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Oxygen 1s x-ray-absorption near-edge structure of Zn-Ni ferrites:
A comparison with the theoretical calculations
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We present the electronic structure of ferrimagnetigNin_,Fe,0, compounds obtained by a combination
of O K-edge x-ray-absorption measurements and first-principles spin-unrestricted calculations using the
pseudofunction method. The two distinct preedge features are found to vary systematically as a function of the
Zn content. From both experimental and theoretical analyses, we find that substitution of Ni with Zn enhances
localization of the 8 states of Fe on the octahedral sites, so that thgp©F2 3 hybridized states can be
resolved into two distinct twofold and threefold featurg80163-182606)01147-7

[. INTRODUCTION were performed at the high-energy spherical grating mono-
chromator beamline, with an electron beam energy of 1.3
Ferrimagnetic spinel ZMNi, ,Fe,0, compounds have GeV and a maximum stored current of 200 mA, at the Syn-
been of fundamental and practical interests over the pasthrotron Radiation Research Center in Hsinchu, Taiwan. For
years. M@sbauer studie's; based on the existence of two these machine units, the energy resolution of the monochro-
hyperfine fields, have suggested that the structures of Zn-Nhator at the energy range of interest550 eV, was set at
ferrites contain two distinct sites, namely, the tetrahedral and- 5 eV. The absorption spectra were obtained by collecting
octahedral sites. Site-preference calculafiomsd neutron-  the soft-x-ray fluorescence yield with a high-sensitivity
diffraction studie$ proposed that Zii ions have a strong seyen-element germanium detector. The energy scale was
tendency to occupy the tetrahedfakites (A). On the other  gjibrated using the well-known spectrum of a GaRin
hand, the l\ﬁ+ ions are excluded from occup_ying thesites,  fiim. In this study, ZgNi, Fe,0, compounds were pre-
and are believed to be on the octahedBabites B). The  pared with the usual ceramic method; the details of the
cation distribution in the Zn-Ni ferrites can be expressedsamme preparations have been described elsehehe
quantitatively by (Zn,Fe,_,)a(Ni;_Fe . )04, Where the  gamples were characterized with x-ray diffraction and
metallic cations are enclosed Iy, and ()g, respectively,  energy-dispersive x-ray fluorescence analysis, then pressed
for occupyingA andB sites. In ZgNi; _,F&,0, compounds  jntg pellets and placed in the ultrahigh-vacuum system. All

the metallic cations occupying th& and B sites are sur-  measyrements were performed at room temperature.
rounded by four and six nearest-neighl§biN) oxygen an-

ions, respectively.

Band-structure calculations based on the local spin- lll. THEORY
density-functional theory for two extreme cases of Zit, The
(x=1) and NiFgO, (x=0) have been reported previously.
However, the electronic structures of &h,_,Fe,0, for
0<x<1 are still unknown. A combination of the ®-edge
x-ray-absorption near-edge structutXANES) measure-
ments and first-principles spin-unrestricted calculations en
ab!e us not o_nly to obtain th_e electronic structures but also t?)loyed in the form of the von Barth—Hedin exchange-
gain insight into the couplings bgtween T“eta"'d Stgtes __correlation functionaf. Scalar-relativistic effects are
and oxygen P states. We_ are part|cqlgrly interested in the'rinc:Iuded for all metals. The potential is divided into spheri-
dependence on Zn substitution of Ni in these compounds. cal potentials within the muffin-tin spheres, and a nonspheri-

cal potential that extends throughout the crystal and is ex-

panded in the plane waves. PSF’s are smooth mathematical
The OK-edge XANES measurements of &, _,Fe,0,  functions constructed to match the muffin-tin-orbitals tails

(x=0.0, 0.13, 0.25, 0.38, 0.50, 0.63, 0.75, 0.88, and 1.0continuously and differentially outside the muffin-tin

first-principles  spin-unrestricted pseudofunction
(PSH method was employed to calculate systematically the
projected density of stateDOS of the ZnFegO;,,

Zny Nig sF6,0,, and NiFgO, compounds. This method has
been shown to work well for the magnetic properties of tran-
sition metals. The local spin-density approximation is em-

Il. EXPERIMENTS
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FIG. 1. Normalized fluorescence yield at thekGedge absorp-
tion spectra of ZgNi,_,F&,0,. The dashed line is a best-fitted
Gaussian shape background. The region of feaduaiter the back-
ground subtraction is inset on a magnified scale.

