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Ab initio calculation of magnetic resonant x-ray scattering spectra in NiO
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We investigate the magnetic resonant x-ray scattering spectra arouldetiige of Ni in antiferromagnetic
NiO using anab initio band-structure calculation based on the density-functional theory. By taking account of
orbital polarization through the spin-orbit interaction, we reproduce well the spectra obtained experimentally,
thus demonstrating the usefulness of #ieinitio calculation. It is shown that the main-edge peak, which
mainly comes from the dipolar € 4p) transition, is a direct reflection of the orbital polarization of the 4
states. It is clarified that thepdorbital polarization is mainly induced from the spin polarization on tipe 4
states by the spin-orbit interaction. The ®rbital polarization at neighboring Ni sites gives rise to only a
minor contribution to the g orbital polarization through p-d mixing. It is also shown that the pre-edge peak,
which mainly originates from the quadrupolars23d) transition, is a direct reflection of the orbital polar-
ization of the unoccupied @B states. It shows a Fano-type antiresonant dip due to interference with the
nonresonant contribution, in agreement with the experimental result.

DOI: 10.1103/PhysRevB.69.014408 PACS nunt§er75.50.Ee, 78.70.Ck, 71.20.Be

[. INTRODUCTION lation of amplitudes between different magnetic sublattices.
Through the model calculation, we clarified that the main-

Resonant x-ray scatterindRXS) is a powerful tool for edge intensity is generated from the orbital polarization in
investigating the properties of magnetic and orbital ordersthe 4p states. Generally speaking, such polarization is
Resonant enhancements on antiferromagni@t® superlat- brought about by the @ SOI, by the intra-atomic Coulomb
tice spots have been observed in several transition-metatteraction between thepdand 3 states, and by the mixing
compounds such as RbMpkRef. 1), KCuF; (Ref. 2, CoO  of the 4p states with the 8 states of neighboring Ni atoms.
(Ref. 3, and NiO (Refs. 4 and b RXS is described as a Although we obtained the magnetic RXS spectra that were in
second-order process wherein a photon is virtually absorbequalitative agreement with the experiment, it is still unclear
upon exciting a core electron to unoccupied states, and themw the 4 states are orbitally polarized. In this paper, to
emitted upon recombining the excited electron with the coreeliminate the uncertainty of the model calculation, and to
hole. For the 8 transition-metalKk edge, the intermediate clarify the mechanism of the magnetic RXS, we carry out an
states involve unoccupiedstates in the dipolarE1) tran-  ab initio calculation of the RXS spectra using a band-
sition and unoccupied &8 states in the quadrupolaER)  structure calculation based on the density-functional theory.
transition. The RXS intensities due to thd andE2 transi- We take account of the SOI to deal with the orbital polariza-
tions constitute main-edge and pre-edge structures, respeiten. We neglect the attractive interaction between the pho-
tively. The main-edge intensity is sensitive to the electronictoexcited electron and thesore hole. This effect on thept
structure of neighboring sites since the unoccupipdstates — states is known to be small from the analysis of the magnetic
are highly extended in space. This characteristic is now weltircular dichroism(MCD) (Refs. 12—14and of the RXS on
recognized in RXS on orbital superlattice spots inkhedge  orbital superlattice spots at th& edge of transition
of transition-metal compounds. At an early stage, a mechametals®%®
nism was proposed, according to which the intensity is re- In this paper, we show that tfa initio calculation repro-
lated to the 4 states modified by the intra-atomic Coulomb duces well the experimental spectra. Moreover, we calculate
interaction with the 8 electrons constituting the orbital the spectra by turning the SOI on and off selectively in sev-
order®’ but extensive studies based on band-structureral states in order to clarify how theprbital polarization
calculation§~1° revealed that the intensity is related to the is brought about. The result is that the main-edge intensity is
4p states modified by the lattice distortion. slightly reduced when the SOI on thel 3tates is turned off,

