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Magnetic circular dichroism in 2 p3p3p resonant photoemission from ferromagnetic Ni
in perpendicular geometry across theL 3 edge

M. Taguchi and G. van der Laan
Magnetic Spectroscopy, Daresbury Laboratory, Warrington WA4 4AD, United Kingdom

~Received 23 July 2002; published 23 October 2002!

We present calculations for the magnetic circular dichroism~MCD! in the 3dn→2p53dn11→3p43dn11«
photoemission process in resonance with the 2p x-ray 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 at theL3 edge 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 spectroscopy~XAS! using circularly po-
larized radiation, which gives rise to magnetic circular
chroism ~MCD!, has proven to be ideal to study the loc
electronic and magnetic properties of materials since the
evant ground-state properties can be determined using p
erful sum rules.1–3 It is well known that the MCD in XAS
~MCD-XAS! vanishes when the helicity vector of the inc
dent light is perpendicular to the remanent magnetiza
direction. However, in this perpendicular geometry~PG! the
MCD can still be present in the decay process~see Fig. 1!.
Thole, Dürr, and van der Laan4 reported MCD in resonan
photoemission~MCD-RPE! of 9% in the 2p3p3p decay
from ferromagnetic Ni measured in PG. This effect was a
observed in the Ni 2p3d3d and Fe 2p3p3p decays.5,6 It
was also unexpectedly found in the FeL3M2,3M2,3 Auger
spectral of ferromagnetic Fe~using a photon energy of 90
eV!. A qualitative explanation for the effect in Auger spectr
which is absent in ferromagnet Mn and Ni,7 was given in
Ref. 8. Braicovichet al.9 observed that also the MCD i
resonant x-ray Raman scattering~MCD-RXRS! does not
vanish in PG. These measurements show which MCD-R
and MCD-RXRS can provide information about the co
hole polarization that is not accessible by MCD-XAS.

To our knowledge, only two theoretical calculations in P
have been performed so far. The MCD in the Ni 2p3p3p
RPE decay was calculated for the atomic processd9

→2p53d10↔3p43d10«↔3s13d9«, where« denotes a con-
tinuum photoelectron.10 Recently, also Fukuiet al.11 showed
for Gd 4f 7 that the atomic calculation of MCD-RXRS fo
the 2p→5d excitation followed by 3d→2p radiative decay
is in good agreement with experiments on Gd33Co67 amor-
phous alloy. They claimed that the MCD-RXRS in PG
caused by cross terms, that are characteristic of the cohe
second-order optical process. However, it was already sh
by van der Laan and Thole10 that a two-step model is als
able to explain the MCD in PG. There are a few furth
questions that need to be addressed by detailed calcula
and for which the Ni 2p3p3p decay can be considered a
archetypal, namely,
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~i! Core-hole interaction:Using the two-step model, i
was shown that for Ni 3d9 the shape of the MCD-RPE i
independent of the emission angle.10 However, the genera
formula for second-order processes shows that in the p
ence of core-valence interactions the two-step model m
break down due to interference terms between intermed
states separated by more than their lifetime width.

~ii ! Final-state interference:This arises due to the deca
to different photoemission continua. In the 3p4 final state,
interference occurs only for the1D level, which is part of the
negative lobe of the MCD~see Fig. 2!. It was already shown
that its MCD signal is sensitive to the phase factor of t
outgoing photoelectron wave functions.6

~iii ! Integrated intensity:For both Fe and Ni the experi
mental MCD is ;3 times smaller than theoretically pre
dicted. Using the sum rules this would suggest that the ac

FIG. 1. Perpendicular geometry~PG! for RPE, whereP, M , and
k are the helicity vector of the incident circularly polarized x ray
the remanent magnetization direction, and the detection directio
the emitted photoelectrons, respectively.P andk have anglesu i and
u, respectively, withM . Reversal of eitherM or P results in a
different geometry. Sincek is even, reversal of bothM or P to-
gether renders the same geometry, hence the condition for MC
satisfied.
©2002 The American Physical Society01-1
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ground-state polarization is smaller than expected.6 In order
to verify the earlier predictions and to shed new light on
above-mentioned questions, we extended the radia
transition-probability code for the Anderson impurity mod

FIG. 2. ~a! Calculated Ni 2p3p3p and 2p3s3d RPE from fer-
romagnetic Ni in PG with photon energy at theL3 and its MCD for
positive ~dashed line! and negative~solid line! helicity incident
light, and compared to the experimental results~dots! taken from
Ref. 4. ~b! Calculated NiL2,3 MCD-XAS.
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to include angle dependent resonant photoemission. So
these calculations were done for the angle-integrated c
only.12,13

