomer shifts”8 for ZnAl 0, and ZnFeO, with respect to  IMpurity at theB site, we have calculated the total electron
iron metal of +0.32 and+0.35 mm/s, respectively, the ex- densityp(0) for zinc at theA sites as well. This latter case
perimental isomer shift between the two spinels—i€.03 corresponds to the pure spinel. The basis sets are the same as
mm/s. The correct sign and approximate magnit(zfeal) used earlier for electric-field gradients at the zinc nucleus.

is predicted by our theoretical results for the charge densitied. N external charges are all scaled4.3/3.0) from the for-

Based on typical uncertaintfsn calculatedA p(0) of about mal charges as before. The chosen cluster for the tetrahe-

; o 6— 10—
+0.1a5° for Hartree-Fock calculations with Gaussian basisdrally coordinated site is(ZnO,) °~. The(ZnOg) ™ clus-
sets, these results are reasonable. ter for theB site is the same as described earlier. In fact, the

Perhaps a better comparison can be made with systen'ESUItS forp(O_) at the zinc nucl_eus are calculated from the
which have much larger isomer shifts between them, and fomolecular orbitals from the earlier study. The results for the
which theoreticap(0) calculations are available. Nieuwport, t0tal charge density at the zinc nucleus for the pérsite
Post, and van Duijnéﬁ have calculated\p(0) at the iron and substitutionaB site (without lattice relaxationfor both

nucleus for a relatively large number of ferrous and ferricSPIN€ls are given i(g Table XI. Also, presented are
compounds as well as the free ions 2F¢°D) and recently®1® available Zn Madssbauer center shiftsSc,

3 : : : - with respect to a®’ZnO source. One should recall that, for
Fe3* (8S) with the same basis sets. Using their result for the; P o CE7
Zn Mossbauer effect, unlik@Fe, the second-order Dop-

ferrous system KFe(CN ives
y KFECN)6 9 pler effect(SOD) cannot be ignored. It is possible that most

p[Fe"]—p[KsFe(CN)g]=—4.26, >. of S¢, which is the sum of the isomer shit and the shift
, ) Ssop, IS due to the second-order Doppler effect. Unlike
For our calculations from Tables IX and X, we obtain ZnF, and the zinc chalcogenid®sznO, ZnS, ZnSe, and

ZnTe, there currently is no reliable calculation f8¢gp in
spinels. We therefore cannot make a direct comparison be-
Therefore, the density difference between the two comiween our calculategh(0) and Sc.?° We can only make
pounds is predictions forSgop from our theoretical results combined
with the experimentab: . Finally, Table XlI gives results for
Ap(0)=p[ZnFe0,] - p[ K3 F&(CN)g]=—2.05,°, individual contributions tq(0).

p[Fe" - p[ZnFe0,]=—2.21a, .
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TABLE XIl. Individual contributions to p(0) at the *Zn  for ZnFe,0,, p(A site—p(B site=—(0.06+0.15)a, °.

nucleus. The general trend in the experiment®4 is that, for both
a spinels, the center shift of thke site is greater than that of the
p(0)(a57) B site by about 13:m/s. If the center shift is due entirely to
. ZnAl,0,  ZnAl0,  ZnFe0,  ZnFe0, the isomer shift withSgop=0, thenp(0) is predicted to be
Orbitals A site? B site” A site? B sitef (0.34+0.04)a3~ greater at theA site than theB site. Our
Zn(1s) 16 116.19 16 116.18 1611621 16 116.21 theoretical results are considerably lower than this, being
Zn(2s) 1639.12 1639.07 1639.13 1639.11 about zero. There are several possible reasons for thege dis-
Zn(39) 23437 234 11 234 36 23406 Crepancies between our calculatgqb(O) and the_ experi-
Zn(4s) 265 3.09 296 244 ~MentalSc. We have already mentioned the possible role of

Ssop- Assuming that the theoreticAlp(0) are accurate then

we predict(see Table X) that theSggp are quite significant
3Scaled (< 2.3/3.0) charges are used for the external charges.  in spinels being in some cases even greater in magnitude and
b(zn0,)®" cluster. opposite in sign than the isomer shift contributionSg.
%(Zn0g) 1% cluster. Another possibility, which will be clearer when independent
Ssop results become available, is that the use of simedar-

