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We present calculations for the magnetic circular dichrof#€D) in the 3d"—2p®3d"*1—3p*3d"*1e
photoemission process in resonance with theX2ray absorption from ferromagnetic Ni in perpendicular
geometry(PG). The calculations are based on a coherent second-order optical process taking into account the
intra-atomic multiplet and the configuration interaction. The MCD in PG atltheedge is found to be in
excellent agreement with the previous experimental results. At the excitation energy of the 4-eV and 6-eV
satellites, the predicted MCD is strongly different, which should permit to assess the angular dependence of the
intra-atomic Coulomb interaction.
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X-ray-absorption spectroscop}AS) using circularly po- (i) Core-hole interaction:Using the two-step model, it
larized radiation, which gives rise to magnetic circular di-was shown that for Ni 8 the shape of the MCD-RPE is
chroism (MCD), has proven to be ideal to study the local independent of the emission angfeHowever, the general
electronic and magnetic properties of materials since the reformula for second-order processes shows that in the pres-
evant ground-state properties can be determined using povnce of core-valence interactions the two-step model may
erful sum rule<=3 It is well known that the MCD in XAS break down due to interference terms between intermediate
(MCD-XAS) vanishes when the helicity vector of the inci- States separated by more than their lifetime width.
dent light is perpendicular to the remanent magnetization (i) Final-state interferenceThis arises due to the decay
direction. However, in this perpendicular geometRG) the fto different photoemission continua. In thep%_flnal state,
MCD can still be present in the decay procésse Fig. 1 mterfe_rence occurs only for th’t—:D_ level, which is part of the
Thole, Diur, and van der Ladhreported MCD in resonant Nedative lobe of the MCIxsee Fig. 2 It was already shown

photoemission(MCD-RPE) of 9% in the 23p3p decay f)huat;giigM&gtcs):agigca:tlr; Sﬁ;\?g';’jﬂg;&g phase factor of the
from ferromagnetic Ni measured in PG. This effect was also (iil) Integrated intensityFor both Fe and Ni the experi-

. . YG
observed in the Ni A3d3d and Fe D3p3p decays:® It mental MCD is ~3 times smaller than theoretically pre-

was also unexpectedly_ found_ in the EgM, M5 AUger —inieq Using the sum rules this would suggest that the actual
spectral of ferromagnetic Haising a photon energy of 900

eV). A qualitative explanation for the effect in Auger spectral
which is absent in ferromagnet Mn and Niyas given in 7
y

Ref. 8. Braicovichet al® observed that also the MCD in

resonant x-ray Raman scatterifylCD-RXRS) does not /
vanish in PG. These measurements show which MCD-RPE .
and MCD-RXRS can provide information about the core- /
hole polarization that is not accessible by MCD-XAS.

To our knowledge, only two theoretical calculations in PG
have been performed so far. The MCD in the Ni3»3p
RPE decay was calculated for the atomic procesf 3
—2p°3di%-3p*3di%—3s'3d%, wheree denotes a con-
tinuum photoelectrof’ Recently, also Fukuét al! showed
for Gd 4f" that the atomic calculation of MCD-RXRS for
the 2p—5d excitation followed by 8— 2p radiative decay ] P
is in good agreement with experiments onxgtbs;, amor- -
phous alloy. They claimed that the MCD_'R_XRS in PG is FIG. 1. Perpendicular geometfl?G) for RPE, where?, M, and
caused by cross terms, that are characteristic of the cohergpt, e the helicity vector of the incident circularly polarized x rays,
second-order optical process. However, it was already ShOWe remanent magnetization direction, and the detection direction of

by van der Laan and Thdi%that a two-step model is also the emitted photoelectrons, respectivéyandk have angle, and
able to explain the MCD in PG. There are a few furthery, respectively, withM. Reversal of eitheM or P results in a

questions that need to be addressed by detailed calculatioffferent geometry. Sinck is even, reversal of botM or P to-
and for which the Ni »3p3p decay can be considered as gether renders the same geometry, hence the condition for MCD is
archetypal, namely, satisfied.
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T - Jk (b) to include angle dependent resonant photoemission. So far,
se these calculations were done for the angle-integrated case
g3 || only 1213
£ £ B A Y.
5= MCD-XAS The experimental @ XAS of Ni metal shows satellites at
_10 0 10 20 4 and 6 eV above the; edge* Several theoretical models
Relative Photon Energy (eV) have been proposed but the interpretation remains controver-

