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Theory of circular dichroism in angle-resolved resonant photoemission from magnetic surfaces
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A theoretical method is presented for angle-resolved photoemission at the transition metal L-edge resonance. It
combines atomic multiplet calculations for the second-order resonant photoemission amplitude on the core-level
site and a single scattering calculation of the photoelectron final state. The theory is applied to a magnetized
Ni(111) surface excited with circularly polarized x rays at the Ni L2,3-edge resonance with a focus on the
circular dichroism (CD) signal. Good agreement with available experimental data is achieved. It is shown that
the CD pattern is composed of a slowly varying magnetic signal induced by the atomic resonant process and a
signal of fast angular modulations that are due to the interference of primary and scattered waves, known as the
Daimon effect. The two types of CD signals are found to be nearly additive. At the Ni L2-edge resonance, the
angular dependence of the magnetic CD is well described by a simple expression known from x-ray magnetic
CD. At the L3 edge, however, the angular dependence is more complex and shows a pronounced final state
multiplet dependence. With the present theory, it becomes possible to extract element- and site-selective magnetic
information of surfaces from the CD in angle-resolved resonant photoemission data.
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I. INTRODUCTION

Surfaces and two-dimensional materials exhibit novel
quantum phenomena related to the topology [1] and the
spin-orbital polarization of the electronic states which are
promising for novel electronic devices [2]. Angle-resolved
photoemission spectroscopy [3–5] is commonly used to probe
valence bands, but it lacks chemical and atomic structure
information. When the photon energy is tuned to a strong
core-valence resonance, however, the photoemission signal
becomes element selective, and the valence band can be de-
composed into its elemental and orbital contributions [6–8].
Therefore, resonant photoemission (RPE) effectively com-
bines photoemission with x-ray absorption spectroscopy [9],
which brings chemical and orbital selectivity. Moreover, by
analyzing the angular distribution of RPE in terms of pho-
toelectron diffraction (PED) [10], the local distribution of
valence states can also be assessed, as was shown, e.g., for
the in-gap states of electron-doped titania surfaces [11,12].

X-ray magnetic circular dichroism (XMCD) is a well-
established technique for measuring local magnetic moments
at the atomic level [13,14], but it is difficult to link the XMCD
results to the atomic structure [15]. When RPE spectroscopy
is performed on a magnetic system with circularly polarized
light tuned to a spin-orbit split core level, then the benefits
of valence photoemission and XMCD can be combined. This
was demonstrated in a pioneering experiment by Morscher
et al. [16], who measured the circular dichroism (CD) in
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angle-resolved RPE from a magnetic Ni(111) surface at the
Ni L2-edge resonance. The observed angular distribution of
the CD was dominated by a dipolar term along the magneti-
zation axis. This part of the CD signal was found to have the
same angular dependence as XMCD, that is, �IMD ∝ Lph · m,
where Lph is the light helicity and m is the magnetization
[16]. By fitting the CD data to this expression, the magnetiza-
tion axis m was determined. However, the XMCD expression
�IMD does not capture the fast variations observed in the
RPE CD pattern, which were attributed to the CD occurring
at forward scattering peaks in PED data, known as the Dai-
mon effect [17]. Various theoretical methods for computing
RPE have been proposed [18,19], including atomic multiplet
and cluster models [20,21] and first-principles methods in
the independent particle picture [22,23]. To the best of our
knowledge, however, none of them features the full atomic
multiplet couplings in the resonant process and the diffraction
of the emitted photoelectron, both of which are crucial for a
quantitative analysis of the angle-resolved RPE data.

Here, we present a theory of angle-resolved RPE spec-
troscopy at the L2,3-edge resonance of transition elements.
The method combines an atomic multiplet calculation for the
RPE process with multiple scattering theory for the propaga-
tion of the emitted electron. We apply the theory to RPE at
the L2,3 edges of a Ni(111) surface. The results agree well
with the available experimental data [16]. The CD patterns
are analyzed in terms of atomic and extra-atomic contribu-
tions, resonant and nonresonant effects, and final state energy
dependence. We show that there are magnetic and scattering
contributions to the CD and that the two contributions are
largely independent. The angular distribution of the magnetic
CD can qualitatively be understood from XMCD, but at the
Ni L3 resonance there are quantitative differences, and the
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RPE CD depends on the photoemission binding energy. The
scattering part of the CD is due to the Daimon effect, which
offers the possibility to link the magnetic information to the
atomic structure around the photoemitter sites.

