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Electronic structure and x-ray magnetic circular dichroism in Fe;O, and Mn-, Co-,
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The electronic structure of charge-ordered magnetitg@iebelow the Verwey transition and Mn-, Co-, or
Ni-substituted FgO, are investigated theoretically from first principles, using the fully relativistic Dirac linear
muffin-tin orbital band-structure method. The electronic structure is obtained with the local spin-density ap-
proximation(LSDA), as well as with the so-called LSDAU approach, for which the charge ordering is found
to be a stable solution in contrast to a metallic state given by the LSDA. The x-ray absorption spectra as well
as the x-ray magnetic circular dichroism spectra atkhé , 5, andM, ; edges for transition metal sites are
calculated. A good agreement between theory and experiment is obtained.
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[. INTRODUCTION these charges arrange themselves has been the subject of
debaté since Verwey first proposed that beldiy , all Fe}*
In recent years, the investigation of magneto-optical ef-and F%+ sit on different chains.
fects in the soft x-ray range has gained great importance as a The electronic structure of @, has been investigated
tool for the investigation of magnetic materidl&irst con-  experimentally by means of soft x-ray spectroscopy,
sidered as a rather exotic technique, magnetic x-ray dichro’Seebegl_<l-9effeqt Enzelasuremei'?ts, photc_:ele_cztgon spectro-
ism (MXD) has now developed as an important measureSCOPY:" opticaf®" and magneto—_cgatl%%ﬁ (MO) spec-
ment technique for local magnetic moments. The x-raytrOSCOp'eS' and by magnetic d|chr0| fr : .
magnetic circular dichroistiXMCD) enables a quantitative Energy-band-structure calculations for;Bg in the high-
S . . . temperature cubic phase have been presented in Refs. 29 and
determination of spin and orbital magnetic moménts

e . . a 30 in the local spin-density approximatioi.SDA). The
element-specific imaging of magnetic domairsnd polar- | spa pand-structure calculations gave only a metallic solu-

ization analysié.Motivated by the developing interest in ob- tion without charge ordering with partially filled banétson-
tgining element-specific magnetic-moment information proyaining one electron per twl sites. The energy-band struc-
vided by the XMCD measurements, we have calculated thgyre for charge ordering in the low-temperature phase of
electronic structure and the XMCD spectra for strongly cor-pe,0, has been calculated in Ref. 31 using the linear muffin-
related FgO, as well as for the Mn-, Co-, and Ni-substituted tjn " orpital (LMTO) method in the LSDA-U approxi-
F&O, ) ) ) _ mation. Recently, we performed a theoretical investigation
~ F&0, is ferrimagnetically ordered below a high transi- of the electronic structure, optical and magneto-optical spec-
tion temperature {850 K). The valency of various atoms tra of charge-ordered magnetite below the Verwey transition
is described by the formal chemical formula, gng M¢*- and APB*- substituted FgO, in LSDA and

Fe) [F&"Fe’"](0* ), The tetrahedral lattice sitesA(  LSDA+U approximation$? The LSDA+U calculations
sites in the inverse spinel structure are occupied byFe give a reasonably good agreement between theoretically cal-
ions, whereas the octahedral lattice sitBssftes are occu-  culated and experimentally measured optical and MO spectra
pied alternately by equal numbers of?Feand Fé*. At  of Fe,0,. Since the optical and MO spectra provide infor-
Ty=120 K, FgO, undergoes a first-order metal-insulator mation on the transition between the occupied and empty
phase transitiofiVerwey transition.>® The Verwey transition  states, it is of interest to investigate the XMCD spectra that
is characterized by an abrupt increase in the electrical corprovide more information about the energy positions of the

ductivity by two orders of magnitude on heating throughupper Hubbard bands of strongly correlated dFstates in
Ty.” Verwey and co-workeré were the first to point out magnetite.

that this transition is associated with an electron localization- The interpretation of the experimental XMCD spectra of
delocalization transition. The F& ion can be regarded as an Fe,0, is very difficult due to the existence of three kinds of
“extra” electron plus an F&" ion. When all B sites are jron atoms, i.e., F@* F%ﬂ and Fé*. The substitution for
equivalent, the extra electron is moves betweej Fens  one of the types of iron ions by another transition-metal ion
and the system is a mixed valent metal, with averagg Feprovides a possibility for distinguishing transitions from
valence,Z=2.5. The Verwey phase transition beldlw, is  various sites. There are several such experimental studies in
accompanied by long-range charge ordering of ‘Fand the literature. Koide and co-workers reported the XMCD
Fe&*" ions onB1 andB2 sites of theB sublattice. As to how  spectra at the Fe p4 and CoM, ; core-absorption edges in
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Fe;0, and CoFg0,.?® For FgO,, the M, 3 prethreshold measurement§on bulk systems pointed out that €oand
MCD spectra were measured above and below the Verweli?* ions strongly prefer the octahedilsites while ZR*
transition temperature. The work by van der Laetal®®  jons prefer tetrahedrah sites. However, the results of ex-
reported the XMCD spectra at the N} ; edges of NiFgO,  tended x-ray-absorption fine-structure studies on thin-film
(trevoritg. The Ni L, zedge magnetic circular dichroism zn,,Nig 16 64O, show that N¥* ions occupy botiA and
measurements of ferrimagnetic &, ,Fe,0, (x=0.0, B sjtes with only a preference fd sites®® Mn?" ions with
0.26, 0.50, and 0.75were reported by Pongtal** Mag-  the 3d5 configuration have almost equal preference for tet-
netic circular dichroism is reported for MgZn,,sFe,0, fer-  rahedral and octahedral positions based on its ionic radii.
rite in Ref. 35 with the measurements performed on the 2 However, according to Ref. 35, Mh ions mostly occupy
and 3 core levels of Mn and Fe. tetrahedralA sites.