In our previous work! we studied the mechanism of while it is largely diminished when the SOI on the 4tates
magnetic RXS in the antiferromagnetic phase of NiO, ands turned off. This indicates that thed3orbital polarization
analyzed the experiment performed by Neubetlkal® To  has little influence on theptorbital polarization. The same
deal with the extended nature of they 4tates, we used a conclusion has been drawn on the basis ofhbrinitio cal-
tight-binding model. Since orbitals must couple to the mag-culation of the magnetic RXS spectra for KGufRef. 15
netic order to generate the intensity of the magnetic RXS, iand a recent analysis of MCD in M@aC (Ref. 16.
is essential to take account of the spin-orbit interaction We also calculate the contribution of tB&® and nonreso-
(SOI). The spin polarization alone in thep4states cannot nant processes. We obtain a single peak in the pre-edge re-
give rise to the intensity, because, if we add the amplitudegion. It is shown to originate from the orbital polarization in
due to up-spin electrons to that due to down-spin electronghe 3d states. Although the @ orbital polarization is much
the total becomes the same at each site, leading to a candarger than the @ orbital polarization, the obtained pre-edge
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=523 K. The order parameter is characterized by a wave
vectorQ, which is directed to one of four body diagonals in

the fcc lattice. We selectively assume ti@gt(533) in the
present study. The magnetic moment lies in the plane perpen-
dicular to the AF modulation direction; three directiois,
=[—-1,-1,2], S,=[2,—1,—1], or S3=[—1,2—-1] can be
taken forQ=(333). Note that the experiment of the mag-
netic RXS in NiO has been performed under the condition
that Q is specified but domains are formed with respect to
the spin direction:t’

The electronic band structure of NiO is calculated using
the  full-potential  linearized  augmented-plane-wave
(FLAPW) method®'® in the local-density approximation
(LDA). The local exchange-correlation functional of Vosko,
Wilk, and Nusaif® is employed. The experimental lattice
constant is used and the muffin-tiMT) radii are set to be
2.2 a.u. for nickel and 1.6 a.u. for oxygen. We also perform
LDA +U calculatiof>??with the effective Coulomb param-
eterU = U —J for the Ni 3d states, in order to investigate

FIG. 1. Sketch of a NiO crystalonly Ni atoms are shown

Wave vectorQ=(3%%) characterizes an antiferromagnetic modu-

lation direction. Three arrows denoted 8g, S,, S;, in a plane Q;Sefsfecetcgl;the band gap and the magnetic moment on the

perpendicular taQ indicate possible spin directions (domaing. p ’

Spins for solid, gray, and open circles align alternately. Table | ShOWS the Ca'C‘%'ated valu_es of th.e band gap ahd
the magnetic moments in comparison with the experi-

peak is rather small compared to the main-edge peak. TH&ents>~2*LDA calculation considerably underestimates the
peak position is at a higher energy than the experimental on&)agnetic moment and band-gap magnitudes. Introducing
We can ascribe this discrepancy to the neglect of the inteJerr €nhances them but the obtained magnitudes are still
action between theslcore hole and the @ electrons in the smaller than those in the experiments.
present calculation. We also reproduce well the Fano-type Figure 2 shows the density of statd30S) projected on
antiresonant dip due to the interference betweerEtheand  the p andd symmetric states inside the MT sphere at a Ni
the nonresonant contributions. site, calculated in the LDA. The origin of the energy is set at
This paper is organized as follows. In Sec. Il, we show thethe top of the valence band. The right part of the figure is
results of band-structure calculations and discuss the grourfihown on a 20-times magnified scale. Thendd symmetric
state in the antiferromagnetic phase of NiO. In Sec. I, westates are sometimes referred to as tipeahd 3 states,
briefly describe the formulas used in calculating the magfespectively, because the wave functions are similar to
netic RXS spectra. In Sec. IV, we present the calculated magatomic 4p and 3 wave functions inside the MT sphere. The
netic RXS spectra and compare them with experimental datanagnitude of the g DOS is much smaller than that of the