II. THEORY

We consider valence photoemission at the L2 (or L3) edge
resonance. The 2p-3d excitation is followed by the partic-
ipator L2,3M4,5M4,5 Auger decay, which leads to the same
one-hole final state as in the direct Ni 3d photoemission
process. To describe this process on the core-hole site, we
use an atomic model with a (3d9) ground state configura-
tion, which is the dominant contribution in Ni metal [24].
Then, the RPE process is (3d9) → (2p53d10) → (3d8 + ε),
where ε denotes the high-energy continuum state of the
emitted electron. The emission intensity is computed by
second-order time-dependent perturbation theory, using the
Kramer-Heisenberg formula [21,25]. The perturbation con-
sists of the electron-photon interaction, which is responsible
for direct photoemission and core-level excitation, and the
electron-electron Coulomb interaction with a continuum state,
which gives rise to the autoionization decay. The emission
intensity is

I ∝
∑

f g

|Tf g(ω)|2δ(E f − Eg − h̄ω), (1)

where the sums run over all degenerate ground and final
states and the resonant amplitude Tf g is given, in second-order
perturbation, by [21–23,26]

Tf g(ω) = 〈 f |D|g〉 +
∑

m

〈 f |VA|m〉〈m|D|g〉
h̄ω + Eg − Em − i�m

. (2)

Here, h̄ω is the photon energy, and |g〉, |m〉, and | f 〉 are
ground, intermediate, and final states with energies Eg, Em,
and E f , respectively. The m sum runs over all 2p-3d excited
states, and �m are their lifetime widths. Here, we take �

as a state-independent parameter and set it to 1 eV in all
calculations. D denotes electron-photon interaction, which we
describe in electric dipole approximation and length form,
i.e., D = e · r, where e is the light polarization vector. VA de-
notes the Coulomb interaction responsible for autoionization
decay.

The calculation is carried out in two steps. First, the
resonant transition matrix elements are computed for a sin-
gle Ni atom using multiplet theory [27,28], and second, the
various waves of the emitted electron are taken as source
waves in a finite-cluster multiple scattering calculation. In
the atomic calculation, we consider the electronic configura-
tions (2p63d9) for ground states, (2p53d10) for intermediate
states, and (2p63d8εl1) for final states. Here, εl denotes a
high-energy (ε) continuum orbital of angular momentum l ,
describing the photoelectron wave. By energy conservation
we have ε = h̄ω + Eg − EN−1

f , where EN−1
f is the energy of

one of the (2p63d8) multiplet states. For the multiplet cal-
culation, we use the parameter values given by Tanaka and
Jo [21] which were obtained with single-atom Hartree-Fock
calculations. However, the 3d spin-orbit coupling is set to zero
in order to obtain a realistic ground state of metallic Ni with

FIG. 1. Cluster model used in the calculation for the Ni(111)
surface. Atoms located near the central axis below the red circle
are taken as electron emitters. As in the experiment in Ref. [16],
light incidence and electron emission directions are fixed at a relative
angle of 55◦ while the sample is rotated.

a small orbital moment. This atomic ground state is fivefold
degenerate, with the down-spin hole occupying any one of the
3d orbitals. Final states are taken as the product of a (3d8)
multiplet state and a photoelectron wave.