With the aim of undertaking a systematic investigation of  Magneto-optical effects refer to various changes in the
the trends in the transition-metal oxides, we have investipolarization state of light upon interaction with materials
gated the electronic structure, spin and orbital magnetic mopossessing a net magnetic moment, including rotation of the
ments, and XMCD spectra of the series;Bg, CoFeQ,, plane of linearly polarized lightFaraday, Kerr rotation and
NiFe,O,, and MnFgO,. We calculated the XA$x-ray ab- the complementary differential absorption of left and right
sorption spectraand XMCD spectra aK, L, 3, andM,3  circularly polarized light(circular dichroism. In the near
edges for transition-metals sites. The theoretical results angsible spectral range, these effects result from excitation of
compared with available experimental data. electrons in the conduction band. Near x-ray absorption

The article is organized as follows. Section Il presents a&dges, or resonances, magneto-optical effects can be en-
description of the crystal structure of && and the compu- hanced by transitions from well-defined atomic core levels to
tational details. Section Il is devoted to the electronic strucsymmetry selected valence states. There are at least two al-
ture and XMCD spectra of the E®, and Mn-, Co-, and ternative formalisms for describing resonant soft x-ray MO
Ni-substituted FgO, calculated in the LSDA and LSDA properties. One uses the classical dielectric teffswrhile
+U approximations. The XMCD calculations are comparedanother uses the resonant atomic scattering factor including
to the experimental measurements. Finally, the results areharge and magnetic contributiot?s!! The equivalence of
summarized in Sec. IV. these two description&within the dipole approximationis

demonstrated in Ref. 42.
Using straightforward symmetry considerations, it can be
shown that all magneto-optical phenomepMCD, MO-

Il. CRYSTAL STRUCTURE AND COMPUTATIONAL Kerr and -Faraday effedtsare caused by the symmetry re-

DETAILS duction, in comparison to the paramagnetic state, caused by
magnetic ordering® Concerning the XMCD properties, this
ymmetry reduction only has consequences when spin-orbit
SO) coupling is considered in addition. The theoretical de-

Above the Verwey transition temperature,;Bg crystal-
lizes in the face-centered-cubic inverse spinel structure wit

two formula units(14 atom$ per primitive cell. The space 7 Lo . .
scription of magnetic dichroism can be cast into four catego-

group isFd3m (No. 227. The oxygen atoms form a close- ries. On one hand, there are one-partigeound-stateand

packed face-centered-cubic structure with the iron atoms OGhany-body (excited-state theories; there are also theories

cupying the interstitial positions. There are two types of in'for single atoms and those which take into account the solid

terstitial sites both occupied by iron atoms. One site is Ca"e%tate To name a few from each category, for atomic single-
the A or 8a site, tetrahedrally coordinated by four Oions article theories, we refer to Refs. 44 and 45, for atomic

composing a diamond lattice. This site is occupied only b many-particle multiplet theory to Refs. 46—49, for solid
Fe** ions. Another cation site is called tfeor 16d site, and many-particle theories to Ref. 50, and for solid single-

is coordinated by six & ions forming slightly distorted particle theoriegphotoelectron diffractionto Refs. 51-54.
octahedra, which line up along tH&10) axes of the cubic A mitiple-scattering approach to the XMCD, a solid-state
lattice sharing edges. The point symmetry of Besite is one-particle theory, has been proposed by Ekerl =5
D3d. In the following, we refer td1 axes ol chains and  5nq Tamuraet al>®
b2 axes orb2 chains. Thebl direction is[110], b2 is To calculate the XMCD spectra, one has to account for
[110], and thec axis is[001]. All the Fe octahedral 0B sites  magnetism and SO coupling at the same time when dealing
lie on eitherbl or b2 chains. In the disordered high- with the electronic structure of the material considered. Per-
temperature phase, tlesites are occupied by equal numbersforming band-structure calculations, it is normally sufficient
of F&* and Fé* ions randomly distributed betwe®1 and  to treat SO coupling in a perturbative way. A more rigorous
B2 sites. BelowT,,, the system undergoes a first-order tran-scheme, however, is obtained by starting from the Dirac
sition accompanied by long-range charge ordering of Fe equation set up in the framework of relativistic spin-density
and Fé" ions on theB sites. Verwey from the very begin- functional theory® There are quite a few band-structure
ning proposed a rather simple charge separatidnchains methods available now that are based on the Dirac
occupied only by F&" ions andb2 chains by F&" ions(or  equatiorf®®! In one of the schemes, the basis functions are
vice versa.® Since that time, the type of charge ordering hasderived from the proper solution of the Dirac equation for
been the subject of debdte. the spin-dependent single-site potentf&I&® In another one,
Site-preference calculatiofts and neutron-diffraction the basis functions are obtained initially by solving the Dirac
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equation without the spin-dependent term and then this terraMTO method in the atomic-sphere approximation, includ-
is accounted for in the variational st&pln spite of this ing the combined correctioi?:®%68
approximation, the latter scheme gives results in close agree- The combined correction terms have been included also in
ment with the formef* while being simpler to implement.  calculation of the matrix elements of E€1).%° To improve
Within the single-particle approximation, the absorptionthe potential, we include two additional empty spheres in the
coefficientu for incident x rays of polarization and photon 16¢c, and 48 positions. In our band-structure calculations,
energyfw can be determined as the probability of electronwe neglect the small monoclinic distortion for simplicity. We
transition from an initial core stat@vith wave functiony; also adopted the simplest type of charge ordering bdlgw
and energ)E;) to a final unoccupied statgvith wave func- initially proposed by Verwey,namely, we assume that all the
tion ¢, and energyE ) F%* ions are located ob1 chains and all the I%é on b2
chains. The basis consisted of the transition mgtal andd;
O s, andp, and empty spherg andp LMTQO’s. The k-space
integrations were performed with the improved tetrahedron
ij(‘”):% |<\Pnk|HA|‘I’i>|25(Enk_ Ej =) 0(Enc—Ep). method®® For the finite lifetime of the core hole a constant
(1) width I';, in general, from Ref. 70, has been used.
We have adopted the LSDAU method? as a different
level of approximation to treat the electron-electron correla-
IT, is the dipole electron-photon interaction operator tion. Usually, the Hubbard-like .¢; is evaluated by compari-
son of theoretically calculated energy positions of energy
bands with x-ray photoemission spectroscopy and ultraviolet
I, = —eaq,, 2 photoemission spectroscopy measurements. It can be also
evaluated from the atomic Dirac-Hartree-Fock calculati@ns,