—— .
Fel

sial. One-electron band theory assigns the 6-eV satellite to a
van-Hove singularity at the point*® but fails to explain the
prominent 4-eV satellite in MCD-XAS! The periodic four-

site cluster model, which takes into account the band disper-
sion, gives a good agreement with the experimental valence
band® and 2 photoemissiort! but resulted in an incorrect
2p MCD-XAS 18 A suitable alternative is the configuration-
interaction(Cl) model based on the localized Anderson im-
purity approach with the multiplet interactidf®?° which
shows a good agreement for a wide variety of core-level

Intensity (arb. units)

%' sp'sd” spectroscopie®: The Cl model reproduces thepXatellites
R — as a predominantly (23d° final state with an energy split-
Relative Binding Energy (eV) ting due to the p-3d exchange interactiofFig. 2(b)].

In the calculatiort?'%?°we select a central Ni atom with

romagnetic Ni in PG with photon energy at thg and its MCD for _apprc_)priate linear Combination_s ofirbitals on neighbor-

positive (dashed ling and negative(solid line helicity incident "9 Sites to serve as a reservoir of holes that are denoted by

light, and compared to the experimental resdttsts taken from  L- The Hamiltonian contains three teriig+ T+ R. TheH,

Ref. 4.(b) Calculated NiL, 3 MCD-XAS. describes the localized Anderson impurity model including
intra-atomic multiplet interaction and interatomic hybridiza-

ground-state polarization is smaller than expeétetorder  tion V. The electric-dipole transition operat@rleads to

to verify the earlier predictions and to shed new light on the—3d XAS. The Coulomb interactioR(2p,3p;3p,e) is re-

above-mentioned questions, we extended the radiativeponsible for the photoemission decay. The coherent second-

transition-probability code for the Anderson impurity model order process can be represented by

FIG. 2. (a) Calculated Ni »3p3p and 23s3d RPE from fer-

3d10L2
)
3dL T 2pS3dlL  ® 3p*3di%e « 3s'3d’Le (1)
!
3d® T 2p%8d® " 3pf3d%  — 3s'3ade (1)
|
where the ground statg), intermediate statgm), and final (kBIRIM)(m|T|g) ‘2
state|kB) = k)| B) are a mixture of the configurationsl3, F(hV’E)ZkEB % Eyrhv—Ep—iTy|
2p°3d"*!, and P*3d"* e, respectively, with energies,, ’ g "
Em, andEyz=ey+Ep, respectively, whergk) andey rep- X 8(hv+Eg—Eyg) S(E—&y), (1)

resent the continuum photoelectronjtate ?nd its energy. Thenerehy is the incident photon energg is the photoelec-

; o n n _ : _ .
direct photoemission channep23d""*—3s'3d" was also  tron energy, and"y, is the broadening of the intermediate
included. The two-core-hole final statp™Bd"*? cannot be  state due to the core-hole lifetime.

reached by direct photoemission and has CI wigh3g".*? The wave function of the ejected photoemission electron
In the discussion that follows, we will refer to the path- in the continuum state traveling with energy indirectionk

ways | and Il of this process. Strictly speaking, unléss is given by a superposition of an outgoing plane wave and

