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a b s t r a c t

We theoretically study possible methods how to obtain imaging of magnetic atoms by use of photoelec-
tron diffraction (PD). We propose a novel method to apply Daimon effect where PD peaks are rotated
around forward focusing peaks. In usual circular dichroism, we simply use the difference of the PD inten-
sities for different X-ray circular polarization. In contrast to this dichroism, we rather use the difference of
the PD intensities for different circular polarizations but �/ is used for the – circular polarization only in
the data handling. This technique allows us to obtain clear atomic image only of spin polarized atoms,
and to distinguish magnetic atoms with up-spins from those with down spins. Some illustrative calcula-
tions demonstrate the potential use and also the limitation of this technique.

� 2008 Elsevier B.V. All rights reserved.

1. Introduction

Photoelectron diffraction (PD) from a deep core level of surface
atom is useful to study local geometric structures of solid surfaces
[1]. For those purposes PD spectra excited by linearly polarized and
unpolarized X-ray photons have been used by many authors. Later
Bansmann et al. have observed circular dichroism in angular distri-
bution (CDAD) of photoelectrons excited from spherically symmet-
ric initial states of nonmagnetic species such as CO/Pd(111) [2].
Daimon et al. have also observed strong CDAD excited from Si 2p
core level on Si(001) surface, although this system is not chiral
[3]. They proposed an interesting formula for the azimuthal shift
D/ from the forward focusing peak. In order to study these effects
some theoretical approaches have successfully been proposed [4–
7] based on short-range-order multiple scattering theory. By using
CDAD effects, Daimon has proposed a new technique to observe
stereo photographs of surface atomic arrangements [8–10].

The study of magnetic phenomena at solid surface has been
greatly stimulated by the availability of several techniques which
are capable to probe the first layer of a sample. Among them spin
polarized low energy diffraction (SPLEED) [11] and spin polarized
photoemission (SPPES) [11,12] are useful to study long-range mag-
netic order of surface layers. In contrast to these methods some
useful methods using the PD techniques have been developed.
For example the exchange coupling occurring in the final state
after Mn 3s emission from Mn2+ in KMnF3 splits apart the spin-
up and spin-down photoelectron peaks in energy, so that a simple
measurement of the spectrum yields peaks with different spin

character, S� 1=2. There two peaks might then be expected to ex-
hibit different spin-dependent scattering in a magnetically ordered
environment [13,14]. This technique had been termed spin-polar-
ized photoelectron diffraction (SPPD), and had been applied to
other systems as MnO [15]. Timmermans et al. theoretically point
out that spin–orbit correlations in the photolectron initial state are
responsible for holographic spin-dependent contributions to the
hologram intensity [16].

So far SPPD theory has been developed on the basis of one-elec-
tron nonrelativistic theory [13,17]. Further refinement has been
found to include relativistic effects [18,19], and furthermore
many-body effects based on the quantum electrodynamics (QED)
[20,21]. We, however, use rather simple one-electron relativistic
theory to provide simple physical interpretation.

In this paper we theoretically study a possible way to visualize
magnetic atoms by use of circularly polarized light and excited
photoelectrons from nonmagnetic atoms. This technique can dis-
tinguish magnetic atoms with up-spin polarization from those
with down-spin polarization where the quantum axis is parallel
to the X-ray incidence. We use the modified circular dichroism in-
stead of the conventional circular dichroism: We use the difference
of the PD intensities for the different X-ray circular polarization but
�/ is used for the – circular polarization only in the data handling.
So far no experimental and no theoretical approach has been found
for that purpose.

2. Theory

Photoemission intensity measuring photoelectrons with
momentum k, spin r is given for the � X-ray circular polarization
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where Zlc
1 ðk;rÞ� is the direct term which suffers no elastic scatter-

ings from surrounding atoms, Zlc
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gle,double, . . . scattering amplitudes excited from a core function
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jl is the Pauli spinor) [4]. The formula (2.1)
can be derived in semirelativistic theoretical framework, where
2p core is split into 2p1=2 and 2p3=2 subshells. We apply the formula
(2.1) to the photoemission from nonmagnetic atoms like Cu to get
rid of multiplet splittings like Mn 3s photoemission from MnO crys-
tals [15]. In this case effective one-electron formula (2.1) is a good
approximate theoretical tool to analyze the SPPD pattern. For the la-
ter discussion we only show explicit formulas excited from a deep
core 2p3=2 orbital ðjc ¼ 3=2Þ,
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Ra
f r
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The Gaunt integral GðLc1� 1jLÞ ¼
R

Y�Lðr̂ÞY1�1ðr̂ÞYLc ðr̂Þdr̂ re-
stricts l ¼ lc � 1; m ¼ mc � 1. The scattering angle ĥa is given by
cos ĥa ¼ R̂a � k̂, and cos hbaA ¼ R̂ba � R̂a, ðRba ¼ Rb � RaÞ. The spin-
dependent scattering amplitude f r

a ðĥaÞ at the site a, f r
b ðhbaÞ at the

site b are key factors to give rise to imaging of magnetic atoms.
They have a sharp peak in the forward direction, which is respon-
sible for the forward focussing peak.

In the lowest approximation where the elastic scatterings from
surrounding atoms are completely neglected, the photoemission
intensity is simply given by

I3=2
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which are spin independent for nonmagnetic X-ray absorbing
atoms: dAþ

l ¼ dA�
l . On the other hand when we take the scattering ef-

fects into account, the phase difference of Yl;mc�1ðR̂aÞ in
Zlc

2 ðk; rÞ�; Z
lc
3 ðk; rÞ�; . . . can give rise to the CDAD and also the peak

rotation (Daimon effects) [3].
In the present calculations we use spin-dependent local optical

potential developed by von Barth and Hedin [22]. More sophisti-
cated optical potential are also available in literatures [23,24].

3. Photoelectron diffraction pattern and circular dichroism

As described before, strong forward focusing peaks are expected
along the direction from the emitter to the scatterers. At first let us
consider simple diatomic systems, Gd–Cu and Cu–Cu as shown in
Fig. 1, where circular polarized X-ray photons propagate parallel
to z-axis. We consider photoemission from Cu 2p3=2 level with ki-
netic energy 100 eV ð�k ¼ 100 eVÞ: The scatterer Cu or Gd is in the
xz-plane ðha ¼ 45�;/a ¼ 0�Þ. We assume that Cu atoms are non-

magnetic whereas Gd have 7 up-spins parallel to z-axis. Fig. 2a
shows the calculated XPD patterns I�ð/Þ for ± circular polarization
fixed at h ¼ ha ¼ 45� for the Cu–Cu diatomic system where we as-
sume that Cu–Cu distance is 2.56 Å. As expected the Daimon effect
is clearly observed; the focusing peak around / ¼ 0� is rotated with
7�. We thus observe the spot at different position for different cir-
cular polarization. We also observe slowly oscillating tail due to
the phase factor exp½ikRað1� cos ĥaÞ� in Eq. (2.3). Fig. 2b shows

Fig. 1. Diatomic model where circularly polarized X-ray photons propagate in the
z-direction. The scattering atom a is in the xz-plane with ha ¼ 45� , /a ¼ 0� .
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Fig. 2. Calculated XPD patterns for the photoemission from Cu 2p3=2 level with
kinetic energy 100 eV ð�k ¼ 100 eVÞ fixed at h ¼ ha ¼ 45� . The scatterer is a
nonmagnetic atom (Cu). In (a) I�ð/Þ, and in (b) Iþð/Þ and I�ð�/Þ are shown. We
observe that Iþð/Þ � I�ð�/Þ ¼ 0.
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