) o ) Green's-function impurity calculatiofd and from band
where &, is the A polarization unit vector of the photon sircture calculations in the super-cell approximatibin
potential vector[a.=1/y2(1,+1,0),2,=(0,0,1)]. (Here, our particular case, we have two types of Fe ions igge
+/— denotes, respectively, left and right circular photon poyith different occupation numbers for theid3shell. Obvi-
larizations with respect to the magnetization direction in theously, the effective repulsion ofd3electrons described by
solid)) More dgtalled expressions of the matrix elements forUeff depends on the number of holes in thé 8hell (the
the spin-polarized fully relativistic LMTO method may be ionicity), andU .¢; should increase with increasing ionicify.
found in Refs. 57 and 65. _ _ The estimation in Ref. 30 gave the value of the on-site Cou-

While the XMCD is calculated using Ed1), the main  |omp interaction parameter for the MY site equal to 4.1
features can be already understood from a simplified expresr g 5 ey, Constrained calculaticis with two types of
sion for pqrgmagnetlc §O|IdS. Wlth restrlctlon to glec_:trlc d"charge ordering gavl ;= 4.5 eV. The calculated value of
pole transitions, keeping the integration only inside theUeff depends on theoretical approximations and for our pur-
atomic spheresdue to the highly localized core satend  nqeq it is sufficient to regard the valueldf;; as a param-

averaging with respect to polarization of the light, oneé ob-gter ang try to ascertain its value from comparison of the

tains the following expression for the absorption Coefﬁde”tcalculated physical properties of f&, with experiments.

of the core level with .j) quantum number&: We found, however, that the optical, MO, and XMCD spec-
tra are rather insensitive to the precise valudJqt;. The

wd(w)=>, 2j+1 5"v'f151'vj+1 5'“'*1_51'“1'*1 LSDA+U band-structure calculations withl¢; varying
' 1 4 j+1 J from 4 to 6 eV provide the optical, MO, and XMCD spectra
5 5 in a reasonable agreement with the experimental data. On the
1 1+1¢",j

N, . (E)C! ’_,j’(E) &) other hand, the value of the energy gap strongly depends on
. b the value ofU;. We set theJ 44; to 4.0 and 4.5 eV for Fe

. . . and FE€" ions, respectively. These values give a band gap of
whereN;, ;. (E) is the partial density of empty states and theol19 eV in pure Fg0,.%2 We also set theJ,; to 4.0 for

Cl:j"'(E) are the radial matrix element. Mn2*, C?*, and N?* ions.

Equation (3) allows only transitions withAl==1A]j The values of orbital magnetic moments were calculated
=0,=1 (dipole selection rulgs which means that the ab- using the modified version of the LSD®U method, which
sorption coefficient can be interpreted as a direct measure faakes into account that in the presence of the spin-orbit cou-
the sum of (,j)-resolved density of statedOS) curves pling the occupation matrix is not diagonal in spin
weighed by the square of the corresponding radial matrixndices’®’”
element(which usually is a smooth function of enejgyhis
simple interpretation is valid for the spin-polarized c3%e.

The details of the computational method are described in lll. RESULTS AND DISCUSSION
our previous pape¥ and here we only mention its several
aspects. The electronic structure of the compounds was cal- A. Fe;0,
culated self-consistently using the local spin-density The spin-polarized LSDA calculations shoWw®3? that
approximatiofi’” and the fully relativistic spin-polarized Fe;O, in the high-temperature phase is a half-metallic ferri-

TG+ D2i+1
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In the charge-ordered magnetite withiFeand F§" ions
occupying separately thiel andb2 chains, the local sym-
metry is reduced t&,, andC,,, at theA andB sites, respec-
tively. The crystal field causes tlekorbitals to split into five
singlets at each site; , a7, by, a,, andb, at theA site and
ag1, Ag2, Ag3, bg1, andbgy, at the B site. The tetrahedral
component of the crystal field at thesite is strong enough
such that thea], a, (3z22—1 andx?—y?) anda;, b,, and
b, (the linear combination of thay, yz, andxz) orbitals
form two separate nonoverlapping bands. However, the
aj-a, anda;-b,-b, splitting is negligible in comparison with
their widths, therefore, we present in Fig. 1 the DOSeof
orbitals as a sum of th&] anda, orbitals and, as a sum of
thea;, by, andb, ones. Correspondingly, at the octahedral
B site, we presert, orbitals as a sum g3 andbg, orbitals
and aé as a sum oy, andbgy; ones.

After the consideration of the above band-structure prop-
erties, we turn to the XMCD spectra. At the core level edge,
XMCD is not only element specific but also orbital specific.
For 3d transition metals, the electronic states can be probed
by theK, L, 3, andM, 3 x-ray absorption and emission spec-