Section V is devoted to concluding remarks. 3d DOS, because most of thep4lensity is distributed over
the interstitial region or on neighboring sites. Introducing
Il ELECTRONIC STRUCTURE OF NICKEL OXIDE largeUqs, such asUz=5 eV, in the LDA+ U calculation

considerably changes thel ®OS (not shown, while the 4o
NiO has the NaCl-type structure with the lattice constantDOS remains almost the same. Also, exchange splitting in
of a=4.177 A(Ref. 17. Nickel atoms form an fcc lattice, as the 4p DOS is negligibly small in contrast with the large
illustrated in Fig. 1. Type-ll AF order develops beloly exchange splitting in the B states. Both observations sug-

TABLE I. Calculated band gap and magnetic moments, compared with those in the experingestsl 2
L are spin and orbital moments, respectively. In the D4 calculations, the effective parameters(tf
Ueg=2 eV and(2) Uz=5 eV are employed.

Egap[€V] 25/%] L[#] L+25%] L/S
LDA 0.408 1.210 0.151 1.361 0.25
LDA +U(1) 1.438 1.467 0.187 1.654 0.25
LDA +U(2) 2.839 1.647 0.233 1.880 0.28
Expt.2 4.3 1.88 0.32 2.20, 1.98 0.34

4Unless noted, Ref. 23.
bReference 24.
‘Reference 25.
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R R R R R R RS whereG=k;—k; is a scattering vector.
x20 0 e - Nip | The nonresonant term (G, w) is given by
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AQW wherem is the electron mass arwlis the light velocity. The
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nergy (eV) wherek, =k, /||, k;=k;/|k;|, and&=G/|G|. The quanti-

FIG. 2. Projected density of states of the Ni and 4p states  ties S(G) andL(G) in Eq. (2) are the Fourier transforms of
calculated in the LDA. All energies are given with respect to the topthe spin and orbital densities, respectivéiylheir approxi-
of the valence band. mate forms for calculation are given in the following section.
The resonant contribution from thHel transition is given

gest that the effect of thed3states on the @ states is very by

small.
JMH#'(GJD)ZE (P’#’)aMaa’(le)PZ’ ’ (5)
I1l. FORMULATION FOR MAGNETIC RXS aa’
We consider the situation that a photon with the energywith
hw, the momentunk;, and the polarizatiop (=0 or )
with the polarization vectoe, is scattered into the state with 1 _iG.R
the same energf w (elastic scattering the momentunk;, Moo (G w)= \/_N nEA € "
and the polarizationn’ (=o' or ') with the polarization '
vectore'. The scattering geometry is depicted in Fig. 3. The M3 (9Xa(M[ANA]X, ()] g)
magnetic scattering amplitude is derived from Fermi’s X iwo—wpg+il . (6

golden rule to the second ord®r'in which the amplitude

consists of resonant and nonresonant scatterings. We cowhere w,q=(E,—Eg)/%. This represents a second-order
sider the resonariil andE2 transitions and the nonresonant process wherein a photon is virtually absorbed upon exciting
contribution. The cross section for the elastic scattering at ¢he 1s electron to the p states and then emitted upon re-
magnetic superlattice spot is expressed as combining the excited electron with thes ore hole. The

geometrical factor®P*, P'#" are explicitly written in the
o Appendix of Ref. 11E, represents the ground-state energy.
d_Q“'TM%W(G'“’HJ#HM’(G’“’HLMHM’(G'“’”Z’ The intermediate stalie%) consists of an excited electron on
(1) the 4p states and a hole on thes btate with energye, . N
represents the number of Ni sites, amis the index for the
G Ni sites. The dipole operators,(n) at siten are defined as
X1(n)=X, X5(n)=Yy, X3(n)=z in the coordinate frame fixed
to the crystal axes with the origin located at the center of site
n. Note that the amplitudes on magnetic sp@&
=(h/2k/2¢/2) are nearly canceled out between different
magnetic sublattices. Only small values remain in an anti-
symmetric form,

