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Abstract. Magnetic dichroism has been observed in the angular distribution of Fe 2p photoemission spectra
from Fe(110) surface by unpolarized Al Kα X-rays. The dichroism asymmetry varies strongly around low-
index forward-scattering direction in the Fe thin film. Photoelectron diffraction theory provides explanation
for these unpolarized dichroism effects, which should also be generally useful in surface magnetism studies.

PACS. 75.70.-i Magnetic properties of thin films, surfaces, and interfaces – 61.14.Qp X-ray photoelectron
diffraction

1 Introduction

Magnetic dichroism in core-level photoemission from
solids represents a promising new element-specific probe
to investigate the magnetic structure of surfaces and in-
terfaces. One way to measure such effects is to use pho-
toelectrons excited by circularly polarized light, for which
even the spin-integrated intensity depends on the rela-
tive orientation of the photon helicity (left or right cir-
cularly polarized) and the sample magnetization (X-ray
magnetic circular dichroism in photoemission, XMCD in
PE). Purely atomic models have been successfully applied
to explain many aspects of such data [1–3]. Another ex-
ample of dichroism experiment is using the p-type lin-
early polarized light with an electric-field component per-
pendicular to the surface (X-ray magnetic linear dichro-
ism, XMLD) [4]. Intensive experimental and theoretical
investigations of XMLD and diffraction effects in it were
carried out on Fe(100) surface as well as on Co/Fe(100)
interface in the recent works [5–8]. It has been previ-
ously shown that magnetic dichroism from core levels can
be also observed with unpolarized light [9–13]. The fact
that the photoelectron intensity with unpolarized radia-
tion (Iunp) can be simply related to those with both s
and p linear, and right and left circular polarization via
Iunp = Is + Ip = IRCP + ILCP also makes clear the
close connection among them. Thus off-normal unpolar-
ized light contains the p component producing XMLD,
and X-ray magnetic dichroism with unpolarized radia-
tion (XMUD) can be viewed as a special manifestation
of XMLD.

XMCD in PE was immediately explained in terms
of the selection rules for dipole-allowed transitions from
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initial states that are split by both spin-orbit and ex-
change effects, with the latter being directly related to
the magnetization of the sample [14,15]. The potential
importance of photoelectron diffraction effects in the final
states of the excitation have also been pointed out and
such effects have been shown to play a role in XMLD and
XMUD [10,11,16]. However, a complete understanding of
XMLD and XMUD including both initial-state and final-
state effects is yet to be obtained. In the present investi-
gation, we explore magnetic dichroism occurring with un-
polarized light in different experimental geometry for the
Fe(110) surface, and compare present results with other
measurements on another crystallographic planes of iron.
We find that a model including both initial- and final-state
effects is essential for interpretation.

2 Experimental details

The experimental geometry is shown schematically in Fig-
ure 1. Al Kα radiation impinges on the sample in the x−z
plane at an angle 60◦ with respect to the photoelectron
collection direction. The sample magnetization is switched
by magnetic field of about 500Oe between the +y and −y
directions to obtain the dichroism. The sample can be ro-
tated about the y axis to vary the angle α, which equals
to zero for the emission normal to the surface. In this
case only emission direction with respect to the crystal
lattice was varied, while keeping the geometrical condi-
tions between M (magnetization), k (photoelectron wave
vector), and E (electric field vector) constant. We used a
standard X-ray source emitting unpolarized Al Kα radia-
tion and CLAM energy analyzer accepting electrons over
a cone with about a 5◦ full acceptance angle. The overall
energy resolution was 0.9 eV as obtained from the width of
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Fig. 1. The photoemission geometry of the dichroism experi-
ment on Fe(110) surface.

the Ag Fermi edge. The samples were 30 Å thick epitaxial
Fe(110) films grown in situ on W(110) substrate in UHV
conditions with an in-plane easy magnetization direction
(y = 〈11̄0〉) coinciding with the axis of rotation. The clean-
liness and crystallographic order of the substrate and the
Fe films were checked by XPS and low energy electron
diffraction (LEED).