tra. As pointed out above, E() for unpolarized absorption
spectrau’(w) allows only transitions withAl=+1Aj=0,
+1 (dipole selection rules Therefore, only electronic states
with an appropriate symmetry contribute to the absorption
magnet(see Fig. 2 in Ref. 32 The Fermi level crosses only and emission spectra under consideration. We should men-
the majority spin energy bands, consisting of spintgp  tion that in some cases quadruple transitions may play an
orbitals on the Fgsublattice. There is an energy gap for the important role, as it occurs, for example, in rare-earth mate-
minority spin bands at the Fermi level. The fiddevels of  rials (2p—4f transitions.”®
the Fe atom are split due to the crystal field. At thsite (T4 Because of the dipole selection rules, apart from thg,4
point symmetry in the spinel structure, the crystal field states(which have a small contribution to the XAS due to
causes thel orbitals to split into a double¢ (3z°—1 and  relatively small 2— 4s matrix element®) only 3d,, states
x?—y?) and a triplett, (xy, yz, andxz). The octahedral occur as final states fdr,-XAS for unpolarized radiation,
component of the crystal field at thigsite is strong enough whereas for the.;-XAS, 3ds,, states also contribute. Al-
that thet,y (xy, yz, andxz) andey (3z°—1 andx?~y?)  though, the Ps,—3dy, radial matrix elements are only
orbitals form two separate nonoverlapping bands. AtBhe slightly smaller than for the 2;,,— 3ds), transitions the an-
site, the crystal field is trigonald3d), as a result, thé,;  gular matrix elements strongly suppress thgz2—3d3,
orbitals split into singlet, 4 and doublet . contribution[see Eq.(3)]. Therefore, in neglecting the en-
The application of a LSDA calculations to §®, is prob-  ergy dependence of the radial matrix elements, ltheand
lematic because of the correlated nature ofdhedectron in  thel s spectra can be viewed as a direct mapping of the DOS
this compound. The intersite Coulomb correlation is wellcurve for 33, and 3s, character, respectively.
described by the LSDA. However, the on-site Coulomb in- The dichroism at thé, andL 3 edges is influenced by the
teraction, which is a driving force for Mott-Hubbard local- spin-orbit coupling of the initial p-core states. This gives
ization, is not well treated within the LSDA. As a result, the rise to a very pronounced dichroism in comparison with the
LSDA gives only a metallic solution without charge order- dichroism at theK edge. In Figs. 2 and 3, the experimentally
ing. To take into account the strong on-sided electron- measured Fé&, -XMCD spectrd’ in Fe;0, are compared to
electron correlations, we used the LSBA) method’* Fig-  the theoretical ones calculated within the LSDA and LSDA
ure 1 shows the partial and p density of states of charge- +U approaches. Two prominent negative minima of Fe
ordered FgO, obtained from the LSDA U calculation®?In  L3-XMCD spectrum are derived from iron ions at octahedral
contrast to the LSDA, where the stable solution is a metaB sites. The major positive maximum is fromﬂ'—*eions. In
with a uniform distribution of thet,y; electrons on theB  the LSDA+ U calculations of the charge-ordered;Bg, the
octahedral sites, the LSDAU gives a charge-ordered insu- L, sXMCD spectra have slightly different shape for the
lator with a direct energy gap value of 0.19 eV at thpoint. F%* and Fég* ions. The spectra from the LSDA calculations
The experimental optical measureméhtgave a gap of 0.14 strongly underestimate the intensity of the first negative
eV at T=10 K. The energy gap occurs between th%*Fe minimum (Fig. 2). On the other hand, the LSDAU calcu-
a;4; (the top of valence bandand F@B+ tyg; (bottom of lations correctly reproduce this feature. Although, both the
empty conduction bandstates(Fig. 1). LSDA and LSDA+U calculations are not able to produce

Energy (eV)

Energy (eV)

FIG. 1. The LSDA+U partial DOS of FgO,.
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the small positive shoulder at the high-energy side of the
main peaks of the Fe3-XMCD spectrum.

The XMCD spectra at thé, ; edges are mostly deter-
mined by the strength of the SO coupling of the initial
2p-core states and spin polarization of the final empty | i . ) .
3da,.5, States, while the exchange splitting of thp-2ore mation. The LSDA calculatlpns u_nderestlmate the intensity
states as well as the SO coupling of thi>lence states are of both the prominent negative minima and the second posi-

of minor importance for the XMCD at thk, ; edge of 3i- tive maximum at the Fé/, ; edge. In FgO,, the magnetic
transition metalS2-3° moments within theéd and theB sublattices are ferromagneti-

To investigate the influence of the initial state on the re-cally aligned while the two sublattices are antiferromagnetic
sulting XMCD spectra, we calculated also the XAS angWith respect to each other. The XMCD spectra are positive at
XMCD spectra of FgO, at the M, 5 edge. The spin-orbit theM3 edgt_e and negative at tiv, edge at the tetrqhedrAI
splitting of the P-core level is about one order of magnitude SIt€S and vice versa for the octahedgabnes. The interpre-
smaller than for the p-level in FaO,. As a result, the mag- tation of the experimental Fiél, s XMCD spectrum is very
netic dichroism at theVl, 5 edge is smaller than at tHe, 5 difficult without a knowledge of the band structure and cor-
edge. In addition, thé/, éndMg spectra are strongly over- responding 'olptical matrix elements becausi.t this s+pectrum is
lapped and thévl; spectrum contributes to some extent to @ SUPErposition of siM, 3 spectra(from -Fe,i . F&" and
the structure of the totall, 5 spectrum in the region of the Fei" siteg appearing simultaneously in a rather small-
M, edge. To decompose a corresponding experimévitaj ~ €Nergy range. _
spectrum into itsVl, and M5 parts will, therefore, be quite ~ Figure 6 shows the theoretically calculated Reedge
difficult in general. XMCD in terms of the difference in absorpticm,uK=,u,ﬁ

In Figs. 4 and 5, the experimentally measured Fe—u for left and right circularly polarized radiation in
M, XMCD spectruni® in Fe;0, is compared to the theo- FeO,. Because dipole allowed transitions dominate the ab-
retical one calculated within the LSDA and LSBAJ ap-  sorption spectrum for unpolarized radiation, the absorption
proaches. A better agreement between the theory and treefficientu2(E) (not shown reflects primarily the DOS of
experiment was found when we used the LSB approxi-  unoccupied #-like statesN,(E) of Fe above the Fermi

FIG. 3. The Fd_, s XMCD spectra in FgO, calculated with the
LSDA+ U approximation in comparison with the experimental data
(circles (Ref. 27.
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FIG. 4. The FeM, ~XMCD spectra in FgO, calculated with
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FIG. 5. The FeM, >XMCD spectra in FgO, calculated with

the LSDA method in comparison with the experimental datathe LSDA+U approximation in comparison with the experimental
(circles (Ref. 28.

data(circles (Ref. 28.

level. Due to the energy-dependent radial matrix element fowherel is thez projection of the angular momentum opera-
1s—4p transitions, there is not an exact one-to-one corretor, Ey andW{* are the energy of theth band and the part
spondence betweemy(E) andN,(E). The exchange split- of the corresponding LMTO wave function formed by the
ting of the initial 1s-core state is extremely small, therefore, States with the angular momentdrinside the atomic sphere
only the exchange and spin-orbit splitting of the fingl 4 centered at the site respectively.

states is responsible for the observed dichroism atkhe

In analogy to the-projected density of statesimy(E)

edge. For this reason, the dichroism is found to be very smaftan be referred to as the site- anprojected density of the

(Fig. 6). The main contribution to a total XMCIB- spectrum

of Fe;O, comes from the F? ions.

