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Orbital polarization in NiFe 2O4 measured by Ni-2p x-ray magnetic circular dichroism
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We report a comprehensive study of the x-ray magnetic circular dichroism~XMCD! at the NiL2,3 edges of
NiFe2O4 ~trevorite!, a ferrimagnetic compound which belongs to the class of strongly correlated 3d systems.
The measured XMCD line shape is in good agreement with full-multiplet calculations for a 3d8 ground state
including an octahedral crystal field of 10Dq51.2 eV. Using the XMCD sum rules, we find for the nickel an
orbital to spin magnetic moment ratio ofL/S50.2760.07, which means that the orbital contribution to the
magnetic moment is 1262 %. The size of the error bar is not due to the neglect of band structure and
hybridization, but due to Coster-Kronig transitions which give a transfer of spectral weight in the dichroism
near theL2 edge. Using the sum rules for the isotropic x-ray absorption spectrum, we obtain the expectation
value of the spin-orbit interaction, which can be converted into anL/S ratio of 0.3460.11. All sum-rule results
were corrected for the influence of core-valence exchange interaction, which gives rise tojj mixing between the
two absorption edges. The correction is done by comparing the calculated sum-rule results with the correct
ground-state values calculated as a function of crystal-field strength. The 2-eV shoulder of theL3 line shows
a strong positive dichroism, which can be attributed to a spin-flip state. From the overall agreement between
the experimental and theoretical results, we conclude that a localized model provides a good description for the
orbital magnetization.@S0163-1829~99!12005-8#
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I. INTRODUCTION

In the last few years there has been a surge of intere
the use of circularly polarized x rays to study the electro
and magnetic structure of magnetically ordered syste
X-ray magnetic circular dichroism~XMCD! has been estab
lished as a powerful, element-selective tool to separate
spin and orbital contributions to the total magnetic mome
Whereas the majority of XMCD studies was performed
ferromagnetic metals,1,2 there have been relatively few me
surements on metal oxides3–6 despite the fact that the theo
retical spectra for these localized materials were alre
available since the early development of this technique.7

The electronic structure of heavy 3d transition-metal
monoxides has been a controversial subject ever since
discovery of their insulating properties,8 which are in sharp
PRB 590163-1829/99/59~6!/4314~8!/$15.00
in
c
s.

he
t.

y

he

contrast with one-electron band-structure theory which p
dicts metallic behavior.9–11 This insulating behavior is be
lieved to be due to strong electron correlation effects, wh
make the one-electron model inapplicable. According to
Mott-Hubbard model,12,13 the large on-sited-d Coulomb re-
pulsionU suppresses high-energy charge fluctuations, wh
describe the hopping of ad electron between two metal site
Although the Mott-Hubbard model explains the existence
a wide optical gap, it fails to predict the size of the optic
gap14 as well as the x-ray spectra of 3d transition-metal ox-
ides, halides, and chalocogenides.15 The optical gap in these
materials is determined by the charge-transfer energyD,
which is the energy required to transfer an electron from
ligand to a metal site, i.e.,dn→dn11L, whereL denotes a
hole in the ligand band.16 NiO was originally believed to be
a Mott-Hubbard insulator, i.e., with the gap determined
4314 ©1999 The American Physical Society
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U, but Fujimori and Minami17 showed by using a cluste
model for the valence-band photoemission that this mate
is actually a charge-transfer insulator. The combination
photoemission and inverse photoemission data gives an
perimental value for the band gap of 4.3 eV,18,19 while den-
sity functional theory predicts a gap of only 0.3 eV.20