3 Results and discussion

Figures 2a and 2b show the crystallographic structure of
the Fe(110) surface from the top and side view, respec-
tively. The black rectangular means the unit cell of the
Fe(110) surface with crystallographic parameters of 2.87 Å
along 〈001〉 direction and 4.05 Å along 〈11̄0〉 direction. The
corresponding LEED patterns obtained at energy of pri-
mary electron beam of 110 eV are presented as an inset in
Figure 2a.

Figure 3 shows (a) Fe 2p as well as 3p XPS spectra at
normal emission and (b) intensity variation of the 2p3/2,
2p1/2 and 3p photoelectron peaks in dependence on emis-
sion angle α. The intensity variation curves displays the
photoelectron diffraction peaks occurring at emission an-
gles of α = 0◦, 16.5◦, and 33◦ that are due to the strong
forward scattering along the 〈110〉, 〈221〉, and 〈111〉 direc-
tions, and which should ideally occur at α = 0◦, 19.4◦, and
35.3◦. These directions are shown in Figure 2b by black
arrows.

The XPS spectra of the Fe(110) films recorded for
opposite magnetization directions reveal a small but dis-
tinct difference in both peak intensity and energy position
(not shown here). The apparent shift between M = ↑ and
M = ↓ spectrum is of opposite sign for the 2p3/2 and 2p1/2

lines. This gives rise to the characteristic dichroic signal
which is presented in Figure 4a, with a plus/minus feature
at 2p3/2 and a minus/plus feature at 2p1/2. We refer to the
dichroic signal as an intensity asymmetry A(E), i.e., the
difference of the intensity spectra taken at opposite mag-
netization directions divided by their sum. The shape of
the asymmetry spectrum resembles closely those observed
earlier for the Fe(100) surface [10,11,17]. Figure 4b shows

(a) Top view
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Fig. 2. Crystallographic structure of the (110) surface of iron:
(a) top view, (b) side view. Inset of (a) shows correspond-
ing LEED pattern of Fe(110) surface obtained at an energy of
110 eV of primary electron beam.

the gray-scale contour map of the angular resolved XMUD
asymmetry in the region of Fe 2p3/2 photoemission peak.
The line profile around α = 0◦ and kinetic energy of about
782.5 eV shown as an inset in Figure 4a. The maximum of
the dichroism asymmetry occurs at an emission angles of
α = −10◦, +1◦, and +11◦ and the minimum at α = −5◦
and +7◦.

In works [10,11] the magnetic dichroism has been mea-
sured in angle-resolved core-level photoemission from the
Fe 2p and 3p levels from Fe(100) epitaxial films. The in-
tensity of peaks also shown diffraction patterns that are
dominated by forward scattering along low-index crystal-
lographic directions. As it was observed, the dichroism
signal along these emission angles was very small and ex-
hibited sign changes around each of them as α was varied.
This effect leads in works [10,11] to a characteristic “chess-
board” patterns that are nearly centered in (α, Ekin) along
the forward scattering peaks. In the present work this ef-
fect is absent and dichroism asymmetry is always posi-
tive at kinetic energy of 782.5 eV. But intensity of the
dichroic signal strongly depends on the emission angle
with respect to low-index directions in the crystal lat-
tice. This fact immediately indicate that photoelectron
diffraction is a primary factor which influences on the
dichroic asymmetry signal since the relations between M,
k, and E which in a single-atom picture [18] exclusively
determine the dichroism are not affected by the rotation
in the present experiment. The simple and heuristic model
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Fig. 3. (a) Fe 2p and 3p photoemission spectra for 30 Åthick
epitaxial Fe film on W(110) substrate (emission angle α = 0◦).
(b) Intensity variation of the 2p3/2, 2p1/2 and 3p photoemission
peaks in dependence on emission angle α.