It was first pointed out by Gotsis and Strafas well as
Brooks and Johanss®hthat XMCD-K spectrum reflects the
orbital polarization in differential fornd(l,)/dE of the p

states.

In Fig. 6, we present thiK- XMCD spectra, together with

a site-dependent functicshm, (E) given by*!

dny'(E):% (T S(E—Ep),

expectation value offz. This quantity has purely relativistic
origins and when the SO interaction is equal to zero
dm,(E)=0. As van Vleck? showed for a free ion, the ab-
sence of orbital degeneracy is a sufficient condition for the
quenching of the orbital moment, which means that the first-

order contribution should vanishéW,|T,|%,)=0. Thus,
dm, (E) can be considered as the measure of unquenching of
the orbital moment due to the SO interaction.

Figure 6 demonstrates that tlke XMCD spectrum and
dm, (E) function are indeed closely related to one another
giving a rather simple and straightforward interpretation of
the XMCD spectra at th& edge.
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LSDA+U approximation.
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FIG. 7. The LSDA+U partial DOS of Co-, Ni-, and Mn-
substituted F¢0,.

We have calculated the electronic structure and XMCDIONS in these compounds because they are very similar to the
spectra of Co-, Ni-, and Mn- substituted magnetite using th&n€s in pure magnetite for both tetrahedkednd octahedral

LSDA and LSDA+U methods.

The local symmetry ofA andB sites in substituted mag-
netite isC,, and C,,,, respectively. The crystal field causes
the d orbitals to split into five singlets at each sitg;, a7,
by, a,, andb, at theA site andag;, a4z, agz, bg1, andbg,
at theB site. We present in Fig. 7 the sum of DOS’s af
anda, orbitals at siteA (denoted a®) and the sum ofi7,
b,, andb, ones (,). Correspondingly, at the octahedizl
site, we sum the DOS's @fy; andbg, (formeregy) andag; ,
agp, andby,; (formert,, orbitals.

Figure 7 shows the local partial density of states of Go
Ni2*, and Mrf" ions in FE'[CPTF&15(0? )4,
Fe [Ni?TFe15(0?7),, F&[Mn? Fet]5(0% ), and
Mn3a*[Fe*15(0% ), compounds, respectively. We do not
show the energy distribution of local partial DOS for’fFe

B sites(see Fig. 1

In contrast to the LSDA, which produces the metallic so-
lution in Co- and Ni-substituted magnetite, the LSBA
gives an insulator in both cases. The energy gap of 0.63 eV
in Co- substituted magnetite occurs betwee@*CthT (the
top of valence bandand Fé+ tyg; (bottom of empty con-
duction bangl states at thd” point. The gap in NiFg), is
equal to 0.99 eV. It appears betweergNe,, and F&" ty
states. In this compound, @ﬁ t,, orbitals are fully occu-
pied.

It is known that orbital and spin magnetic moments are
determined by the interplay of hybridization, exchange and
Coulomb interactions, and crystal-field and spin-orbit cou-
plings. The calculated spill; and orbitalM, magnetic mo-
ments on various atoms are given in Table | and compared
with available experimental data.
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TABLE |. The LSDA+U calculated spirMg, orbital M, and totalM ., magnetic momentén wg) in
comparison with the calculated magnetic moments using sum ridgs ¢nd M;") of Fe;O, and Mrf+,
Cc®", and NP substituted magnetite. The experimental value of the total magnetic momerﬁ*ofd?ein
Fe;0, is equal to 3.82ug (Ref. 83.

Compound lon Mg M, M iotal Mg’ M}’
Fe;0, Fe' 3.84 0.02 3.86 3.59 0.01
Fe&* —-3.54 -0.02 —-3.56 -3.20 -0.01
Feb* —4.00 -0.02 —-4.02 —-3.65 -0.01
Mna[Fe, 150, Mn3 4.08 -0.01 4.07 3.47 -0.02
Fe&* —4.05 -0.05 —-4.10 —-3.42 -0.03
Fea MnFelg0, Fer 3.99 0.01 4.00 3.21 0.01
Mn3* —4.47 -0.01 —4.48 -3.70 -0.07
Fe —4.24 -0.15 —-4.39 -3.81 -0.08
Fea[ CoFdgO, Fe ' 3.90 0.03 3.93 3.36 0.02
Cog" —2.57 -0.01 -2.58 -2.16 -0.02
Fel" —-4.04 —-0.04 —-4.08 —3.45 —-0.04
Fea[ NiFe]gO, Fer' 3.99 0.02 4.01 3.51 0.03
Nig* —-1.54 -0.27 -1.81 -1.32 -0.13
Fe* —4.09 -0.03 —-4.12 —3.53 -0.05

Measurements indicate that the magnetic moment of aithis transition becomes allowed since the selection Afe
iron atom in FgO,4 on the A site is much smaller than the =0 is broken by strong |2 spin-orbit interaction.
5.0ug of a pure F&" ion8 This is an indication of strong We should mention that the interpretation of the positive
hybridization between theBorbitals of Fg . As can be seen shoulder at 2 eV is controversial because the main peak of
from Table | in all the compounds, the magnetic momentswhite line region suffers seriously from self-absorption and
within the A and the B sublattices are ferromagnetically saturation artifacts due to its large absorption cross section. It
aligned while the two sublattices are antiferromagnetic withis also very difficult to isolate the positive MCD signal of the
respect to each other. Due to band filling, there is a systensatellite peak at 2 eV higher energy from negative MCD
atic reduction of the spin magnetic moment from ﬁ\?lrto signal of the main peak Further investigations are neces-
Ni§+ (Table |). Using the XMCD sum rules, the authors of sary in order to clarify the nature of the positive shoulder at
Ref. 33 found for nickel in NiFgD, an orbital to spin 2 €V.
magnetic-moment ratio MM¢=0.27+0.07. Our LSDA The XMCD spectra of Co'-substituted magnetite have
+U results give the ratio of 0.18Table ), which is in a  been reported for the Fe ) and Co M ; core-absorption
reasonable agreement with the experimental tfata. edges in Ref. 28. In Fig. 9, the experimentally measured Fe