The experimental 2p XAS of Ni metal shows satellites a
4 and 6 eV above theL3 edge.14 Several theoretical model
have been proposed but the interpretation remains contro
sial. One-electron band theory assigns the 6-eV satellite
van-Hove singularity at theL point,15 but fails to explain the
prominent 4-eV satellite in MCD-XAS.14 The periodic four-
site cluster model, which takes into account the band dis
sion, gives a good agreement with the experimental vale
band16 and 2p photoemission,17 but resulted in an incorrec
2p MCD-XAS.18 A suitable alternative is the configuration
interaction~CI! model based on the localized Anderson im
purity approach with the multiplet interaction,12,19,20 which
shows a good agreement for a wide variety of core-le
spectroscopies.21 The CI model reproduces the 2p satellites
as a predominantly 2p53d9 final state with an energy split
ting due to the 2p-3d exchange interaction@Fig. 2~b!#.

In the calculation,12,19,20we select a central Ni atom with
appropriate linear combinations of 3d orbitals on neighbor-
ing sites to serve as a reservoir of holes that are denote
L. The Hamiltonian contains three termsH01T1R. TheH0

describes the localized Anderson impurity model includi
intra-atomic multiplet interaction and interatomic hybridiz
tion V. The electric-dipole transition operatorT leads to 2p
→3d XAS. The Coulomb interactionR(2p,3p;3p,«) is re-
sponsible for the photoemission decay. The coherent sec
order process can be represented by
3d10L2

l

3d9L →
T

2p53d10L →
R

3p43d10L« ↔ 3s13d9L« ~ I!

l

3d8
→
T

2p53d9
→
R

3p43d9« ↔ 3s13d8« ~ II !
te

ron

nd
where the ground stateug&, intermediate stateum&, and final
stateukb&5uk&ub& are a mixture of the configurations 3dn,
2p53dn11, and 3p43dn11«, respectively, with energiesEg ,
Em , andEkb5«k1Eb , respectively, whereuk& and«k rep-
resent the continuum photoelectron state and its energy.
direct photoemission channel 2p53dn11→3s13dn was also
included. The two-core-hole final state 3p43dn11 cannot be
reached by direct photoemission and has CI with 3s13dn.12

In the discussion that follows, we will refer to the pat
ways I and II of this process. Strictly speaking, unlessV
→0, these pathways cannot be separated, since at each
of the process the configurations are mixed due to hybrid
tion.

The spectral function of the RPE is
he

tage
a-

F~hn,E!5(
k,b

U(
m

^kbuRum&^muTug&
Eg1hn2Em2 iGM

U2

3d~hn1Eg2Ekb!d~E2«k!, ~1!

wherehn is the incident photon energy,E is the photoelec-
tron energy, andGM is the broadening of the intermedia
state due to the core-hole lifetime.

The wave function of the ejected photoemission elect
in the continuum state traveling with energy«k indirectionk̂
is given by a superposition of an outgoing plane wave a
incoming spherical waves,22

uk&5
1

k (
l ,m

i le2 id lYlm* ~ k̂!R«kl~r !Ylm~ r̂ !, ~2!
1-2
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whered l is the total phase shift of thel th partial wave and
R«kl(r ) is the radial part, and the spherical harmonicsYlm

have the usual phase convention.23 Substitution of Eq.~2!
into Eq. ~1! can lead to interference between spherical h
monics with differentl values. The angle dependent MC
spectrum can be sensitive to the phase factor of the ph
electron. The specific choice of the outgoing wave can
important. For instance, a wave function represented
spherical harmonics corresponds to Eq.~5! without the factor
i l , and would give a different MCD for the 3p4 1D level.10

In the case of angle integrated MCD, the phase factor of
ejected photoelectron,i le2 id lYlm* ( k̂), can be omitted. This is
e.g., supported by the MCD-RPE calculations for Tb, wh
are in good agreements with experimental results.13

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

DF[F22F1

5(
k,b

H cosu i~ u f 21u22u f 1u2!

2
sinu i

A2
~ f 1f 0* 1 f 21f 0* 1 f 0f 1* 1 f 0f 21* !J , ~3!

f q~u![(
m

^kbuRum&^muTqug&
Eg1hn2Em2 iGM

, ~4!

whereTq is the electric-dipole operator with polarizationq
561,0. Equation~3! holds for RPE and by replacing th
f q’s we obtain the equivalent for RXRS, i.e., Eq.~2! in Ref.
11.

The spectral functionDF in Eq. ~3! consists of two terms
The first term contains the diagonal termsu f qu2, while the
second one contains the cross terms caused by the inte
ence effects in the intermediate state of the coherent sec
order optical process. In parallel geometry (u i50°), the
cross terms vanish and only the diagonal terms remain
PG (u i590°) the diagonal terms vanish and only the cro
terms remain. Both terms are sensitive to the final-state
terference due to Eq.~2!, but this effect is much more pro
nounced in PG.