In the atomic calculation, we first consider a basis final
state | f (lms)〉 which is the product state between an N − 1
electron eigenstate of the photoionized atom [i.e., one of
the 45 (3d8) eigenstates in the present case] and a photo-
electron orbital φlms(r), i.e., a spherical wave with angular
momenta lm, spin s, and energy ε = h̄ω + Eg − EN−1

f . For the
L2,3M4,5M4,5 Auger decay, possible emitted electron angular
momenta are l = 1, 3, 5. The resonant amplitudes for these
states are computed using Eq. (2) and are denoted by Tf (lms),g.
The resonantly emitted photoelectron waves from a single
atom are then given by

φ f g(r) =
∑

lms

Tf (lms),gφlms(r). (3)

The waves φ f g(r) are taken, one at a time, as the source
wave in a PED calculation carried out with the multiple scat-
tering code EDAC [29]. Here, we used the single scattering
approximation, which leads to good results for x-ray PED
at kinetic energies above 500 eV [30]. For lower energies,
multiple scattering effects can be important, especially for
polarization-dependent angle-resolved photoemission spec-
troscopy (including CD) [31,32]. As a test, we computed the
CD patterns of selected final states with multiple scattering
theory up to fifth order (not shown) and found only small
differences compared to the single scattering result.

Figure 1 shows the cluster model used for the PED cal-
culation. It is a hemispherical cluster with a radius of 10
Å containing 321 Ni atoms. For each atomic layer, emitter
atoms were chosen near the central axis, and the contributions
of each layer were summed. Damping of the photoelectron
wave was taken into account with an inelastic mean free path
of 1 nm. In the scattering calculation, the atomic potentials
(except for the emitter atom) were not considered to be spin
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FIG. 2. RPE spectrum at the Ni L2-edge resonance for a Ni atom
with the (3d9) ground state calculated with atomic multiplet theory.
The total RPE intensity (thick red lines) and the contribution of
the direct photoemission process (thin blue lines) are shown as line
spectra and Gaussian broadened spectra with a FWHM of 2 eV.

polarized for simplicity. We have checked that the spin polar-
ization of the scattering Ni atoms has a negligible effect on
the results. In the calculation, the experimental geometry and
the way the sample is rotated are exactly the same as in the
experiment by Morscher et al. [16]. Also, as in the experiment,
a magnetic field of 2 T was applied along the [110] direction
of the Ni(111) surface, leading to full spin polarization of the
(3d9) ground state of the emitter atom along the magnetization
axis.

III. RESULTS AND DISCUSSION

Figure 2 shows the energy distribution curve of the RPE in-
tensity at the Ni L2-edge resonance (photon energy of 868 eV)
as obtained with the atomic multiplet calculation. The con-
tribution of the direct photoemission process [first term on
the right-hand side of Eq. (2)] is also shown. The spectrum
corresponds to a spherical average over emission angles and
light polarizations. From the line spectrum in Fig. 2 one can
clearly see the five multiplet levels of the (3d8) final state
configuration. The energy splittings and relative intensities of
the five multiplets (1S, 1G, 3P, 1D, 3F ) in Fig. 2 are typical for
the LMM Auger decay of nickel [33]. To account for the final
state lifetime and band width in Ni metal, the line spectrum
has been broadened with a Gaussian with a FWHM of 2 eV
(red line). The broadened spectrum agrees well with the avail-
able experimental data [33], demonstrating the validity of the
present multiplet model.

Figure 3 shows PED patterns at the Ni L2-edge resonance,
computed with the cluster model, along with experimental
data taken from Ref. [16]. Here, a “pattern” is a stereo-
graphic projection of the intensity distribution as a function
of emission angle. In Fig. 3, the intensities of all (3d8) fi-
nal states are summed, corresponding to the photoemission
intensity integrated over the whole valence band (or the
whole L2MM peak). The maximum polar angle is θ = 70◦.