The orbital polarization in 3d transition-metal oxides ha
been recognized for a long time, e.g., in the interpretation
the magnetic susceptibility21 and magnetic neutron
scattering.22 However, electronic structure calculations, su
as augmented-spherical-wave,20 Hartree-Fock,23 and cluster
model24 calculations, often neglect the spin-orbit interacti
in these oxides. This results in an absence of orbital po
ization and consequently a wrong description of magn
properties such as the magnetocrystalline anisotropy25,26 and
magnetorestriction.27 Taking spin-orbit coupling into ac
count, Svane and Gunnarsson28 calculated an orbital to spin
magnetic moment ratioL/S of 0.35 for NiO using the self-
interaction-corrected local-spin-density approximation~SIC
LSDA!. This value was recently confirmed by Fernand
et al.29 who measured anL/S ratio of 0.3460.06 using mag-
netic x-ray scattering. Of course, the good agreement
tween the calculations and experimental results can be fo
itous. The absence of a concept for the electric current in
LSDA is known to underestimate the size of the orbital m
ment, which can cause serious problems in systems
large orbital moments, such as rare-earth and actin
structures.30 Recent developments made using the so-ca
LDA1U approach have led to improved results.31 The study
of 3d transition-metal oxides remains, therefore, of cons
erable interest. In this paper, we report on the orbital po
ization in NiFe2O4 using XMCD, which permits an elemen
selective separation of the spin and orbital contributions
the total magnetic moment. This technique can be applie
ferro- and ferrimagnets, but not to antiferromagnets, wh
have no net magnetization. This makes it attractive to st
NiFe2O4 ~trevorite!, where the Ni21 ions in octahedral coor
dination are aligned ferromagnetic with respect to each ot
The crystal structure of NiFe2O4 is identical to that of Fe3O4
~magnetite!, which has an inverse spinel structure consist
of two iron magnetic sublattices which are antiferromagn
cally coupled by superexchange through the oxygen io
One magnetic sublattice contains 1/3 of the iron atoms
Fe31 in tetrahedral sites, while the other magnetic sublatt
contains the remaining 2/3 iron atoms in octahedral sites
both Fe31 and Fe21 ions. In trevorite, the Fe21 ions in the
octahedral sites of magnetite are replaced by Ni21.

In this study we compare the measured Ni 2p x-ray ab-
sorption spectroscopy~XAS! and XMCD of trevorite with
calculated spectra using a crystal-field model including m
tiplet structure. As predicted in Refs. 32 and 33, there i
strong dependence of the orbital moment on the crystal-fi
strength. We relate the localized electronic structure of di
lent Ni compounds to the spectral features in the Ni 2p XAS.
This reveals that the ground state has mainlyeg

2 character,
where the orbital moment is induced by second-order s
orbit interaction. We determine the orbital polarization usi
three different approaches:~i! by detailed comparison of th
experimental spectrum with the calculated line shape,~ii ! by
using the sum rules for the XMCD spectrum, and~iii ! by
using the sum rules for the XAS spectrum. After correcti
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the sum-rule results for the effects ofjj mixing, we find an
orbital magnetization which is in good accordance with t
XMCD line shape predicted by the crystal-field model.

II. EXPERIMENTAL RESULTS

NiFe2O4 was synthesized by heating a stoichiometric m
ture of Fe2O3 and NiO in a muffle furnace at 1100 °C for
days. Sample purity was confirmed by x-ray powder diffra
tion, which revealed a cell parameter of 8.340~1! Å. In the
XAS measurements we used a pressed pellet containin
50% mixture of finely ground~micron size! NiFe2O4 and
high-purity graphite, to increase the conductivity.

XAS was performed on the high-energy spherical grat
monochromator beam line 1.1 of the Synchrotron Radiat
Source at Daresbury Laboratory using 75% circularly pol
ized x rays. The energy scale was calibrated using the NL3
edge of NiO.34 The sample was mounted onto a rod inside
small vacuum chamber (1027 torr! contained between the
coils of a superconducting magnet. The sample magnet
tion was along the direction of x-ray beam, i.e., along t
light helicity vector. The absorption signal was recorded
drain current mode and normalized to the incident x-ray fl
XMCD spectra were obtained by taking the difference sp
trum between scans with opposite magnetization of62 T at
room temperature. Although the counting statistics was
duced by the poor electric conductivity of the trevorite, t
spectra were completely reproducible in repeated scans.