FIG. 2. The integrated intensity of featuaeat the OK-edge as
a function ofx for Zn,Ni; _,Fe,0, normalized to that of NiF£,.

line shape as shown by the dashed-line curiteexhibits
spheres. They are simply devised to calculate the interstitig/V0-peak features, anda, above the threshold, located at
parts of matrix elements efficientlyWe expand PSF’s in 929.5 and 531.0 eV, respectively. They are b_est resolved for
12 167(23%x23%23) plane waves. Nonspherical parts of the ZNF&O, (x=1), and are least resolved for Nif@, (x=0).
charge density and potential are expanded in 91(@8545  @; shifts slightly toward higher energy with decreasing
x45) plane waves. We use a single special point to obtaiff here is an additional featu@" located between peaks
the self-consistent charge density and potential and then use
ten speciak points for a face-centered-cubic Bravais lattice
to obtain the projected DOS. Znj&,, Zn, Ni, F6,0,, and ZnFe,0,
NiFe,O, have a spinel structure with lattice constants 15.779,
15.866, and 15.953 a.u., respectivelJhe unit-cell param-
eters and atomic positions are determined from the x-ray
crystallography tablé® Muffin-tin radii of 2.21, 2.23, 2.25,
and 1.2 a.u. are chosen for Fe, Ni, Zn, and O, respectively,

Intensity
(arb. units)

which are roughly proportional to their covalent radivith z
the constraint that all muffin-tin spheres do not overlap. E 02p
=
IV. RESULTS AND DISCUSSION "'>
[} " p—
>
Figure 1 shows the ®-edge fluorescence yield XANES ® Fe(B) 3d
spectra of ZgNi,_,Fe,0,. The spectra are normalized to = , L
have the same area in the energy range between 550 and 570 < /\
eV (not fully shown in the figure According to the dipole- 8 0 L 5 : A L
transition selection rules, the R-edge XANES spectra re- = )

flect transitions to oxygen unoccupiedp-2lerived states, Energy (eV)

which have been hybridized with the relatively narrod 3

and broader 4p bands of the 8-transition-metal above the FIG. 3. Comparison of the @-edge x-ray-absorption featuge
Fermi level, which result in featuresandb on the spectra, (ypper solid ling with a convolution of the theoretical oxygen

respectively. To understand featuae we analyze the cou- p_projected DOS with the core-hole lifetime and instrumental
plings between O @ and transition-metal @ states for vari-  proadeningupper dashed lindor ZnFe,0,. The spectra have been
ous Zn substitutions in ZNi, ,Fe,0,. The inset of Fig. 1 aligned at the position of the first peak, and the intensity units have
shows the spectra of featuaefor several Zn concentrations been normalized arbitrarily. The darkened area is the theoretical
after subtraction of the backgroun@he background inten- oxygenp-projected DOS above the Fermi level, which is defined as
sity in Fig. 1 was subtracted by using a best-fitted Gaussiathe zero energy.
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FIG. 4. Comparison of the ®-edge x-ray-absorption featuse FIG. 5. Comparison of the ®-edge x-ray-absorption featuse

(upper solid ling with a convolution of the theoretical oxygen (upper solid ling¢ with a convolution of the theoretical oxygen
p-projected DOS with the core-hole lifetime and instrumental p-projected DOS with the core-hole lifetime and instrumental
broadeningupper dashed lineor Zng sNig sF&,0,. broadeningupper dashed lineor NiFe,O,.

