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Quantitative microscopy of magnetic domains in Fe(100) by core-level
x-ray photoelectron spectroscopy
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We present an experimental technique for imaging of magnetic domain patterns based on element-specific
core-level photoemission using polarized soft-x-ray radiation. It is applied to the measurement of domain
patterns at the Fe(100) surface and at the surface of polycrystalline Fe. Different from well established imaging
techniques that use a photoemission electron microscope to measure the secondary electron intensity at the Fe
absorption threshold, we have investigated the photoemission intensity contrast on the the Fe 2p;,, core level
using circularly polarized x-ray light. The linear and circular dichroism characteristics of the identical domain
pattern are extracted by linear combinations of the photoemission yield with left and right circular polarization.
For the measurement, a newly developed imaging x-ray photoelectron spectroscopy spectrometer
“NanoESCA” was used. The method allows, in principle, the determination of all three magnetization

components.
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I. INTRODUCTION

Imaging of magnetic domains is fundamental for the in-
crease of knowledge of micromagnetic phenomena.! Photo-
electron emission microscopy (PEEM) has been used for
many years for imaging magnetization structures” and is one
of the most promising methods for imaging magnetic do-
mains both at high lateral resolution and on a short time scale
due to the parallel imaging technique.®* The most widely
employed technique for obtaining magnetic contrast is the
x-ray magnetic circular dichroism (XMCD) in absorption.>~’
Electrons are excited from core levels into the unoccupied
spin-split valence states by circularly polarized x-ray
photons.? The initially excited electrons are converted into a
large number of secondary electrons that can be used for
PEEM imaging without energy filtering.”!° However, the ab-
sorption depends on the relative orientation of the polariza-
tion vector and the magnetization direction and therefore
only the magnetization component parallel to the polariza-
tion vector is determined.’

In our approach, we take advantage of a newly developed
apparatus that combines a PEEM with an electron energy
filter providing an energy resolution of 110 meV.?® The com-
bination of a high lateral resolution and an energy resolution
capable of electron spectroscopy for chemical analysis is un-
precedented. Apart from switching the light helicity, the use
of synchrotron radiation offers the advantage to select the
photon energy. In our case, the photon energy is chosen high
enough to create excitations into states about 100 eV above
Er and thus reduces the influence of asymmetries in the ex-
cited states around Er. The magnetic dichroism occurring in
direct photoemission from core or valence-band initial
states!!~13 is then used as a magnetic contrast mechanism for
imaging magnetic domains. In addition, directly emitted pho-
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toelectrons carry information on the chemical state of the
specified element.

Magnetic dichroism in photoemission depends on the
relative orientation of magnetization, the incident x-ray pho-
tons, and the direction of the emitted electrons. Depending
on the polarization of the incident photons, two types of
magnetic dichroism, i.e., magnetic circular (MCD)'*-18 and
magnetic linear (MLDAD) dichroism,'®-23 in the angular dis-
tribution of photoelectrons can be distinguished.!'~!3 A few
experiments have been carried out that use dichroism in
core-level photoemission as the contrast mechanism for im-
aging of magnetic domains.'326-27

In this work, we demonstrate the possibility to study mag-
netization structures by only considering core-level x-ray
photoelectron spectroscopy (XPS) images on a reasonable
time scale. While MCD is sensitive to the longitudinal com-
ponent of the magnetization, MLDAD senses the transverse
component of the magnetization.!>!3 We will show that both
types of dichroisms can be calculated from just two measure-
ments taken with left and right circular polarization, thus
allowing for a quantitative evaluation of magnetization com-
ponents in a single experimental step. We have chosen as an
example a partly recrystallized Fe(100) single crystal at
which the well-known simple domain structure within the
nonrecrystallized part can be used for normalization in order
to demonstrate the numerical evaluation procedure of mag-
netization patterns.