0 a c
M(Gw)= —a 0 b, (7
FIG. 3. Geometry of x-ray scattering. Incident photon with wave -c —b

vectork; and polarizations or 7 is scattered into the state with )

wave vectork; and polarizations’ or =’ at Bragg angles. The ~ With a b, andc being some complex numbefs_. o
sample crystal is rotated by azimuthal angtearound scattering The resonant contribution from tH&2 transition is given
vectorG=k;—k; . by
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Luur(G@)=2 (Q"),N,y(G,0)Qh, (8

vy

with

1 . 1 /(w2
— —iG-Ry___ |
N,, (G, o) n§A‘, e 12<C>

MR 812, (MIA YA |2, (]g)
ﬁw—w/\,g+il—‘

Intensity (arb. units)

, 8320 8330 8340 8350 8360
Energy (eV)

© FIG. 4. Absorption coefficienA(w) around theK edge and the
where w,q=(Ey —Eg)/h. The geometrical factor®*, experimental fluorescence spectriRef. 5. The core-hole energy
Qm’ are given in the Appendix of Ref. 11. The intermediateWas a_djusted such that the peak position coincided with that in the
states|A') consist of an excited electron on thel 3tates ~ €xperiment.
and a hole on thedstate with energ¥, . The quadrupole
operators z,(n) are defined asz;(n)=(V/3/2)(x*—y?),
2,(n) = (1/2)(322—r?), z5(n)=+3yz, z4(n) =3z z5(n) We evaluate the nonresonant term using the “spherical
=/3xy. Similar to the E1 transition, the amplitudes on approximation”and “dipolar approximation” for the Fourier
magnetic spoG=(h/2k/2¢/2) are nearly canceled out be- transforms S(G) and L(G), respectively* S(G) is ex-
tween different magnetic sublattices, resulting in an antisympPressed as

B. Magnetic RXS spectra

metric form, .
0 d e fog S(G)~ 5 2 e jon)(Sh), (12
—d 0 u P with
N(G,w)=| —e —u r s, (10) ]
—toopomr 0t <j0n>:f MTJ'o(Gr)[cﬁm(r)]zrzdr, 13
-g —-q -s -t O 0

where jo(X) =sinx/x, Ryt is the MT radius, andp,(r) is
the radial function withl being the angular momentum on
the Nin site.(S,) is the average of the spin operator within
IV. MAGNETIC RXS SPECTRA the MT sphere at site. The 3 states (=2) give a domi-
nant contribution.

L(G) is expressed as

with d~u being some complex numbers.

A. Absorption coefficient

The absorption coefficient within th&1 transition is

given by 1 _
LG~ 5 2 &' donLn), (14)
Alw)x AlXa(] - 11 ;
() AE’HK X4(1)19)] et W it
We neglect the core-hole potential working on the gtates _ JRMT G 2124 15
in the final state of the absorption process, and replage (Gon) 0 Go(GN)Lbn(r)J7rodr, (19

by the unoccupied @ states given by the band-structure cal-
culation. The transition matrix elements are evaluated usin )
the LDA wave functions. The core-hole energy is adjustec?9ular momentum with respect to the angular part of the

such that the calculated peak position coincides with the exVave function within the MT sphere at the Nisite. Again,
perimental one {w=8347 eV for the peak We set the the 3d states give the dominant contribution. Figure 5 shows