—0, these pathways cannot be separated, since at each stageoming spherical waveg,

of the process the configurations are mixed due to hybridiza-

. 1 :
tion. _ da—idnk (I P
ky=— > i'e "vE (KR, (1) Yim(r), 2

The spectral function of the RPE is k) K im(K)Reyg (1) ¥im () @
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where §, is the total phase shift of thiéh partial wave and
R€k|(r) is the radial part, and the spherical harmonYGg,

have the usual phase conventfdrSubstitution of Eq.(2)
into Eq. (1) can lead to interference between spherical har-
monics with differentl values. The angle dependent MCD
spectrum can be sensitive to the phase factor of the photo-
electron. The specific choice of the outgoing wave can be
important. For instance, a wave function represented by
spherical harmonics corresponds to Eg).without the factor
i', and would give a different MCD for the® D level°
In the case of angle integrated MCD, the phase factor of the
ejected photoelectror'n,e*i5'Y,*m(R), can be omitted. This is,
e.g., supported by the MCD-RPE calculations for Th, which
are in good agreements with experimental resdlts.

Using the coordinates of Fig. 1, the MCD-RPE is

Intensity {arb. units)

AF=F_-F,

=k2ﬁ cosé;(|f_1|2—1f4]?)

Relative Binding Energy (eV)

sin ) * * * * FIG. 3. Calculated Ni p3p3p and 203s3d RPE and its MCD
B 2 (Tafg +1_4fo TTofy +1ofZy) 1, ®) in PG from ferromagnetic Ni with the photon energy at the satellites
A andB of the MCD-XAS in Fig. Zb) for 6=60° and§;=90°. The
(kBIRIM)(m|T|g) two separate contributions arising from thg*3d® and 3*3d'%in
fq( 9)52 SR 'qF , (4) the MCD-RPE spectra are also shown.
m g Vv— m_| M

whereT, is the electric-dipole operator with polarization  more important at higher photon energies. For=A, the
=+1,0. Equation(3) holds for RPE and by replacing the relative weight of the p°3d® is higher than forhv=B,
fq's we obtain the equivalent for RXRS, i.e., EQ) in Ref.  resulting in an increased intensity for th@*8d°. Further-
11. more, the shape of the MCD spectra is quite different at both
The spectral functiodF in Eq. (3) consists of two terms. photon energies. Although the shape is complicated, its ori-
The first term contains the diagonal teriifg|?, while the  gin is revealed by separating the differemt*3d"** contri-
second one contains the cross terms caused by the interfdutions to the final state. Figure 3 shows that the MCD of the
ence effects in the intermediate state of the coherent secon@p*3d!° contribution has a similar shape fé and B and
order optical process. In parallel geometrg,£0°), the resembles that of thies. Also the 3*3d° displays a similar
cross terms vanish and only the diagonal terms remain. Ispectral shape foA andB, however, in this case the sign is
PG (6;=90°) the diagonal terms vanish and only the crossreversed. This might be interesting to verify experimentally,
terms remain. Both terms are sensitive to the final-state inalthough one should keep in mind that in the measurement at
terference due to Ed2), but this effect is much more pro- photon energies above the edge, the RPE also interferes with
nounced in PG. Auger emission such as d3—2p°3d"e—3p*3d°ee’,
We will now discuss the calculated results of the Niwhich was not included in our calculation.
2p3p3p decay in PG. The parameters can be found else- It is also of interest to consider the angular dependence of
where and have been scaled to fit the experiment Ref. 24he emitted photoelectron for differefitv. The calculated
The RPE and MCD spectra are shown in Figa)2for #  results are presented in Fig. 4. For all photon energies, the
=60°, and#;=90° and withh» tuned to the maximum of MCD vanishes at 0° and 90°. The inset shows éhgepen-
the L; MCD-XAS. The RPE consists of a double peak of dence at thd 5 for x rays with negative helicity. The RPE
mainly 3p*3d'° character dwarfing a weak satellite structureitself is # dependent but its spectral shape is not. This behav-
of mainly 3p*3d® character at higher binding energy. Due toior has been explained in Ref. 10 using the fundamental
the strong ClI with the 8'3d°, there is also MCD in the spectra analysis under the assumption that pathway | prevails
2p3s3d decay, which is at lower binding energy. Figui@2 for the L;. This model neglects the angular dependence of
shows that the shape of the calculated MCD is in excellenthe 2p-3d Coulomb interactions and therefore it holds for
agreement with the experiment btt3 times larger, which  pathway, | but not necessarily for pathway Il. Equatié®)
confirms the value obtained in Ref. 4. of Ref. 10 gives the g3p3p MCD-RPE as a linear combi-
Figure 3 shows that whehv is tuned to the energy of nation of two fundamental spectB® and B2. The angular
satellitesA andB, the 3*3d? is strongly enhanced. This can coefficient for theB® spectrum is cos . This vanishes in
be understood by realizing that at the maximum the pro- PG, so that the MCD-RPE becomes equal to Biespectra
cess is dominated by pathway |, but pathway Il becomeg X 3sin26). Thus the spectral shape of the MCD is conserved
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FIG. 4. Calculated results showing the angular dependence
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analysis compared to, e.g., the method of 8).where the
angular dependence is a functiontof andEg .