FIG. 3. Diffraction patterns and corresponding circular dichro-
ism (CD) for RPE from Ni(111) at the Ni L2 edge. The patterns
are stereographic projections in the polar angle range θ < 70◦. The
magnetization axis is taken as [110] and corresponds to the horizontal
(x) axis of the plots. (a) Experimental diffraction pattern obtained
with circularly polarized light (positive helicity). (b) Corresponding
calculated pattern. (c) Angular plot of the function L · m, i.e., the
empirical model for CD used in [16]. (d) Experimental CD pat-
tern (asymmetry function). Two of the three first-nearest-neighbor
focusing peaks are surrounded by dashed ellipses. The observed
CD sign change at these peaks is typical for the Daimon effect.
(e) Corresponding calculated CD pattern. (f) Theoretical CD pattern
for a nonmagnetic ground state. In (d)–(f) the maximum anisotropy
(corresponding to red and blue colors) is indicated below the plot.
The experimental patterns in (a) and (d) are taken from Ref. [16] and
have been rotated to match our reference frame.

The experimental resonant PED pattern [16] obtained with
circular polarization (positive helicity) is shown in Fig. 3(a),
and the corresponding calculation is given in Fig. 3(b). The
peak positions agree very well, while the agreement of the
peak intensities is fair. The three brightest spots in Fig. 3(b)
are forward focusing peaks corresponding to the fcc nearest-
neighbor directions along [110] and equivalent axes. The PED
patterns in Figs. 3(a) and 3(b) show approximately threefold
symmetry. The fcc(111) surface has C3v symmetry, but due
to in-plane magnetization and to circular polarization and the
oblique incidence of the light, the patterns do not have exact
C3v symmetry.

Following Ref. [16] we represent the CD by using the
asymmetry function

A = I+ − I−
I+ + I−

. (4)

Here, Iσ is the photoemission intensity for circularly polarized
light with helicity σ h̄, σ = ±1. In Eq. (4) the CD is normal-
ized by the total emission intensity such that the fast intensity
variation due to the PED effect is removed.

The experimental and calculated CD patterns are shown in
Figs. 3(d) and 3(e), respectively. The overall sign (red-blue)
distribution agrees very well, and much of the fast intensity
modulation is also similar between theory and experiment.
In particular, the CD signal varies very fast as a function of
azimuthal angle around forward scattering peaks. This is most
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FIG. 4. Theoretical CD patterns of L2-edge RPE from Ni(111) in RPE for each (d8) final state term. Top row: atomic model; bottom row:
cluster model. The binding energy of the five multiplet terms decreases from left to right; see Fig. 2 for the exact energy positions. The pattern
“total” corresponds to the energy integrated photoemission intensity. The maximum anisotropy values [Eq. (4)] are indicated in percent under
each pattern. The full hemisphere, θ < 90◦, is shown.

clearly seen at the first-nearest-neighbor focusing peaks, two
of which are highlighted by dashed ellipses in Figs. 3(d) and
3(e). This feature is well reproduced in the calculation. The
CD sign change is indicative of the Daimon effect, which
is well known for core-level PED [17]. The maximum CD
anisotropy is much larger in theory (40%) than in experiment
(7%), and the calculation does not reproduce all the fine
structure of the experimental pattern. This is partly because
in the experiment [16], the sample was magnetized only to
about 40%. Other sources of disagreement may include noise
in the data and various approximations used in the theory.
The CD patterns in Figs. 3(c) and 3(d) are dominated by
a slowing varying distribution which has an approximately
cylindrical symmetry around the in-plane magnetization axis
[110] (horizontal in the stereographic plot). In Ref. [16], the
magnetic CD was modeled by the function �IMD ∝ Lph · m,
which is the angular dependence of x-ray magnetic CD in
absorption. Here, Lph is the light helicity vector, and m is
the sample magnetization. The function �IMD is plotted in
Fig. 3(c). It is seen that this simple expression captures well
the slowly varying part of the CD patterns in Figs. 3(d)
and 3(e).