From our previous study of the pressure dependence ¢St neighbors onjyclusters surrounded by point charges may
the isomer shift for the cubic zinc chalcogenidegur re- b€ inadequate for accuratep(0) calculations in spinels.
sults predicted thap(0) at the zinc nucleus increased with This may be true for both thé and B sites in regards to
decreasing zinc-ligand nearest-neighbor distance. As seen farge densities at the zinc nucleus. At Bisite, we have
Table XI, the same trend is seen fof0) when looking at substltqted at+3 B-site ion with the Zr?*' ion. The zinc
either theA or B site. First, let us compare the sites. In defect is th_erefore a char_ged defect unlike the case where
going from ZnALO, to ZnF&,0,, d,, increases by about Fe3* substituted for AP* in ZnAl,O,. In regards to the

1.4%, whilep(0) decreases by 0.37°. We estimate, based A Site, corresponding to the pure spinel, thesite is sur-
on our previous wo® on Zn isomer shifts in binary zinc ounded by 12 second-nearest-neighe8 ions (actually

compounds, that the error in calculatagh(0) is approxi- +2.3 since scaled chargeg are l)sé'dheref_ore, the nearest-
mately iO.lOags. The same general trend is predicted forr?e'ghb.Or Oxygens to thg site may be subje_cted t0 & poten-
the B sites. In going from ZnAJO, to ZnFe,0,, d,, in- tial which is quite sensitive to the surrounding point charges.
creases by about 6.4%, whilg0) decreases by 0 agg Howe;er, OILIJIr Bres;nlts odn ttr?et rmcleia{t_qua_drupcile mteractl?]ns
. ' . ) ) see Sec. showe at the lattice Is not very muc
gs_ccr)eakizg Zt?yoinb;zgsliennggtgf‘/é?ggacs)fstrt]gﬁ Cg;’;{g?;y?;; |stort_ed by the presence of thg Znimpurity at theB site. .
Zn(4s) contribution is expected to increase, and it does, aFor this reason we expect the influence of the charged zinc

Yefect onAp(0 b [

- ¥ p(0) to be quite small.

figlrll b(?orsnee;n;gc?s-l;?)?ktahélIiﬁ;:rrré(;szem(ﬁ izgtrlzt;l;(tzgnzﬁr A final consideration is that significant covalent mixing
y P . ; o Y canbe expected between tAeandB site cations, at least in

because of the Pauli exclusion principfe.

. A . ZnFe,0,. It is known that ZnFgO, orders antiferromag-
These predicted trends are in disagreement with measured.. 2V at 10 K. Below 0 K a transferredivia oxygen
center shifts, assumin§c is due primarily to the isomer Y | Y9

. ) o ’ ligand9 hyperfine fieldBy,~1 T is observed at the Zn
ire"igﬁsgr Zicétj:rlllge'nwcggﬁsfsmvggnn'gZﬁ;gg]rgBZS?t'SslgeareSt'nucleusl.8'19'59The possibility ofA-B interactions involving
The isomer shift calibration constantye for °7Zn is covalency through the oxygens is obviously not included in

. 3 nearest-neighbor clusters. Much larger clusters would be
known fr_o_m our earlier work as 38.23.8 (_,um/s)(ao) fo_r needed to study the influence of such effectsp60).
nonrelativisticAp(0). In Table XI we have listed theoretical

) . . At present it is not possible to exclude any of the possi-
S, relative to ZnO(wurtzite), using a result for the charge iities mentioned. If’Zn-Méssbauer spectroscoBop of-
density at the zinc nucleus

in ZnO from an earlieroy s 5 significant contribution to the observed center shift

calculatior’® which employed the same methods and bas%C (Ref. 60, and might well be responsible for the discrep-
sets as here for the spinels. In all cases the spinels are prgs ies described above.

dicted to have negativ& with respect to ZnQ(wurtzite).
This is in agreement with the trends for experimergal,
though the magnitudes vary quite a bit.