anda,; its intensity decreases with the increasexoSimilar
two-peak features at the threshold of ?%l(oedge were
obtained in the 8-transition-metal oxides>* We have in- . o
tegrated the intensity of featusebetween 528 and 533 ev, 0-0 differ significantly for the & states of Fek), Fe(B),
and plotted our results as a functionofn Fig. 2 to see the and Ni(B), as shown in Figs. 3, 4, and 5. The Bg(3d
overall effect of Zn substitution. Whex is increased from States spread widely up to about 3 eV above the Fermi level.
zero, the intensity of featura remains more or less constant They are split into two-peak features when the Zn concen-
up tox=0.25, beyond which it decreases, as shown in Fig. 2tration is increased up t&=1 (ZnFe0,). In contrast, the
The decrease of the intensity of featarsvith the increasex ~ Fe(A) 3d states, are relatively insensitive to the change of
indicates that Zn substitution reduces couplings of thepO 2 the Zn content, except that thed3oand is more or less
orbitals with metallic @l orbitals. This happens because Zn broadened fox—0. The NiB) 3d states have a relatively
3d energy levels are situated further away in energy from thesmaller DOS above the threshold region in comparison with
O 2p states than the Fe and Nil3tates in these compounds, those of Fef) and FeB). Our theoretical calculations are
so that Zn makes an insignificant contribution to @ te-  also in agreement with earlier published studiesiowing
tallic 3d couplings. This is in agreement with a generally that the two distinct peala, anda, in ZnFg0, observed at
accepted rule that hybridization effects in transition-metalphoton energies around 0.5 and 2.0 eV, as shown in Fig. 3,
oxides are smaller in the late-transition-metal than in theare due to O p—Fe@®) 3d hybridization witht,; and e,
early-transition-metal oxide’$. Thus Zn substitution reduces Ssymmetries, respectively. The energy d|fference between
the number of available metallicd3states that can couple to these two states, referred to as the ligand-field parameter
O 2p states, and causes a decrease in the intensity of featut®Dg~1.5 eV, is comparable with that of the iron oxides
a with the increase ok. reported in the earlier literatuf8In contrast to the two-peak

In Figs. 3, 4, and 5, we comparelOedge XANES spec- features observed for Znk®@, more complicated spectra ex-
tra and calculated oxygep-projected DOS's for ZnkE©,, hibiting some multiplet structures were observed for
Zng sNip sF6,0,, and NiFgO,, respectively. The lower dark- Zng sNig sF6,0, and NiFgO,. The corresponding features
ened area shows the theoretical oxygemprojected DOS anda, shown in Figs. 4 and 5 are primarily contributed by
above the Fermi level. The upper solid curve is ak®@dge O 2p—Fe®B) 3d and O 2—Fe(A) 3d hybridized states with
absorption spectra of featuee and the dashed curve in the a relatively smaller contribution by the NBj 3d states.a,
middle is the theoretical oxyggmprojected DOS broadened has previously been observed to shift slightly toward higher
with a Lorentzian of 0.3 eV to simulate the core-hole energy with decreasing Zn content in 2di ; _,F&,0,, in
lifetime,** and convoluted with a Gaussian function of 0.5 agreement with present observations. Feadiires primarily

eV to simulate the experimental resolution. The calculated
electronic structures for these three samykes1.0, 0.5, and
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FIG. 6. (a) Normalized FeK-edge EXAFS oscillations((k)
weighted byk® for Zn, sNiy 76,0, at room temperaturéb) Mag-
nitude of the Fourier transform of the EXARSy data fromk=3.5
to 13.5 A1 (solid line). Final fit of theory to the nearest-neighbor
Fe(A)-O and FeB)-O bond lengthgdashed ling Structural pa-

FIG. 7. (a) Normalized NiK-edge EXAFS oscillationg(k)
weighted byk® for Zn, sNi, &F6,0, at room temperaturéb) Mag-
nitude of the Fourier transform of the EXARSy data fromk=3.5
to 13.9 A™* (solid line). Final fit of theory to the nearest-neighbor

. ! - Ni(B)-O bond lengthgdashed ling Structural parameters of the
rameters of two nearest neighbors obtained by fitting thi feelge nearest neighbor obtained by fitting the Kiedge EXAFS spec-