In order to understand the effect of magnetism on the CD
pattern, we repeated the cluster calculation with zero magnetic
field, i.e., with a Ni emitter in a nonmagnetic ground state. The
result is shown in Fig. 3(f). Clearly, the slowly varying contri-
bution to the CD is absent, proving that this part of the CD is
indeed of magnetic origin. It follows that CD in resonant PED
can be used to probe magnetism, as proposed in Ref. [16].
The CD pattern of the nonmagnetic surface [Fig. 3(f)] dis-
plays a C3 symmetry, which reflects the C3v symmetry of the
fcc(111) surface, while the mirror plane is absent because of
the circular polarization of the light. The patterns of the mag-
netic surface [Figs. 3(b) and 3(e)] have no (exact) symmetry
because the magnetization axis in the surface plane breaks
the threefold symmetry. The CD map of the nonmagnetic
surface [Fig. 3(f)] has a complex structure in which the largest
dichroism is seen around forward focused peaks where the CD
changes sign when the peak is crossed in an azimuthal scan.
This is a clear indication of the Daimon effect, which was

recently observed in resonant Auger diffraction from Ni and
Cu surfaces [33–35].

The CD patterns in Figs. 3(e) and 3(f) were calculated
with the full cluster model, including the atomic resonant
process and the diffraction of the emitted photoelectron. In
order to better understand the origin of the dichroism, we also
computed CD patterns from the atomic multiplet model alone,
neglecting photoelectron scattering. Moreover, we analyzed
the energy dependence of the CD by calculating the CD pat-
terns for the five different binding energies corresponding to
the multiplet terms of the (3d8) final state.

The results are shown in Fig. 4 for both the atomic mul-
tiplet model (top row) and the cluster calculation (bottom
row). In the atomic calculation, the maximum CD (anisotropy
value) varies considerably between five (d8) multiplets. The
angular distribution, however, is almost independent of the
final state. Then it must be determined by the initial and inter-
mediate states, i.e., the states involved in the x-ray absorption
process. This may explain why the angular dependence of
XMCD [Lph · m; Fig. 3(c)] also fits well the magnetic CD
in RPE [Figs. 3(d) and 3(e)]. Turning now to the cluster
calculations (bottom row in Fig. 4), it is seen that the patterns
differ considerably between different multiplet terms in terms
of both maximum asymmetry and angular distribution. Com-
paring the atomic and cluster patterns immediately shows that
the fine structure in the cluster pattern is due to photoelectron
scattering, as anticipated by the Daimon effect. Since the
atomic photoelectron wave φ(r) in Eq. (3) has a different
angular momentum decomposition for each (d8) multiplet, it
is not surprising that the CD pattern changes from one term to
the other.

In order to assess the relative role played in the CD for-
mation by the direct photoemission process and the resonant
process, we calculated them separately by setting either the di-
rect amplitude [first term on the right-hand side of Eq. (2)] or
the resonant amplitude (second term) to zero. The CD patterns
in Fig. 5 correspond to a single-atom calculation with only the
resonant process (top row) and a cluster calculation with only
the resonant process (middle row) or with only the direct pro-
cess (bottom row). The single-atom calculation with only the
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FIG. 5. CD patterns of L2-edge RPE decomposed into resonant and direct process, i.e., computed with only the first or only the second
term on the right-hand side of Eq. (2). Top row: resonant process in only the atomic model. Middle row: resonant process in only the cluster
model. Bottom row: direct process in only the cluster model.

direct process is not shown because the CD is exactly zero in
the present model, where the weak Ni 3d spin-orbit coupling
has been neglected. There is only a little change among the
rows in Fig. 5, which means that both for the L2-edge resonant
process alone and for the direct process alone, the final state
dependence of the CD pattern is very weak. Therefore, the
substantial final state dependence of the CD pattern which is
observed in the full calculation (Fig. 4, bottom row) is due
to the interplay between the resonant and direct channels. As
seen in Fig. 2, the intensity ratio between direct and resonant
channel changes a great deal between the different final state
multiplets. When the resonant enhancement is strong (e.g.,
for the 1G state) the resonant channel dominates the full CD
pattern, but when the resonant effect is very weak such as
for the 1P state, the direct process dominates. The results
in Figs. 4 and 5 thus clearly show that both the direct and
resonant emission processes contribute to the Daimon effect
but their relative importance strongly depends on the final
state multiplet. This is in line with the observation by Matsui
et al. [33] that in Ni L3M4,5M4,5 and Ni L3M2,3M4,5 resonant
Auger emission from nonmagnetized nickel, the intensity of
the Daimon effect strongly depends on the binding energy.