Figure 1 shows the Ni 2p XAS spectra of trevorite for
parallel and antiparallel alignment of the light helicity vect
and magnetization direction. Reversal of the magnetiza
has the same effect as reversal of the light helicity vec
When the magnetization is along the positivez axis, the par-
allel and antiparallel alignment can be denoted by right c
cularly polarized ~rcp! and left circularly polarized~lcp!
light, respectively. TheL3 peak height increases by 65% fo
antiparallel compared to parallel alignment. The shouldeB
is only observed for parallel alignment. TheL2 edge is

FIG. 1. Measured NiL2,3 absorption spectra of NiFe2O4 for
parallel and antiparallel alignment of the light helicity and magn
tization direction, together with the difference spectrum, t
XMCD. LabelsA–F are explained in the text.
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4316 PRB 59G. van der LAANet al.
roughly split into two peaks which reverse in height for o
posite magnetizations. The bottom curve shows the dif
ence spectrum for parallel minus antiparallel alignment,
XMCD. TheL3 edge shows the peakA at a photon energy o
853 eV with negative dichroism, the shoulderB at 2 eV
higher energy with positive dichroism, and the weak feat
C at 4 eV higher energy with negative dichroism. The tw
discernible peaksE and F in the L2 structure have positive
dichroism. There is a gradual increase in the ‘‘backgroun
from 863 eV onwards, labeledD in Fig. 1, which shows a
negative dichroism.

III. LOCAL ELECTRONIC STRUCTURE

As a result of the dipole selection rules, the 2p XAS
spectrum reflects directly the nature of the 3d electronic
ground state. In order to make an assignment of the p
structures in divalent Ni compounds, we follow the analy
presented in Ref. 34 using the framework of the Anders
impurity model including full-multiplet structure. Relate
treatments can also be found in Refs. 35–38. The lo
ground state is a mixture of the configurationsd8, d9L2, and
is determined by thed-L charge-transfer energyD, the d-d
Coulomb interaction,U, and thed-L mixing ~hybridization!.
The final state in XAS, where an electron has been exc
from a 2p core level into an empty 3d state, is a mixture of
the configurations2p3d9 and 2p3d10L. The 2p-3d ex-
change interaction gives a multiplet structure for the2p3d9

configuration, whereas the bandlike character of the lig
hole results in a broad feature for the2p3d10L configuration.
Hybridization mixes the two configurations, which resu
effectively in a reduced multiplet width for the2p3/23d9 fi-
nal state. This can also be interpreted as a reduction of
2p-3d exchange interaction due to the delocalization of
valence hole. The prominent featuresA, B, C, E, and F in
Fig. 1 can be ascribed to the multiplet structure of a fi
state with mainly2p3d9 character, where the large spin-orb
interaction of the core level splits the spectrum into a 2p1/2
(L2) and 2p3/2 (L3) manifold with an energy separation o
17 eV. The peak separationA-B is a measure for the reduc
tion factor of the2p3/23d9 multiplet structure and can there
fore be used as a ‘‘ruler’’ for the covalency of the nickel34

The 2-eV peak splitting in trevorite is close to the value
1.9 eV reported for NiO2,

34,39,40which hasD54.6 eV and a
ground state of 73%d8 character with the rest mainlyd9

character. The2p3d10L final state is expected to be locate
at ;5 eV above the2p3d9 state.34 Unlike NiO and nickel
dihalides, which show weak features that can be assigne
the broadened ligand final states, the spectrum of trevo
does not reveal the presence of these states. It is, there
not meaningful to include the corresponding configuratio
in a cluster calculation, which would only give addition
parameters that cannot be determined properly. There
we assume in the treatment of the spectra that the gro
state is completely 3d8 and that the final state is2p3d9 with
a reduced multiplet structure. Such a single-configurat
model offers a transparent analysis because the only pa
eters are the octahedral crystal-field strength, 10Dq, and the
scaling factork of the Slater integrals.