core-hole lifetime width™ as 1 eV. Figure 4 shows the cal- calculated [S(G)I/YVN and |L(G)|/VN and those in the
culated results and those of thk-edge fluorescence experlmer_lf’. The calculateq vglues are slightly smaller tha}n
experimenf The experimental spectral shape is reproducedhe expe_rlmental ones. Th|s_|s because the LDA ca_lculatlon
well, suggesting that the core-hole potential plays only a milnderestimates the magnetic moments. The Fourier trans-
nor role in the spectral shape. As already mentioned in Sec. {orm S(G) can be directly evaluated without the spherical
this observation is consistent with the recent analysis of th@PProximation from the LDA wave functions. We compare
K-edge MCD spectra of MyGaC (Ref. 16 as well as of the results with those evaluated from the spherical approxi-
K-edge RXS on orbital superlattice spots in transition-metamation. The values in units ofi are |S(G)|/VN
compounds:*° =0.57(0.56), 0.32(0.33), and 0.10(0.13) f@&=(333),

here go(x) =(2/x?)(1—cosx), (L) is the average of the
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1.0 - ‘ ‘ ment is carried out on a sample in which three domains of
S 1 S;, S,, andS; are mixed with various relative volumes.

— 08 7 e[S(G), cale. We obtain several peaks at aroufich=8347 eV due to
e [ 1 OISl exp. the E1 transition. The calculated curve agrees well with the
1 06e e} 4 m|L(@)), cale. : )
N e 1 OlL@)l, exp. experimental one. Such comparison makes sense, because
5 04 L i the spectral shape is a function of photon energy and depends
= _ ] ] little on domains and azimuthal angfeThe E1 intensity
(2] O . . . .

025 o A arises from the orbital polarization in thep4states. To

u g clarify how the polarization is induced, we calculate the

0.0 0 : 0‘2 ‘ 0‘4 ‘ 0.6 spectra by turning the SOI on and off separately on tte 3
) G ' ' states and on thepdstates. The results are shown in the
Gl upper panel of Fig. ®). The former slightly suppresses the
FIG. 5. Form factors of the spin and orbital moments. Circles:E1 intensity, while the latter does so strongly. This indicates
the spin moment per Ni sitdS'(G)|=|S(G)|/N. Squares: the that, for the 4 orbital polarization, the contribution of the
orbital moment per Ni sitel.'(G)|=|L(G)|/N. 3d orbital polarization through thp-d hybridization is quite
small and the § orbital polarization is mainly induced by
333 555 ; ; the 4p spin polarization through the SOI. This is consistent
, and , respectively, where the numbers in pa- " : ,
222) 22 P y P &/_lth the recent analysis of the-edge MCD in the ferromag-

rentheses are values obtained by the spherical approxima- . . o
tion. The spherical approximation works rather well for netic phasg of MgGaC(Ref. 19, where it was Cla”fled th_at
the 4p orbital polarization near the Fermi level is mainly

small values ofG|. A similar tendency is expected to exist . : . N ;
for L(G) calculated with the dipolar approximation, accord- induced by coupling to thedorbital polarization, while that
ing to the study for Ni * by Blume3® ' away from the Fermi level is induced by the 4pin polar-

OnceS(G) andL(G) are obtained, the nonresonant con- lzaltlondtg_rt(_)ug? ttr;we SOI.‘ d K btai h K
tribution is easily evaluated. Then the resonant contribution h addition fo thé main-edge peak, we obtain another pea

is evaluated by replacing the intermediate statgin Eq. (6) at aroundiw= 8333 ev. This pre-edg_e_intensity Is attr_ibuted
and|A’) in Eq. (9) with the unoccupiegb andd symmetric to the E2 transition, that is, the transition to unoccupied 3

states given by the band-structure calculation. We confin@tau_as in the int(_armediat_e state. As shown in the upper panel
ourselves to the calculation on a single domaispévith the of Fig. G(b), partially turning the SOI off generates sl