It is interesting to note that the atomic CD patterns (top row
of Fig. 4) are virtually independent of the final state and agree
almost perfectly with the XMCD expression Lph · m plotted
in Fig. 3(c). We note that this is a special feature of the Ni L2-
edge resonance. It does not hold in general, as will be shown
below in the case of the Ni L3 edge.

In order to examine the effect of electron scattering, we
compute the CD from the RPE intensity difference between
the cluster and the single atom. The patterns are shown in the
top row of Fig. 6 for the five final state multiplets and for
the total L2-edge peak. It is seen that the smoothly varying
part of the CD is gone and only the fast angular modulations,
which can be attributed to the Daimon effect, remain. For
comparison the bottom row of Fig. 6 shows the theoretical

CD patterns of the nonmagnetic surface (without any subtrac-
tion). The patterns in the top and bottom rows of Fig. 6 are
very similar, indeed almost identical, except for 1D, whose
nonmagnetic CD is extremely weak. This shows that there are
two very different origins for CD in resonant PED. First, there
is magnetic CD, which is a direct consequence of XMCD
since resonant Auger emission includes x-ray absorption as
the excitation process. Second, there is CD due to Auger and
photoelectron scattering, i.e., the Daimon effect [17,35]. The
analysis in Figs. 4 and 5 shows that these two phenomena are
largely independent in the case of Ni L2-edge resonant PED.
This is rather intuitive since XMCD involves only the initial
and intermediate states and is essentially an intra-atomic ef-
fect, while the Daimon effect is genuinely extra-atomic and
involves only the final state.

We now turn to the Ni L3-edge resonance (photon energy
850 eV). The CD patterns of the atomic and cluster calculation
are shown in Fig. 7. The atomic pattern from the integrated
photoemission peak (top row, total column) has the opposite
sign with respect to the L2 resonance in Fig. 5. This is ex-
pected from the fact that the XMCD signal generally changes
sign when going from the L2 to the L3 edge as a consequence
of the opposite spin-orbit couplings of the 2p1/2 and 2p3/2

states. Further, in contrast to the L2 edge, the atomic CD pat-
terns of the L3-edge resonance change considerably between
the different final state multiplets. While the topology of the
patterns is the same, the position of the circular nodal lines
(zero CD, white) varies enormously from θ ∼ 90◦ for 1S to
θ ∼ 10◦ for 3F . Similar differences are also seen in the CD
patterns of the cluster calculation (Fig. 7, bottom row). In light
of these results, the absence of any final state dependence of
the atomic CD in the at the Ni L2-edge resonance must be seen
as a special case rather than a general rule.

Finally, we discuss the validity of the empirical model
�IMD ∼ Lph · m introduced in Ref. [16]. We note that this
expression correctly describes the angular dependence of
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FIG. 6. CD patterns of L2-edge RPE: scattering contribution vs nonmagnetic signal. Top row: extra-atomic contribution to CD patterns of
the magnetized Ni(111) surface. Before calculating the anisotropy, the single-atom emission intensity was subtracted from the cluster intensity.
Bottom row: CD patterns of the nonmagnetized Ni(111) surface (cluster calculation without any subtraction).

XMCD, but for resonant Auger emission, it is an approxi-
mation, even for the free atom. The experiments in Ref. [16]
and the present calculations indicate that the empirical model
is a very good approximation for the magnetic contribution
to the CD at the Ni L2 resonance. At the L3 edge, however,
the model is much less reliable. While it roughly fits the
peak integrated atomic CD (Fig. 7, total column), it fails
to account for the strong final state dependence of the CD
pattern.