We now turn to the explanation of the structureD in Fig.
1. The sudden creation of the 2p core hole in XAS can
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induce and excitation of an electron from the ligand ba
into the continuum statek above the ionization threshold.41

Also, in nickel dihalides the onset of an increase in t
‘‘background’’ around 10 eV above the main line has be
ascribed to this type of excitation, where the final state c
be assigned to a mixture of2p3/23d9Lk, 2p3/23d10Lk, and
2p3/23d8k configurations.34

IV. SPIN-FLIP STATE

Whereas the XAS spectrum reflects the local electro
structure, the XMCD contains specific information about t
alignment of the spin and orbital moments in the final stat
Analysis of the XMCD provides therefore a deeper insight
the excitation process.

The initial state of Ni21 contains two emptyd states of
spin-down character. PeakA in the Ni 2p XAS spectrum is
due to the transition of a spin-down core electron into one
the emptyd states under spin conservation. The final st
with the spin-down core and valence holes is a triplet sta
PeakB is due to the transition of a spin-up core electron in
an empty spin-downd state. This gives a single final stat
which is shifted towards higher energy by the effecti
2p-3d exchange interaction. This spin-flip transition b
comes allowed when the selection ruleDS50 is broken by
the strong 2p spin-orbit interaction. Further evidence for th
spin-flip state can be obtained from the XMCD spectru
This becomes clear if we visualize the 2p absorption process
as a two-step model. The core level is split intoj 53/2 and
1/2 states where spin and orbit are coupled parallel and
tiparallel, respectively. In the first step, the emission w
parallel and antiparallel alignment of light helicity and ma
netization results in photoelectrons of preferred spin-up
spin-down directions, respectively. In the second step, th
photoelectrons have to find their place in the valence ban
there are only spin-down holes available, the XMCD sp
trum will show a negativeL3 and a positiveL2 peak. Be-
cause the exchange interaction couples the spin of the
hole to that of the valence electrons, the core-hole states
spin down and spin up are at the low- and high-energy si
of each edge, respectively. Since in theL3 edge the spin and
orbit are coupled parallel, the spin-down core hole~triplet
final state! gives a negative dichroism, while the spin-up co
hole ~singlet final state! gives a positive dichroism. The sig
of the XMCD in Fig. 1 confirms that peaksA andB corre-
spond to a triplet and singlet state, respectively. In theL2
edge the spin states are less pure so that the effect is
pronounced.42 As an additional advantage, the XMCD spe
trum offers an accurate way to determine the reduction fa
of the core-valence exchange interaction.

V. ORBITAL MAGNETIZATION OF CRYSTAL-FIELD
STATES

The orbital magnetization depends on the subtle interp
between spin-orbit and crystal-field interaction. An octah
dral crystal field splits thed states intot2g states~xy, yz, and
zx orbitals! and eg states (x22y2 and 3z22r 2 orbitals!
with an energy separation 10Dq. The two degenerateeg
states have the highest energy and contain two holes
spins parallel in order to maximize the exchange ener
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Thus thed8 ground state is (eg
2 3A2)T2 , whereA2 denotes

the irreducible representation of the orbital state in the o
hedral symmetry group andT2 denotes the irreducible repre
sentation of the spin-orbit coupled state in the octahe
double group. The pureeg

2 3A2 ground state is nondegenera
so that the orbital moment vanishes. This is sometimes
forward as an argument that the orbital magnetism in di
lent nickel compounds can be neglected. However, as
will show below this can not be justified.

An electron in a specific orbital state has an angular m
mentum along a given axis when, by rotation about that a
the orbital can be transformed into an equivalent and deg
erate orbital which does not contain an electron with
same spin.43 Such a transformation will allow the electro
cloud to rotate about the axis; i.e., there is an orbital mom
along that axis. For instance, a rotation of 45° about thz
axis will turn thexy orbital into thex22y2 orbital, whereas a
rotation of 90° changes thexy orbital into theyzorbital. Thus
one expects an orbital moment from an electron in eithe
these pairs of orbitals. The 3z22r 2 orbital cannot be trans
formed into any of the other orbitals by a rotation about
z axis; thus, it will not give an orbital moment in thez direc-
tion. The octahedral crystal field removes the degenerac
the xy and x22y2 orbitals and, in second order, i.e
z!10Dq, the orbital contribution is reduced by a fact
proportional toz/10Dq. Because the 3z22r 2 and x22y2

orbitals cannot be transformed into each other by rota
about any axis, theeg representation has no orbital momen
However, there is an orbital moment due to second-or
spin-orbit interaction which mixes (egt2g