From Table XI, we predict that between thesites S(A The first-principles all-electron Hartree-Fock cluster pro-
siteg is +(15+8) um/s and that between tH& sitesS(B cedure is applied to the compounds Zgp@l, and
site9 is +(16x8) um/s, where ZnA}O, has the greater ZnFe,O,, for the pure spinels Zh" and Fé* substituted
charge density at the zinc nucleus in both cases. The relatiier Al®* in ZnAl,0, and Zrf* substituted for F&" in
isomer shifts between ZnAD, and ZnFgO, are thus pre- ZnFe,O,. Electric-field gradients are calculated at the
dicted to be similar for botlA andB sites. B-site nuclei using clusters which involve tiiesite cation

Now, let us compare th& andB site p(0) results for the and its six nearest-neighbor oxygens. The rest of the solid is
same spinel. Thé site is predicted by our cluster calcula- included by considering all sites outside the cluster as point
tions to have very similar charge densities at the zinc nucleuions. The calculated electric-field gradients agreed well with
relative to the B site within the same spinel. For the available NQI data. For the impurity system, the possi-
ZnAl,0,, p(A site—p(B site)= —(0.12+ 0.15)a53, while  bility of impurity-induced lattice relaxation is not included.

Total 17 992.33 1799245 1799196  17992.02

IV. CONCLUSIONS
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However, the concordance found between theoretical and e¥nFe,O, is very small, in agreement with experimental
perimental 67Zn nuclear quadrupole coupling constantsdata. The calculated isomer shift between ZsBg and the
(e?qQ) indirectly suggests that the relaxation due to theferrous compound KFeCN)4 is concordant with experi-
presence of the defect is relatively small. PdFe or®Znat  ment.

the B site, the ratiosV,JZnAl,0,]/V,]ZnFe,0,] agree Theoretical charge densities at the zinc nucleus are calcu-
very well with the corresponding ratios of experimentallated at theA sites for the pure spinels, and for tBesites
e?qQ. This is significant because these ratios are indepenshen zinc is a substitutional defect. These results are diffi-
dent of the nuclear quadrupole momept Combined with  cult to directly compare with experiment&lZn Mossbauer
the good agreement found between theoretical and experitata due to the non-negligible contribution to the center shift
mental results foe?qQ of ?’Al and 87Zn, the present calcu- from the second-order DoppleSéop) effect. Independent
lations suggest tha®(°’Fe)~0.2 b. In regards to individual Ssop results from lattice-dynamical calculations are not yet
contributions toV,,, the B-site cation valence orbitals are  available for these compounds. The theoretit@n isomer
dominant. The contribution t&,, from the oxygen dipole shifts are combined with experiment&izn center shifts to
moments external to the cluster has been estimated by use dérive estimates folSgop. Hopefully, Sgop will become

the point-dipole model. We show here that this contributionavailable for spinels in the future. Our calculations suggest
is important: it can be as large as 48% of the tdfg) at the  that contributions to the center shift from the second-order
B site. Doppler effect are significant in oxide spinels.

The %’Fe magnetic hyperfine field is calculated, and very
good agreement is obtained with the experimental result for
ZnFe,O,, after correcting the Hartree-Fock results for
many-body and relativistic effects, which are found to be We gratefully acknowledge the continuous support of the
important. The magnetic moment of Fe in Znkk is esti-  cyclotron group at the Forschungszentrum Karlsruhe, and
mated from the Mulliken population analysis, and is found towould especially like to thank Dr. H. Schweickert, K. Ass-
be somewhat larger than the experimental moment. This ranus, and W. Maier. This work has been funded by the Ger-
sult suggests that larger clusters are needed involving botlnan Federal Minister for Research and Technology
A and B site cations to includéA-O-B interactions which [Bundesminister fu Forschung und TechnologiBMFT)]
may reduce the Fe magnetic moment. Finally, #i€e iso-  under Contract No. KA3TUM and the Forschungszentrum
mer shift between the two systems *Fe ZnAl,O, and Karlsruhe.
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