The experimental measurements of the XMCD spectra a&nd CoM, XMCD spectrd® in CoFg0, are compared to
the NiL, 3 edge are reported in Ref. 33. The spectra werdhe theoretical ones calculated within the LSDA ap-
interpreted by atomic multiplet calculations for d §round ~ proach. Site-preference calculatidhpointed out that Co°
state including an octahedral crystal-field splitting. ions strongly prefer the octahedikites. The left column of

Results of the LSDA U circular dichroism calculations Fig. 9 presents the theoretically calculated Fe and Gg M
for the L, 5 spectra of Fe and Ni are shown in Fig. 8 with the Spectra with C&" ions occupying only octahedrd sites
experimental data for the Ni, ; edge®® As one can see, a (theory 1 in comparison with the experimental
rather pronounced XMCD is found. The XMCD spectrum is measurements. Two prominent negative minimaandd at
negative at the_; edge and positive at the, edge at the 3 and 7 eV are derived from §& M spectrum and R
Fel* and N§* sites and vice versa for the Feones. For M, one, respectively. The first positive maximuwnat 4-5
FE* ions, the dichroism at the, edge is larger at tetrahe- €V is a sum of F§" M, and F§" M; spectra. The fine
dral A sites than at octahedrgl ones. Due to their opposite structure at 7—14 eV is from @6 ions. The LSDA calcula-
signs and relative shift, the total Fe XMCOD; spectrum has tions (not shown produce a similar XMCD spectrum except
a positive sharp peak with an additional negative shoulder othat the intensity of the first minimum at 3 eV is strongly
the highhv side of the main peak. The same featGngth ~ underestimated by the LSDA in comparison with the experi-
the opposite signis observed for the experimentally mea- ment.
sured Nf* XMCD at the L; edge (Fig. 8 with a strong Although, the LSDA+U theory with C3" ions occupy-
negative peak and a 2-eV positive shoulder of the main pealing only octahedraB sites reasonably well describes all ma-
The positive shoulder was attributed in Ref. 33 to a singlejor features of the experimental spectrum, it fails to produce
spin-flip state that appears as a result of the transition of &he positive shouldera andf at 2 and 10 eV and also un-
spin-down core electron into an empty spin-up dNstate.  derestimates the intensity of two prominent minitmandd
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FIG. 9. The Co and F#, 3 XMCD spectra in CoFgO, calcu-
theory lated in LSDA+U approximation in comparison with the experi-

mental data(circles (Ref. 28. Theory 1 presentd,; XMCD
spectrum in Fgl CoFggO, compound, theory 2 for GoFe, g0,
compound, and theory 3 is a sum of 80% of the theory 1 and 20%
""""" 1'0' T 2'0 j of the theory 2.

Energy (eV)
spectra in Co substituted magnetifeom F&*, F&", and

FIG. 8. The Fe and NL,+XMCD spectra in NiFgO, calcu- Ca3" sites in Fg[ CoFdgO, and from F&" and Cg" sites
lated in the LSDA-U approximation in comparison with the ex- in Co,[F&]g0,) appear simultaneously in a rather small-
perimental datdcircles (Ref. 33. energy rangéFig. 9).

Magnetic circular dichroism on thep2and 3 core levels

at 3 and 7 eV. On the third panel from the top of the rightof Mn and Fe is reported for MpZn, ,sFe,0, ferrite in Ref.
column of Flg 9, we present the theoretically calculated F%S Very |arge MCD Signa|s were observed for both Mn and
and Co M 3 spectra with C&" ions occupying only tetrahe- Fe with opposite sign for prominent features. As we men-
dral A sites(theory 2. Itis clearly seen that the shouldeat  tioned above, the M ion may occupy both the tetrahedral
2 eV is derived from the BE M spectrum and the pedlat A and octahedraB sites with preference to tha sites.
10 eV mostly comes from the G6 M, spectrum. Besides, Figure 10 presents the experimentally measured Mn
the F§" M, and C&* M spectra contribute to theandd L, XMCD spectrd® in MnysZn;sF&,0, in comparison
minima, respectively. The best agreement between the theowith the theoretical calculations within the LSBAU ap-
and experiment can be achieved if we assume that 80% gfroach. The dichroism at thke; edge is much larger for
the C&* occupy the octahedra sites and 20% occupy Mn?" ions at tetrahedrah sites than aB ones. The promi-
tetrahedralA sites(see theory 3 on the fourth panel from the nent negative minimum adf; XMCD spectrum at around 4
top of right column of Fig. 9 eV is almost completely derived from Mn ions at tetrahe-

The original idea in substituting §& ions by C¢* ones  dral A sites. The positive shoulder at 6 eV is due to3VIn
was to simplify the XMCD spectra. It works for the,;  ions at octahedraB sites. The best agreement between the
edge, but for theM, ;3 edge, the result is opposite: instead of theory and experiment can be achieved if we assume that
six XCMD spectra for FgO, (see Fig. 5, we have tertM,3;  30% of the Mri* ions occupy the octahedrd sites and
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FIG. 10. The MnL, s-XMCD spectra in MnFgO, calculated in
the LSDA+ U approximation in comparison with the experimental
data(circles (Ref. 35.
70% occupy tetrahedr@ sites(see theory on the third panel
from the top of Fig. 10 Even with this Mn-ion distribution, Energy (eV)
theory is not able to produce the second positive shoulder at
8 eV as well as a double structure at theedge. FIG. 11. The Fel,#XMCD spectra of MnFgO, calculated

In Fig. 11, the experimentally measured EgzXMCD with the LSDA+ U approximation in comparison with the experi-
spectrd’ in Mn,,3Zn,sFe,0, are compared to the theoretical mental datacircles (Ref. 35.
calculations. Theory correctly produces a double-peak struc-
ture at theLs and L, edges, although it was not able to F€ " ions with Mr?* ions occupying tetrahedral sites, this
produce additional negative component at the high-energpeak is partly compensated by a negative dichroic signal
side of the main double peak at 5-9 eV at theedge. from the F§" ions with Mr?* ions at theB sites. The final