3T2)T2 and
(egt2g

1T2)T2 into the ground state with coefficient
A2z/10Dq and z/(10Dq18F2130F4), respectively. In
the following we will use the full diagonalization of th
Hamiltonian to take into account the orbital magnetizatio

VI. MULTIPLET CALCULATIONS

Ground-state properties and x-ray spectra were calcul
at T50 an intermediate coupling using Cowan’sab initio
Hartree-Fock code with relativistic correction.44 For the Ni
3d8 configuration, the spin-orbit interaction isz[z(d)
50.083 eV and the Slater integrals areF2(d,d)512.234 eV,
F4(d,d)57.598 eV, and for the Ni2p3d9 configuration
z(2p)511.507 eV,z(d)50.102 eV, F2(p,d)57.721 eV,
G1(p,d)55.787 eV, andG3(p,d)53.291 eV. Interatomic
screening and mixing with the2p3d10L final state~cf. Sec.
III ! are taken into account by reducing the Slater integ
with a factork. The spin-orbit parameters were not reduc
An exchange field ofmBH50.01 eV was applied along th
positivez axis. The crystal field was included using the cha
of group method.45

Figure 2 shows the calculated XAS and XMCD spec
for different values of 10Dq. The spectra exhibit strong
changes when 10Dq is of the order ofz. Around 10Dq
50.15 eV the spin of theL2 edge in the XMCD spectrum
changes from negative to positive. At 10Dq50.4 eV the
shoulderB of the L3 edge reverses in sign. For 10Dq larger
than 1 eV, the line shape remains essentially the same
cause the2p3/2eg final state@marked by the arrow in Fig
2~a!# is then well separated in energy from the2p3/2t2g final
-
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state, which has only a small transition probability. The sp
ting of theL2 andL3 edges into the doublet structuresA-B
and D-E does not depend on 10Dq, but scales withk, the
reduction factor of the 2p-3d exchange interaction. The en
ergy separationA-B of 2 eV fixes the value ofk to 0.8. The
intensity ratiosA:B andE:F in the XMCD depend on bothk
and 10Dq, because both parameters influence the spin m
ing in the final state. Thus these intensity ratios provi
together with theL3 :L2 ratio, a sensitive measure for 10Dq.

Figure 3 shows the theoretical result for 10Dq51.2 eV,
which gives the best agreement with the measured XMC
The calculations include a Lorentzian ofG50.3 ~0.4! eV for

FIG. 2. Calculated NiL2,3 XAS ~a! and XMCD ~b! spectra for a
3d8 ground state with different octahedral crystal-field streng
10Dq. The arrows in the XAS spectra mark the energy position
the2p3/2t2g final state. The spectra were convoluted with a Lore
zian ofG50.3 ~0.4! eV for theL3 (L2) absorption edge to accoun
for intrinsic linewidth broadening and a Gaussian ofs50.4 eV for
instrumental broadening.
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the L3 (L2) edge to account for intrinsic linewidth broade
ing and a Gaussian ofs50.5 eV for instrumental broaden
ing. It is clear that the agreement for theL3 edge is almost
perfect. In theL2 edge, the calculated dichroism of the pe
E is smaller than that of the measurement. This effec
compensated by a negative dichroism in the region labe
D. This transfer of spectral weight can be ascribed to
Coster-Kronig interactionR(2p3/2,k;2p1/2,3d) between the
discrete states2p1/23d9 and continuum states2p3/23d8k.
Such an effect was not included in the calculation. Beca
the spin and orbit of the 2p3/2 core hole are coupled paralle
the dichroism in the regionD is expected to be negative
which is in agreement with the experimental observation

The featureC, which is barely discernible in the isotropi
spectrum, but quite prominent in the dichroism, correspo
to a final state2p3/2t2g @cf. Fig. 2~a!#. Finally, we mention
that within the limits of the counting statistics, there is
evidence for any structure from a 2p3/23d10L final state. In
the XAS of NiO and nickel dihalides, these structures
found in the region betweenC andD.