of the diffraction effect in dichroism is following. The left-
right asymmetric dichroism pattern was shown to arise
because the intensity differences of the ±mj pairs (whose
energy positions are simply interchanged by switching the
magnetization direction) and given by the following for-
mula [10,11]:

I(
3
2
, mj) − I(

3
2
,−mj) ∝ (|f(α)| /R) sin[δ(α)]

× (1 − cos 2α − 3 sin 2α), (1)

where α is the emission angle with respect to the emitter-
scatterer bond axis, |f(α)| is the magnitude of the scatter-
ing factor, R is the distance between emitter and scatterer,
and δ(α) is the total phase difference between direct and
scattered waves due to both scattering and path length
difference. This formula was applied to the diatomic case
of a single emitter and a single scatterer in work [10] for the
case of Fe(100) surface, and it makes it clear that a left-
right asymmetry due to electron scattering and diffrac-
tion will arise as α passes from the negative α to the
positive ones around emitter-scatterer direction (α = 0◦).
This qualitative explanation together with more detailed
theory were successfully applied to explain diffraction ef-
fect in dichroism on the Fe(100) surface [10,11].

Fig. 4. (a) Dichroic intensity asymmetry A(E) measured at
emission angle α = 0◦. (b) Gray-scale contour map of the an-
gular resolved XMUD asymmetry [line profile around α = 0◦

and kinetic energy of 782.5 eV shown as inset in (a)].

It is clear from (1) that in free atom-like case at small
α around forward scattering at 0◦ the dichroism asym-
metry is proportional to α, i.e. antisymmetric and it has
to change a sign. In our case of Fe(110) thin film the
dichroism assembly also shows the antisymmetric behav-
ior but always positive. This is surely a deviation from the
atomic description of the dichroism. This deviation from
the atomic description and from the results of previous
works must be attributed to the crystallinity of the sam-
ple, which is not included in atomic models as well as to
the lower symmetry of of the bcc Fe(110) surface compare
to the bcc Fe(100) [10,11] and fcc Co(100) [19] surfaces.
Besides, the crystallinity of the sample may manifest itself
also in effects not related to photoelectron scattering. The
atomic model is valid only for an isolated atom that is
polarized along M, but has an otherwise spherically sym-
metric electronic configuration. This is surely not a valid
description for atoms in solid. There the atoms and their
electronic orbitals are kept fixed in space. In addition, a di-
rectional redistribution of the electronic states compared
to free atoms due to the presence of neighboring atoms
may occur. In such a case the photoelectron will probe



318 The European Physical Journal B

a non-spherical potential, and as a consequence the out-
going electron wave (direct wave) could present a small
angular dependence [20].

4 Conclusion

In conclusion we reported an observation of angular-
resolved XMUD effect on the thin epitaxial Fe(110) films
grown on W(110) substrate, using unpolarized Al Kα ra-
diation. In the presented experimental geometry a strong
deviation from the angular behavior of the dichroic asym-
metry expected within an atomic description as well as
from the previous experimentally observed angular depen-
dence of the asymmetry on the Fe(100) and Co(100) sur-
faces is shown. That deviation is related to crystallinity
effects, which are found to be mainly governed by diffrac-
tion from forward scattering and lowest symmetry of the
Fe(110) surface compare to bcc and fcc (100) surface used
in previous experiments.
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Kirschner, Phys. Rev. B 54, R15618 (1996)

18. N.A. Cherepkov, V.V. Kuznetsov, V.A. Verbitskii, J.
Phys. B: At. Mol. Opt. Phys. 28, 1221 (1995)

19. X. Gao, M. Salvietti, W. Kuch, C.M. Schneider, J.
Kirschner, J. Electron Spectrosc. Relat. Phenom. 113, 137
(2001)

20. P. Rennert, Yu. Kucherenko, J. Electron Spectrosc. Relat.
Phenom. 76, 157 (1995)