Nonetheless, all atomic CD patterns at the L2 and L3 reso-
nances (Figs. 6 and 7) have the same topology as the empirical
model, with two nodal lines, one vertical straight line, and
one circle. The occurrence of these shapes can be understood
from symmetry alone. In the model, the nodal lines are deter-
mined by the condition Lph · m = 0. As m defines the x axis,
Lph must lie in the xz plane. In the experimental geometry
of Ref. [16], where Lph and the electron emission vector k
make a fixed angle of 55◦ (Fig. 1), this implies a relation
[ f (θ, φ) = 0] between angles θ and φ of k. The angles that
satisfy this relation appear as two lines on the stereographic
projection, namely, a vertical line through the center and a
circle at θ = 55◦ [16]. For the vertical line, the emission
direction k is perpendicular to the magnetization axis m, i.e.,

k · m = 0, but this does not hold for the circle, where k and
m have no special relation.

In the following, we consider a single Ni atom since we
have seen that this is sufficient to describe the magnetic CD.
What is the effect of helicity reversal Lph → −Lph for the
points with Lph · m = 0? To understand this, we apply a mir-
ror operation x → −x to the system. This operation leaves
the atomic ground state invariant since the magnetization m
is an axial vector. Therefore, the photoemission intensity of
the mirrored system is the same as that of the original system.
Under the mirror operation the helicity (axial vector Lph in the
mirror plane) is reversed, while the emission vector k becomes
k′ = (−kx, ky, kz ). This means that in the case with m ∼ x,
Lph · m = 0, we have I+(kx, ky, kz ) = I−(−kx, ky, kz ), where
I± is the photoemission intensity for positive and negative he-
licity. The immediate consequence is that I+ = I− for kx = 0,
which proves that the CD must vanish along the vertical line
(kx = 0), as was observed experimentally and theoretically
in all cases. For the other points where Lph · m = 0 (circle)
we have kx 	= 0, and so we cannot conclude from the above
symmetry argument that the CD must vanish. The calculations
show that the CD does vanish on a circle around the center, but
the radius of this circle depends on the core edge (L2 or L3)

FIG. 7. Calculated CD patterns of RPE at the L3 edge. Top row: atomic model. Bottom row: cluster model.
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and on the final state multiplet. It is not simply determined by
the condition Lph · m = 0.

In conclusion of this section, the XMCD angular depen-
dence IMD ∼ Lph · m determines the topology of the atomic
CD in Ni L-edge RPE, and it correctly predicts that the
CD vanishes along the vertical line, where both k and Lph

are perpendicular to the magnetization axis. It also describes
surprisingly well the angular dependence of the atomic CD
in RPE at the Ni L2 edge but fails to do so at the L3 edge.
This means that in general, the magnetic CD in RPE cannot
be reduced to that of XMCD and the final state dependence
cannot be neglected, even for a free atom. The magnetic CD
needs to be calculated by explicitly taking into account the
Auger decay process, which can conveniently be done using
the present theory.

IV. CONCLUSIONS

In summary, we have presented a theory for angle-resolved
RPE and its CD by combining atomic multiplet theory and
single scattering calculations. The method was applied to the
Ni L2,3-edge resonances at the Ni(111) surface, and good
agreement with available experimental data was obtained.
The CD patterns contain a slowly varying signal of magnetic
origin and fast angular modulations due to the interference of
primary and scattered waves. Our results indicate that these

two parts of the CD signal are essentially independent, which
makes it easy to separate the magnetic information from the
structural information contained in the data. The CD pat-
tern due to the photoelectron scattering (Daimon effect) has
a complex dependence on the final state energy, suggesting
that the angular momentum transfer from the photon to the
photoelectron is strongly influenced by multiplet effects. At
the Ni L2 edge, the angular dependence of the magnetic CD
is independent of the final state and well accounted for by a
simple expression valid for XMCD. At the L3 edge, however,
the magnetic CD pattern strongly depends on the final state
energy, and the angular dependence cannot be reduced to
that of XMCD. The present work provides a framework for
the quantitative analysis of angle-resolved resonant photoe-
mission and its circular dichroism. Since this spectroscopic
technique combines chemical, structural, and magnetic infor-
mation in a unique way, its theoretical understanding will
create interesting possibilities for atomically resolved charac-
terization of magnetic species at surfaces and interfaces.
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