VII. SUM-RULE RESULTS

The most obvious trend in the XAS and XMCD spectra
Fig. 2 is the change of theL2,3 areas, which can be related
a reduction of the ground-state moments as a function
10Dq. Such a relation is straightforward to derive in the ca
of the orbital moment.46 The light acts only on the orbita
part of the wave function, and the dependence on the
arises from the spin-orbit interaction. The selection rules
electric dipole transitions areq[2Dm511, 0, and21 for
rcp, z perpendicular, and lcp light, respectively. The to
intensity is obtained by integrating over all magnetic subl
els of the core level. This yields an expression for the tr
sition probability which contains only the polarizations
the ground state and light. Forq polarized light, the intensity
integrated over the core level can be written in terms om
andq as

rq5(
m

^nm&F1

3
1

qm

2l
1O~q2,m2!G , ~1!

FIG. 3. Comparison between the measured Ni 2p XMCD of
NiFe2O4 and the calculated signal for ad8 ground state with
10Dq51.2 eV. The spectra were convoluted with a Lorentzian
G50.3 ~0.4! eV for the L3 (L2) absorption edge to account fo
intrinsic linewidth broadening and a Gaussian ofs50.5 eV for
instrumental broadening.
is
d

a

e

s

e

f

of
e

in
r

l
-
-

where ^nm& is the occupation number of the holes in th
sublevelm of the valence shelll. The quadratic term has no
been written out explicitly, but can be found elsewhere47

This term relates the integrated linear dichroism to the qu
rupole moment. However, as we will show below, the qua
rupole moment vanishes in octahedral crystal field. Summ
tion overq gives

r iso[r11r01r215(
m

^nm&[n, ~2!

which shows that the integrated signal of the isotopic sp
trum is proportional to the total number of holes,n, in the l
shell. r0 can only be measured when the geometry
changed, instead one normally uses the sum spectrum

rsum5r11r21' 2
3 r iso, ~3!

which is only correct in the absence of linear dichroism.
The integrated XMCD spectrum

rXMCD[r12r215 l 21(
m

^nm&m[ l 21^Lz& ~4!

is proportional to the expectation value of the orbital m
ment,Lz . Combining Eqs.~2!–~4!, the orbital moment perd
hole (l 52) is obtained as

^Lz&
n

5
4

3

rXMCD

rsum
. ~5!

We further require sum rules for the spin-depend
operators.48 Defining the weighted difference over the tw
integrated absorption edge signals,

d[r~L3!22r~L2!, ~6!

the effective spin moment per hole is given as

^Sz
eff&*

n
5

^Sz&* 1 7
2 ^Tz&*

n
5

dXMCD

rsum
, ~7!

whereTz is the magnetic dipole term.48 The angularly depen-
dent part of the spin-orbit interaction per hole is obtain
from the sum spectrum as49

^ l •s&*

n
5

dsum

rsum
. ~8!

The asterisk indicates that the expectation value of
operator has been obtained from the sum rule. This is
necessarily equal to the correct ground-state value. The
rules in Eqs.~7! and ~8! are no longer exact in the presen
of 2p-3d electrostatic interaction, which gives a transfer
spectral weight between theL3 andL2 edges. This effect is
called jj mixing.49 It does not influenceLz becauser in Eq.
~5! is independent ofjj mixing. However, the effective spin
moment and spin-orbit interaction are proportional tod, so
that they are sensitive tojj mixing.