We will now discuss the calculated results of the
2p3p3p decay in PG. The parameters can be found e
where and have been scaled to fit the experiment Ref.
The RPE and MCD spectra are shown in Fig. 2~a! for u
560°, andu i590° and withhn tuned to the maximum o
the L3 MCD-XAS. The RPE consists of a double peak
mainly 3p43d10 character dwarfing a weak satellite structu
of mainly 3p43d9 character at higher binding energy. Due
the strong CI with the 3s13d9, there is also MCD in the
2p3s3d decay, which is at lower binding energy. Figure 2~a!
shows that the shape of the calculated MCD is in excel
agreement with the experiment but;3 times larger, which
confirms the value obtained in Ref. 4.

Figure 3 shows that whenhn is tuned to the energy o
satellitesA andB, the 3p43d9 is strongly enhanced. This ca
be understood by realizing that at theL3 maximum the pro-
cess is dominated by pathway I, but pathway II becom
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more important at higher photon energies. Forhn5A, the
relative weight of the 2p53d9 is higher than forhn5B,
resulting in an increased intensity for the 3p43d9. Further-
more, the shape of the MCD spectra is quite different at b
photon energies. Although the shape is complicated, its
gin is revealed by separating the different 3p43dn11 contri-
butions to the final state. Figure 3 shows that the MCD of
3p43d10 contribution has a similar shape forA and B and
resembles that of theL3. Also the 3p43d9 displays a similar
spectral shape forA andB, however, in this case the sign
reversed. This might be interesting to verify experimenta
although one should keep in mind that in the measuremen
photon energies above the edge, the RPE also interferes
Auger emission such as 3dn→2p53dn«→3p43d9««8,
which was not included in our calculation.

It is also of interest to consider the angular dependenc
the emitted photoelectron for differenthn. The calculated
results are presented in Fig. 4. For all photon energies,
MCD vanishes at 0° and 90°. The inset shows theu depen-
dence at theL3 for x rays with negative helicity. The RPE
itself is u dependent but its spectral shape is not. This beh
ior has been explained in Ref. 10 using the fundamen
spectra analysis under the assumption that pathway I pre
for the L3. This model neglects the angular dependence
the 2p-3d Coulomb interactions and therefore it holds f
pathway, I but not necessarily for pathway II. Equation~58!
of Ref. 10 gives the 2p3p3p MCD-RPE as a linear combi
nation of two fundamental spectraB0 and B2. The angular
coefficient for theB0 spectrum is cosui . This vanishes in
PG, so that the MCD-RPE becomes equal to theB2 spectra
(3 1

2 sin2u). Thus the spectral shape of the MCD is conserv

FIG. 3. Calculated Ni 2p3p3p and 2p3s3d RPE and its MCD
in PG from ferromagnetic Ni with the photon energy at the satelli
A andB of the MCD-XAS in Fig. 2~b! for u560° andu i590°. The
two separate contributions arising from the 3p43d9 and 3p43d10 in
the MCD-RPE spectra are also shown.
1-3
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and only the total intensity depends onu. This simple proof
also demonstrates the strength of the fundamental-spe

FIG. 4. Calculated results showing the angular dependenc
the MCD-RPE in PG. The inset shows the angle-dependent RP
the L3 energy for incident photons with negative helicity vector.
c-

r

r
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analysis compared to, e.g., the method of Eq.~3! where the
angular dependence is a function ofhn andEB .

Figure 4 shows that forhn equal toA or B, the MCD-RPE
spectrum depends strongly onu. It is seen that the change i
the 3p43d9 is much larger than in the 3p43d10 region, be-
cause of the pathway assumption in the approach of Ref.
This indicates that the influence of the angle-depend
2p-3d Coulomb interactions can be studied with MCD-RP

In summary, the 2p3p3p MCD-RPE from ferromagnetic
Ni in PG has been calculated using the full CI model. T
shape of the calculated spectrum at theL3 edge is in excel-
lent agreement with the experimental results, indicating
importance of the phase factor of the ejected photoelectro
the angular dependence. However, it is confirmed that
experimental value of the MCD is;3 times smaller than the
theoretical calculation. We have verified that for a grou
state 3d9 the two-step model gives the same results as
coherent second-order optical process. The predicted M
RPE spectra at the satellite energies show a significant a
lar dependence that would be interesting to verify expe
mentally since it could provide information about the angu
dependence of the core-valence Coulomb interaction.

M.T. is grateful to H. Ogasawara and T. Uozumi for val
able discussions.
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