If we assume that M can occupy either the tetrahedral theoretical spectrum on the fourth panel from the top of Fig.
A or octahedralB sites, there are three different types of 11 is obtained from a sum of 70% He, ;3 spectra from
Fe**-ion sites depending on which site is occupied by theMna[Fe;]gO, and 30% from Fgl MnFe|gOy,.
Mn?* jons (Fig. 11). If Mn?" ijons occupyA sites, there is In Fig. 12, the experimentally measured Mn and Fe
only one type of F&" ion at theB sites with a positve M, zXMCD spectrd® in Mn,sZn,sFe,0, are compared to
double-peak structure at the edge and negative dichroism the theoretical ones calculated within the LSBA ap-
at thel, edge. If Mrf" ions occupy octahedr® sites, there  proach. As in the case of Co-substituted®g (Fig. 9), Mn-
are two types of F& ions at theA andB sites. These two substituted magnetite has also tsh 3 spectra at theM, 3
iron ions are antiferromagnetically ordered and, hence, havedge(from Mné+ and Fé* sites in the Mp[Fe&,]gO, com-
opposite signs in the magnetic dichroism. The prominenpound and from FE&, Fe*, and Mrg" sites in the
positive maximum at around 3.5 eV at thg edge is derived  Fe,[ MnFe]gO, compound (Fig. 12. The best agreement
mostly from the F%+ ions with Mr?™ ions occupying octa- between the theory and experiment can be achieved if we
hedral B sites. The low-energy peak at 2 eV is due to theassume that 70% of the Mh occupy the tetrahedra sites
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LSDA+U sum rules have been derived in recent years. A sum rule was
14 o developed by van der Laan and THYleelating the inte-
| |Mny /\\\ grated signals over the spin-orbit split-core edges of the un-
0 — / e — polarized XAS to the expectation value of the ground-state
] i M spin-orbit operator. Later Tholet al®® and Carraet al®® de-
a4 Mg rived sum rules to relate the integrated signals over the spin-
et orbit split-core edges of the circular dichroism to ground-
1T I Mn? state orbital and spin magnetic moments by using an ion
) model for atoms. In the case of solids, the corresponding
S 0 +-Af VaASRGEREERS XMCD sum rules were proposed by Ankudinov and R¥&hr,
> X/ Strange and Gyorff$? and Gud® Sum rules for x-ray mag-
£ 41 netic scattering were derived by L al*®°
g P LU For thel , ; edges, thé, sum rule can be written as
I /\/\ Mn,[Fe,l50,
2 ° /f 4 f do(py—p-)
i \ Ly+L,
14+ (I)=—np ’ ®)
o AT T T 3f do(py+p-)
< Fe J/\FeA[MnFe]BO4 Latlo
o O I W A A where n,, is the number of holes in the band n,=10
V —ngq, (l,) is the average of the magnetic quantum number
g 1t , , . of the orbital angular momentum. The integration is taken
S SR T over the whole p absorption region. The, sum rule is
s 7 Feg A written as
0 1
1T 6 f do(ps—p-)—4 f do(ps—p-)
7 Ls L,
: (s+ 5ty ="y ,
04 f do(pytp-)
L3+L,
14 (6)
2t wheret, is thez component of the magnetic dipole operator
0 5 10 15 t=s—3r(r-s)/|r|?, which accounts for the asphericity of the
Energy (eV) spin moment. The integratioﬁL3 (sz) is taken only over

the 2p5, (2p47) absorption region. In these equations, we
FIG. 12. The MnM, +XMCD spectra in MnFgO, calculated in  have replaced the linear polarized specirg by [ . (w)
the LSDA+U approximation in comparison with the experimental + 4, (w)]/2.
data(circles (Ref. 39. Because of the significant implications of the sum rules,
) ) numerous experimental and theoretical studies aimed at in-
and 30% occupy octahedrBlsites(see theory on the sixth yestigating their validity for itinerant magnetic systems have
panel from the top of Fig. 121In this case, the agreement peen reported, but with widely different conclusions. The
between theory and experiment is quite good except for begs|gimed adequacy of the sum rules varies from very good
ing low at 0—2 eV and high in energy above the 11 eV ta”&(within 5% agreement to very poor (up to 50%
where the theory gives smaller dichroism in comparison Withdiscrepancy2'85’86'91‘96This lack of a consensus may have
the experimental data. The prominent negative minimum aeyeral origins. For example, on the theoretical side, it has
around the 4 eV is derived mostly from the MnM; spec-  peen demonstrated by circularly polarized &sonant pho-
trum at tetrahedrah site. The positive double peak at 5-6.5 toemjission measurements of Ni that both the band-structure
eV is a superposition of Mii M, and Mrg" M; spectra  effects and electron-electron correlations are needed to satis-
suppressed by a negative signal from thezMM, spec-  factorily account for the observed MCD specifadowever,
trum. The features above 7 eV are completely derived fronit is extremely difficult to include both of them in a single
Fe ions on both sublattices. theoretical framework. Besides, the XAS as well as XMCD
spectra can be strongly affectéabspecially for the early tran-
sition metal$ by the interaction of the excited electron with
the created core hof8.0n the experimental side, the indirect
Concurrent with the x-ray magnetic circular dichroism ex-x-ray absorption techniques, i.e., the total electron and fluo-
perimental developments, some important magneto-opticakscence yield methods, are known to suffer from saturation

C. XMCD sum rules
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and self-absorption effects that are very difficult to correctyp to 21% for Mrf ions in Fa[MnFe]z0,. Such behavior
fOI’.93 The total electron y|e|d method can be sensitive to th%rises probab|y because the sum ru'es ignorepttms tran-
varying applied magnetic field, changing the electron detectsjtions, which play an essential role in the formation of the
ing efficiency, or, equivalently, the sample photocurrent. Thespin magnetic moments in transition metals. Thus, first prin-
fluorescence yield method is insensitive to the applied fieldgjples determinations of both the XMCD spectra and ground-
but the yield is intrinsically not proportional to the absorp- state propertiesMl; andM) are probably required for quan-
tion cross section because the radiative to nonradiative relagative interpretation of the experimental results.

tive core-hole decay probability depends strongly on the
symmetry and spin polarization of the XAS final states.