Using the integrated intensities of the absorption spe
in Fig. 1, corrected for the incomplete polarization of the
rays, the sum rules give the magnetic moments as^Sz&*
50.35mB and ^Lz&* 50.10mB per hole. This amounts to a
total magnetic moment of̂Lz&* 12^Sz&* 50.80mB per hole.

f
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For 10Dq.1 eV, the calculation predicts a value of^Sz&*
50.45mB per hole@cf. Fig. 4~a!#, which is thus higher than
the measured value. However, the measured magnetic
ment merely represents its average value. It can be low
by the presence of noncollinear moments, incomplete m
netization, or a surface layer which is not ferro- or ferrima
netic. A further complication arises from the normalizati
per hole. The signal must be integrated over the entire
sorption edge. This works nicely for the dichroic sign
which goes to zero above the edge when the continu
states become nonmagnetic. However, in the sum spectru
is less straightforward to separate the discrete states from
continuum states. Figure 1 shows that the ‘‘background’’
the sum spectrum does not have the same height below
above the edges. The normalization using the sum spec
can be avoided by taking theL/S ratio, in which case the
number of holes drops out. We thus obtain anL/S* of 0.29
60.07. This still needs to be corrected forjj mixing, where
the precise correction depends on 10Dq.

Figure 4 shows the calculated moments for a 3d8 ground
state as a function of 10Dq. The drawn lines give the mo

FIG. 4. Expectation values for a 3d8 ground state as a functio
of 10Dq obtained by applying the sum rules to the calculatedp
XMCD spectra~dotted line! together with the correct ground-sta
values~solid line!. ~a! Orbital and spin moments per hole and ma
netic dipole term per hole~dash-dotted line!, ~b! L/S ratio, and~c!
spin-orbit interaction per hole.
o-
ed
g-
-

d-
,
m

it
the
f
nd
m

ments calculated directly for the ground state. The dot
lines give the moments obtained by applying the sum rule
the calculated 2p XMCD spectra. All curves in Fig. 4 show
a similar trend, namely, a strong asymptotic descent from
atomic value towards a constant value, which is equal to z
except for the spin moment. The strong enhancement inSz

eff

for small 10Dq is due to the contribution ofTz . Figure 4~a!
shows thatTz ~dash-dotted line! increases strongly when
10Dq is small compared toz. For large 10Dq the influence
of Tz can be neglected. Its value vanishes in octahedral s
metry, e.g., for 10Dq51 eV the value of72 Tz /Sz is 0.014. A

further difference betweenSz
eff and Sz

eff* arises for small
10Dq/z because we used the sum spectrum instead of
isotropic spectrum in the sum rule of Eq.~7!. This gives a
discrepancy when the linear dichroism is not zero, i.e., wh
there is a quadrupole moment in the ground state.

With the aid of Fig. 4 we are now able to correct th
measuredL/S ratio for the effect ofjj mixing. The result of
the sum rule, which wasL/S* 50.2960.07, gives with Fig.
4~a! a corrected value ofL/S50.2760.07. Thus the orbital
moment amounts to 1262 % of the total magnetic momen
The sum-rule result can be compared with the fit to
XMCD line shape for 10Dq51.2 eV, which was presente
in Fig. 3. This fit corresponds to ad8 ground state with
L/S50.27. The perfect accordance with theL/S value from
the sum rule is not accidental. It occurs necessarily beca
of the constraints on theL2,3 areas in the fit.

Another approach to assess the orbital magnetization
determine the expectation value of the spin-orbit interact
from the areas of the sum spectrum and then to convert
into a value ofL/S. Using Eq.~8!, we obtain from the areas
in Fig. 1 the value of̂ l •s&* /n50.2560.08, which corrected
for jj mixing @cf. Fig. 4~c!# becomeŝ l •s&/n50.1960.06.
Using simple arguments, one might guess that, for a m
than half-filled shell, the orbital moment per hole is equal
the spin-orbit interaction per spin, i.e.,^Lz&/n'^ l •s&/^Sz&.
However, the neglect of spin-orbit correlations, other th
the diagonal terms, can easily lead to a mismatch of a fa
of 2 or more. Therefore, it is better to resort to Fig. 4, fro
which we find that the obtained̂l •s&/n value corresponds to
a 10Dq value between 0.7 and 1.4 eV and anL/S ratio of
0.3460.11. In this case the uncertainty arises mainly fro
the background in the sum spectrum.