. _ _ 2
EXAF?L SpeCtrUTS-N;g(A)-o—“n TFS(A)-O_ 1.92¢ O-Oj A, U’ZG(A)-O trum: Nyig).0=6, Ruig)-0=2.06¢0.01 A, and ofg).0=(5.9
=(4.8+£1.2)xX10 + Negs)-0= 6, Rrgp)-0=2.0120.01 A, and  +25)x10 2 A2 N is the coordination numbeR the nearest-

2 - . . .
Ttqp)-0=(5.3:1.0)x10"% A% N is the coordination numbeR neighbor distance, and? the mean-square vibrational amplitude.
the nearest-neighbor distance, asftithe mean-square vibrational

amplitude. +0.02 A, and~2.06£0.02 A for Fe@d)-O, Fe@)-O, and
Ni(B)-O, respectively, throughout the series of

contributed by the Fe&) 3d, states with a smaller contribu- Zn,Ni, ,Fe,0,. Harrison’s formula yields tha¥ 4 increases
tion by FeB) 3d states. in the order NiB)-O, FeB)-O and Fef)-O, since Fe has a

It is generally believed that differemi-d hybridization =~ smaller atomic number than Ni in thed3ransition-metal
effects in transition-metal compounds can be explained bgeries, and F&)-O has the shortest NN bond length. Thus
energy separations between the transition-methbB8d an- Fe(A) 3d states have a higher hybridization probability with
ion p states as well as NN transition-metal-anion bondthe O 2 states than F&) and Ni(B) 3d states, especially
lengths!® Harrison showed that the square of the hybridiza-for smaller Zn substitution for Zmi,_,Fe,0,. In addition,
tion coupling constantV 3, is proportional to (¥/d"),'*®  since Zn ions occupy tha sites while Ni ions occupy thB
wherery andd are the transition-metal-orbital radius and sites, the decrease of the Zn content means the increase of
the NN transition—metal-oxygen bond lengths, respectivelythe Ni content and a movement ofFeons from theB sites
rqy's are 0.80 and 0.72 A for Fe and Mirespectively. The to the A sites. In other words, the decreasexofneans the
extended x-ray-absorption fine structyi€XAFS) was per- increase of the number of F&) ions, and further enhances
formed at the Fe and NK edge in ZgNi,_,Fe,0, using the O 2p—Fe(A) 3d couplings. This implies that featua*
transmission mode measurements at room temperdtureis related to the increase of the width of @-2Fe(A) 3d-
The normalized EXAFS oscillationg k) are weighted bk®  hybridized states with the decrease of Zn substitution in the
for both Fe and NK edges, and the corresponding FourierA sublattice, which agrees with our theoretical calculations
transforms of thé®y data for Zn Ni, Fe,0, are shown in  as shown in Figs. 4 and 5.
Figs. 6 and 7, respectively. Our analysis involved the use of Finally, featureb (occurring between 533 and 542 eM
a combination of the multiple-scattering EXAFS computerthe spectrum of Fig. 1 is significantly broader than featyre
programrerF5'8 and the nonlinear least-squares-fitting com-and contains some weakly oscillating structures in the region
puter progranFerriT.® As shown in Figs. &) and 7b), the  between~534 and 537 eV. Its line shape becomes sharper
quality of the fit for the NN Fef)-O, Fe B)-O, and with increasingx for x=0.75. We suspect that these weak
Ni(B)-O bond lengths in Figs.(6) and %b) are quite good. structures may be related to the unoccupiedp32n 4sp
We obtained NN bond lengths 0f1.92+0.02 A, ~2.00  hybridized state&’
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V. CONCLUSIONS states have a higher hybridization probability with the @ 2
From our results of K-edge XANES spectra and first- states than F&) and Ni(B) 3d states in ZgNi; F&0,.

principles spin-unrestricted calculations, we found that the

two distinct preedge features vary systematically as functions ACKNOWLEDGMENTS
of the Zn content in ZgNi, ,Fe,0,. Peaksa; and a, are
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