To derive the sum rules, a great number of assumptions
had to be mad& For L, 3, they are(1) ignore the exchange
splitting for the core levels;2) replace the interaction opera-
tor a-a, in Eq. (1) by V-a,; (3) ignore the asphericity of We have studied by means of ah initio fully relativistic
the core states(4) ignore p—s transitions;(5) ignore the  spin-polarized Dirac linear muffin-tin orbitaLMTO)
difference ofds;, andds, radial wave functions(6) ignore  method combined with the LSDAU approach the elec-
the interatomic hybridization, which is reflected on the non-tronic structure and the x-ray magnetic circular dichroism for
treatment of any energy dependence of the radial matrix elg,0, and Mn-, Co-, or Ni- substituted .
ements. The three last points are the most important. The The grpital and spin magnetic moments of the compounds

problem of the ignoring of th@—s transitions was consid- 56 heen evaluated from first-principles electronic-structure
ered by Wu and Freem&hin the case of pure Fe, Co, Ni, calculations.

and their surfaces. They demonstrate that the application of We have calculated the x-ray absorption spectra as well as
the spin sum rule results in an error up to 52% for the : o .
Ni(OOg) surface. On the other hand, the grbital sum rule i€ X-ray circular magnetic dichroism at tel., s andMa s
affected much Iéss k edges for transition-metal sites. Due to the small-exchange

Taking into acco.unt all the above-mentioned problems i,[splitting of the initial 1s-core states, only the exchange and

is int ting t th . d orbital fi *_spin-orbit couplings of the final @ states is responsible for
IS Interesting to compare the spin and oroital magnetic Moy, o ed dichroism at theedge. We demonstrated that

ments obtained from the theoretically calculated XAS an . A
. he XMCD K-spectrum reflects the orbital polarization of the
XMCD spectra through the sum rulggs. (5) and(6)] with p states in differential fornithe dm,_(E) function).

TQZS?IS(;I&/ ;ﬁlf#elaéid ehisn?gt;@ggfe' nl]r; this case, we at The XMCD spectra of transition metals for the ; edge
P P ’ re mostly determined by the strength of the SO coupling of

IV. SUMMARY

magnetic moments from the theoretical XMQL ; spectra.
We neglected in our calculations the teftg) in Eq. (6). It
was shown that this term is negligible for cubic systefs.
The number of the & electrons is calculated by integrating
the element andj projected density of states inside each
atomic sphere. The valueg,=5.834, 6.599, and 6.312 for

empty 33, 5/, States, while the exchange splitting of the 2
core states as well as SO coupling of thet &alence states
are of minor importance. The LSDAU calculatedL 3
XMCD spectra of FgO, are in good agreement with the
experimental measurements, while the LSDA calculations
. " L ! i underestimate the intensity of the first negative minimum.
Fe32+, Fé ’ a+nq Fé 1ons In F_%O“’ 4.978 and 6.255 for The theoretical analysis shows that two prominent negative
Mn3" and F§" in Mna[Fe,]sOs; 5.987, 5.669, and 6.370 \1inima’ of Fe L3-XMCD spectrum are derived from iron

2 : .
for F&", Mng ", afd Féi n FeA[Mnfe]BO4, 5.795,7.658, jons at octahedraB sites. The major positive maximum is
and 6.240 for Fg',Cq;", and F@" in FeCoFdsOs  from F&" ions.

5.796, 7.765, and 6.246 for e, Niz", and Fg" in The spin-orbit splitting of the B-core level is of one or-
Fea[ NiFe]gO,, respectively. der of magnitude smaller than for the 2evel in FgO,. As

As can be seen from Table |, the general trend of they result, the magnetic dichroism at the, ; edge is smaller
sum-rule results is in a reasonable agreement with thengn at the., ; edge. Besides, thHd, and theM 5 spectra are
LSDA+U calculated spin and orbital magnetic moments forstrongly ovérlapped and th#; spectrum contributes to
both the tetrahedral and octahedral sites. The orbital magsome extent to the structure of the told 5 spectrum in the
netic moments at tetrahedral sites agree well with the direqtegion of theM, edge. In FgO,, the rriagnetic moments
calculations, but the orbital moments at octahedral sites argithin the A and the B sublattices are ferromagnetically
overestimated for Mj" ions in Fe[MnFelgO, and for  gligned, while the two sublattices are antiferromagnetic with
Fet ions in Fa[NiFe]gO, and underestimated for &  respect to each other. The XMCD spectra are positive at the
ions in Fg[ MnFe|gO, and for N@+ ions in Fg[NiFe]gO,. M3 edge and negative at thd, edge at the tetrahedrdl
The spin magnetic moments deduced from the theoreticalites and vice versa for the octahedBabnes. The LSDA
XMCD spectra are systematically underestimated for all thet- U calculations reasonably well produce overall features of
compounds. The disagreement at tetrahedral sites varies frothe experimentally measured R, zXMCD spectrum.
7% for Fé\+ ions in FgO, up to 24% for Fé+ ions in Due to the small-energy differences of Co and fpec8re
Fea[ MnFelgO,, whereas the correspondent disagreement fostates, teM, 3 spectralfrom F&y*, F&*, C&*, and CG*
octahedral B sites varies from 10% forZBI'—’eions in FgO,  siteg appear simultaneously in a rather small-energy range
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producing a very complicated spectrum. We found a reasoranalysis a quantitative estimate for site occupancy may be
able agreement with the experimental results for Fe and Ceasily obtained.
M, +XMCD spectra in CoFgO, by assuming that Go

ions occupy both the tetrahedialand octahedraB sites.

The LSDA+U theory describes well all the prominent  Thjs work was carried out at the Ames Laboratory, which
features of the magnetic circular dichroism on theghd 3 s operated for the US Department of Energy by lowa State
core levels of MpsZn;5F6,0,4 with the assumption that 70% University under Contract No. W-7405-82. This work was
Mn?* occupy the tetrahedral and 30% octahedrd sites.  supported by the Director for Energy Research, Office of

Indeed, our work shows how sensitive the XMCD spectraBasic Energy Sciences of the U.S. Department of Energy.
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