The orbital polarization in NiFe2O4 can be compared with
the values reported for other divalent nickel compoun
Fernandezet al.29 measured anL/S ratio of 0.3460.06 for
NiO using magnetic x-ray scattering. Arrioet al.50 found an
L/S ratio of ;0.25 for the molecular-based ferromagne
CsNiCr~CN!6•2H2O using XMCD. In our case, the line
shape as well as the spin-orbit sum rule gives additional c
firmation of the size of the orbital moment.

VIII. CONCLUSIONS

Most XMCD studies reported so far are only on ferr
magnetic metals. The present study describes the applica
of this technique to ferrimagnetic oxides. These experime
open up new possibilities to study the magnetic propertie
a class of strongly correlated materials which is still ill u
derstood. The line shape of the XMCD spectrum of divale
nickel compounds is mainly determined by crystal-field a



e
o

o

-

eld

um

fo
a
e
th
y

n

th
ur
tio

o
e

st
e

or

he
s a

on
on
rbit
ved
rip-
line
the
-
n-

ro-

ities

duct-
ns

nt
.

4320 PRB 59G. van der LAANet al.
core-valence exchange interactions and it provides a r
tively simple test case which can serve to understand m
complicated systems.

We compared three different procedures, based
crystal-field theory and sum rules, to determine theL/S ratio
at the nickel site of NiFe2O4. In the first method we per
formed a line shape fit of the XMCD by optimizing 10Dq,
which is the parameter for the octahedral crystal-fi
strength. This resulted in anL/S ratio of 0.27 for 10Dq
51.2 eV. In the second method we used the XMCD s
rules, which resulted in anL/S ratio of 0.2760.07. The sum
rules offer the most general solution and require noa priori
knowledge of the ground-state wave function. To account
jj mixing a correction factor of 0.93 was needed, which w
derived with crystal-field theory. In the last method we d
termined the spin-orbit interaction using the sum rules for
isotropic spectrum. The spin-orbit value was corrected b
factor of 0.76 in order to takejj mixing into account. By
converting the spin-orbit value into spin and orbital mome
values using the crystal-field model, we obtained anL/S ra-
tio of 0.3460.14. The agreement between the first two me
ods is good. This is, however, expected because if the c
fitting reproduces correctly the areas of the two absorp
edges, the ground-state moments should match those
tained with the sum rules. Therefore, the agreement betw
the two methods cannot be interpreted as a proof that cry
field theory gives a good description for the orbital magn
tization. However, the crystal-field model predicts also c
rectly the XMCD line shape at theL3 edge. There is a
.

, J
H

in

H.

e

. J
la-
re

n

r
s
-
e
a

t

-
ve
n
b-

en
al-
-
-

somewhat less perfect agreement for theL2 edge, which can
be ascribed to Coster-Kronig transitions.

Although the crystal-field model does not account for t
effects such as hybridization and band structure, it provide
straightforward explanation for the orbital magnetizati
and, moreover, it confirms the validity of the interpretati
of the spectra. Band-theory models often disregard spin-o
interaction and, therefore, cannot account for the obser
orbital magnetization. This can lead to an inaccurate desc
tion of magnetic properties such as the magnetocrystal
anisotropy and magnetostriction. The main deficiency of
calculation for the XMCD is not the omission of band
structure effects, but originates from the Coster-Kronig tra
sitions between the discrete states with a 2p1/2 core hole and
continuum states with a 2p3/2 core hole. This interaction
causes a transfer of spectral weight in the magnetic dich
ism signal near the onset of theL2 edge. The Coster-Kronig
process enhances the uncertainty in the integrated intens
and, hence, in theL/S ratio. It is, therefore, imperative to
gain a deeper understanding of these processes by con
ing further experiments and by performing calculatio
which take this effect explicitly into account.
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