. . 111 . intensities aroundi 0=38333 eV, but the net contribution
AF modulation vector fixed at 3z). F'?lljze 8a) shows  {rom the E1 transition[the solid line in the upper panel of

the spectra in thee— 7' channel forG=(333) as a func- Fig. 6(b)] becomes negligible due to a cancellation. As
tion of photon energy. The lower panel of Figashows the  shown in the lower panel of Fig.(6), the E2 intensity is
calculated spectra at the azimuthal angte 270°, whereyy  strongly suppressed by turning the SOI off on thle s3ates,

is defined such that the scattering plan&/atO contains the indicating that it originates from thed3orbital polarization.
[1,—1,0] crystal axis. The core-hole energy has already beeifhe magnitude of the pre-edge peak is rather small compared
determined such that the calculated peak inKhedge ab- to that of the main-edge peak, though the Grbital polar-
sorption coefficient coincides with the experimental one. Thezation is much larger than thepdorbital polarization. The
upper panel of Fig. @ shows the experimental curve &t  experimental pre-edge peak is located 7ab=_8330 eV,
=0°, where the absorption correction is mad&he experi-  which is 3 eV lower than the calculated position. We can

(a) (b)
(1/2,1/2,1/2) o-m (172, 1/2, 1/2) o-1

3.0 w . . 2.0 ; ; ;
& © = E1 FIG. 6. (Color online (a) Magnetic scattering
B o5 < T e spectra in ther— ' channel forG=(333), as
£ ° g 1l a function of ph_oton energy. The upper _panel
= g o © > shows the experimental spectrumyat0° with
g 1.0 - & ] g three domains mixed and the absorption correc-
£ ® o Y E tion is performed’ The lower panel shows the

0.0 [ 00 SO (e, O calculated spectrum gt=270° for the domain of
- - E2 Sl ResongnEl, E2., anq nonresor)ant contribu-
B 20| E1 | E ozl e | tions are mc_luded in this calculgnor(lb) Mag-
g~ g e Sotfec e netic scattering spectra by turning the SOI off
\‘i E separately on the®Bstates and thepl states, re-
G 1.0 | G 0.1 ‘ spectively. Nonresonant contribution is not in-
£ = £ j cluded in these spectra.

0 0.0 =t .

8320 8330 8340 8350 8360 8320 8330 8340 8350 8360

Energy (eV) Energy (eV)
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(1/2,1/2,1/2) o-1’ 30 ——— . —
5.0 —_,———— —_ ©0=8347eV
L 2 o-1
— — LDA c
240+ e AW A q S 20 1
c ] o
S| I ' 5
S N B 1.0 | ]
220 - . 8
g | =
£ 1.0 - 7 0.0 : :
r 0 90 180 270 360
0.0 ‘ et ‘ 0.4 UL B T T T
8320 8330 8340 8350 8360 w=83336V
Energy (eV) 0 N
5 0.3 ’\\ o-n ,1"\\ l,‘
FIG. 7. Comparison between the RXS spectra calculated by the g ' FAR J
LDA (solid line) and the LDA+U with U =2 eV (dashed ling o2 / \ ;oA
=
attribute this difference to the effect of the interaction be- % 0.1 i
tween the core hole and thel 3tates. The attractive interac- £
tion is expected to be stronger on thd 8tates than on the 0.0 Nur ANLRVENR
0 90 180 270 360

4p states, because the former states are more localized than .
the latter ones. The nonresonant contribution is extremely Azimuthal angle (degrees)

Smlz:]IIFaitgth;s \?vzn;l;]?vsltﬁgglfks spectra calculated with the FIG. 9. Azimuthal-angle dependence of the magnetic scattering
LDA and the LDA+U. The intensity is enhanced due to the NeNsity forG=(533). The upper panel is for the pre-edge peak at
local Coulomb interactiond .. This is consistent with the _8333 eV(non_resonant contribution is eliminajedhe lower panel
enhancement of the orbital momefsee Table ). The pre- 'S O the main peak at 8347 eV.