Figure 4 shows that fdiv equal toA or B, the MCD-RPE
spectrum depends strongly @nlt is seen that the change in
the 3p*3d° is much larger than in the®3d!° region, be-
cause of the pathway assumption in the approach of Ref. 10.
This indicates that the influence of the angle-dependent
2p-3d Coulomb interactions can be studied with MCD-RPE.

In summary, the @3p3p MCD-RPE from ferromagnetic
Ni in PG has been calculated using the full Cl model. The
shape of the calculated spectrum at theedge is in excel-
lent agreement with the experimental results, indicating the
importance of the phase factor of the ejected photoelectron in
the angular dependence. However, it is confirmed that the
experimental value of the MCD is 3 times smaller than the
theoretical calculation. We have verified that for a ground
state 31° the two-step model gives the same results as the
coherent second-order optical process. The predicted MCD-

JRPE spectra at the satellite energies show a significant angu-

the MCD-RPE in PG. The inset shows the angle-dependent RPE 4&" dependence that would be interesting to verify experi-

the L3 energy for incident photons with negative helicity vector.

and only the total intensity depends énThis simple proof

mentally since it could provide information about the angular
dependence of the core-valence Coulomb interaction.

M.T. is grateful to H. Ogasawara and T. Uozumi for valu-

also demonstrates the strength of the fundamental-specteble discussions.
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241f we denote the charge-transfer energy from the reservoir to the
3d states asA=ey—¢€,+9U, the difference between the
configuration-averaged energies, in the limit ®—0, is
E(d°L)—E(d®)=A-U and E(d!°L?)—-E(d®)=2A-U,
whereU is the on-site 8 Coulomb interaction. For the ground
state, we used similar parameters as in Ref. 20, namely
=—0.75, V(gg) = —2V(tyg)=1.6, andU=1.5 eV, with the
difference that we use®y, instead ofD ;4 symmetry to reduce
the size of the calculation. TH&\; ground state has 14.9%3,
48.7% 31°, and 36.4% &'° character. The core-valence Cou-
lomb interactions ar&) ;,39=2.5 andUgp3q=4.5 eV. The life-
time broadening of the 2 core hole,I'y,, is taken as 0.2 eV
HWHM and that of the 8 and 3 core-holel’, as 2.0 eV
(HWHM). We adopt the Slater integrals, Coulomb matrix ele-
ments values, and photoelectron phase differefices, as in
Refs. 10,12. All Slater integrals are reduced to 80%. The radial
matrix elementsR(2p3p;3pel) are reduced to 75% of the
Hartree-Fock values. The average energy difference between the
3p*3d"*! and 3'3d" configurations was calculated using
Cowan (Ref. 23: E,,(3p*3d®)—E,,(3s!3d%)=26.448 eV,
E,,(3p*3d'% —E,, (3s'3d%)=26.745 eV. These values are
scaled down to 85% to fit the experiments.
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