edge peak is shifted to higher energy on introduding, . o

which correlates with the opening larger energy gap. Neverfor #=0. The absorption correction is not made on the ex-

theless, the effect ofJ .« on the whole spectral shape is perimental curve, so the nonresonant inte_nsities beloyv and
small. above the resonant peak are not the same in the experimental
Figure 8 shows the spectra in the— o' channel forG curve?® Since theE1 transition is forbidden for ally in the
111 o— o' channel, no main-edge peak appears. The pre-edge

=(2z2). Both the calculated and experimental curves Al eak is located at a3 eV higher position, due to the same

(112, 172, 1/2) oo’ reason as in the case of the— 7’ channel. We obtain a
4.0 e Fano-type antiresonant dip on the low-energy side of the
_ peak, which arises from an interference with the nonresonant
% 30 I i contribution, in agreement with the experiment.
CR Y % Finally we calculate the azimuthal-angle dependence of
g % the intensity. Although the calculation is performed for a
g 20 f o ‘% 1 single domain and it cannot be directly compared with the
g o experimental results, it may serve as a guide for analyzing
2 1.0 ¢ e - mixed domains. Figure 9 shows the result Bk (333).
- The upper(lower) panel shows the intensity of the main-
0.0 [+ edge (pre-edge peak athw=8347 eV (8333 e\j. The de-
o pendence of the main-edge peak is controlled by the geo-
'§ 0.3 | \H . metrical factor of theE1l transition. As already mentioned,
S the E1 transition is completely forbidden in the— o’
S ool ] channel.
2z
on
é 0.1t 1 V. CONCLUDING REMARKS
L We presented a theoretical study of the magnetic RXS
0'%320 8330 8340 8350 8360 around theK edge of Ni in antiferromagnetic NiO using the
Energy (eV) FLAPW band-structure calculation in the density-functional

theory. The calculation reproduced the experimental spectra,
FIG. 8. Magnetic scattering spectra in the-o’ channel for  thus demonstrating the usefulness of élheinitio calculation.
G:(%%%), as a function of photon energy. The upper panel showsl' he main-edge peak originates from the orbital polarization
the experimental spectra g=0 without absorption correctioh. in the 4p states through thE1 transition. We found that the
The lower panel shows the calculated resultg/at0. 4p orbital polarization is mainly generated from thp 4pin
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polarization through the SOI and the effect of coupling to thepre-edge intensity of th&2 transition. In the present case,
3d orbital polarization at neighboring Ni sites is found to be the main-edge intensity on the magnetic spot is much smaller
quite small. The ¢ orbital polarization is closely related to than that on the orbital-ordering spot in LaMgGand so

the K-edge MCD spectra. It is known from the analysis of becomes the pre-edge intensity of e transition. Thereby
the MCD spectra in MgGaC (Ref. 16, and in Fe, Co, and the intensity of theE2 transition becomes relatively large.

Ni (Ref. 12 that the MCD signals near the Fermi level are  The calculated pre-edge peak position relative to the
generated mainly by thepdorbital polarization coupled to main-edge peak is-3 eV higher than the experimental one.
the 3d orbital polarization at neighboring sites, while the This suggests that the core-hole potential is more effective
MCD signals well above the Fermi level are generated fronon the 3 states. The inclusion of such an effect by extend-
the 4p orbital polarization coupled to thepdspin polariza-  ing the calculation scheme is left for future studies.

tion through the SOI. The present finding for the main-edge
peak is corresponding to the latter.

We also obtained the pre-edge intensity through El2e
transition. The contribution of th&1 transition to the pre- We have used the FLAPW code developed by Professor
edge intensity is found to be negligible. This shows a coniN. Hamada. We thank him for allowing us to use his code.
trast with the RXS spectra as to the orbital-ordering spots i'We would also like to thank Dr. W. Neubeck for sending us
LaMnO;. The E1 transition generates pre-edge intensityhis thesis and for valuable discussion. This work was par-
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