II. EXPERIMENTAL SETUP

The spectrometer used for this investigation is a newly
designed NanoESCA system that consists of a modified
PEEM optics in combination with a band-pass energy filter
(double-hemispherical electron analyzer) followed by a de-
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FIG. 1. Geometry of the experiment with sensitivity for the
magnetic orientation M (light and dark gray arrows) in the sample.
The angle between the incoming beam (in the x-z plane) and the
surface normal z is 6,=65".

tection unit consisting of a multichannel plate (MCP) with a
screen as well as a CCD (charge coupled device) camera to
record the energy-filtered images of the sample surface. The
electron optical lenses are all electrostatic. The PEEM im-
mersion lens has an acceptance angle of less than +4° for
electrons with 90 eV Kkinetic energy and a contrast aperture
of 150 um diameter. Hence in all measurements at this ki-
netic energy (or higher), only electrons close to the surface
normal are detected. With the integration of the band-pass
energy filter into the electron optics, it is possible to limit the
fraction of the emitted electrons that contribute to a single
image to a small range of kinetic energy. Energy scans can
be performed over the range of 0 =< Ey;, <1600 eV. The en-
ergy resolution of the system has been demonstrated to be
better than 110 meV, measured at a photon energy of hv
=83 eV on the Fermi edge of polycrystalline Cu,?® and the
spatial resolution is better than 120 nm.?® For the results re-
ported here, the parameters were set to give an energy reso-
lution of AE=600 meV (full width at half maximum) and a
spatial resolution of about 200 nm with the field of view set
to 75 pm.

The polarization-dependent measurements presented here
were performed at the UE52-SGM undulator microspot
beamline of the BESSY synchrotron radiation source using
circularly polarized radiation with switchable helicity and a
high degree of polarization (=99 %). The angle of incidence
6, of the photon beam was 65° (with respect to the surface
normal). In all images, the photon beam enters from the left
side. The geometry of the experiment is depicted in Fig. 1.

For the images presented in this work, we have used a
photon energy of h»=800 eV in ¢* and o~ helicity [Fe 2ps,
XPS images, Figs. 2(a) and 2(b)]. The kinetic energy was
selected for the maximum contrast for regions A and B.

The sample used in our study was a commercially avail-
able polished Fe (100) single crystal that was prepared in sifu
by repeated sputtering and annealing cycles to obtain a clean
and well ordered surface. After an annealing procedure just
above the Fe fcc-bee phase-transition temperature, a poly-
crystalline part showed up in the lower right part of the im-
ages that is separated by a sharp boundary along the in-plane
[001] axis from the single crystalline area.

III. EXPERIMENTAL RESULTS

Photoemission intensity maps using the Fe 2ps,, core-
level excitation with o*-polarized o -polarized light are
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FIG. 2. Photoemission intensity map measured at the Fe 2p;/,
core-level, (a) with o polarized light, (b) with ¢~ polarized light
(hv=800 eV). Contrast inversion occurs only in some areas. The
bottom row gives (c) the difference image I(o*)—1(0”) and (d) the
sum I(o*)+1(07). Exposure time is 10 min. The field of view is
75 pm.

shown in Fig. 2. The magnetic domain patterns can be seen
at the positive maximum of the asymmetry without any fur-
ther data processing. To understand the observed patterns,
one has to take into account the different dichroism effects:
Clearly the MCD is present since circular light is used. The
MLDAD occurs due to the p component of the E vector. The
MLD can be neglected at the Fe 2p core level. If the relevant
effects are small enough, they will combine linearly.

In the upper part of the image taken with ¢ polarization,
a large domain pattern (Fig. 2) with few domains can be
seen. The pattern almost disappears in the image with o~
polarization, indicating that the contrast comprises both
MCD and the MLDAD. The MCD changes sign in going
from o* to 0~ polarization. The disappearing domain pattern
in the image with o~ polarization is due to the compensation
of MCD and MLDAD.

The two effects, MCD and MLDAD, can be separated by
taking the sum (MLDAD) and the difference (MCD) of the
measured maps as shown in Figs. 2(c) and 2(d). In order to
quantify this procedure, we assume a linear combination of
both effects.’® From the symmetry it is clear that the
MLDAD measures the in-plane component of the magneti-
zation perpendicular to the plane of incidence of the light,
i.e., the MLDAD is proportional to [k X m]-z, with k and m
denoting unit vectors for the wave vector of the light and the
magnetization, respectively. The MCD, instead, is propor-
tional to the magnetization component along k, i.e., the MCD
is proportional to k-m. Moreover, it changes sign with the
helicity of the light. The linear combination of the two ef-
fects results in the following intensities:’

I(0™) =1p{1 + ¢;,([k X m]-z) = ck - m}, (1)

where ¢;(E) denote the energy-dependent coefficients of
MLDAD and MCD. Using the geometry given in Fig. 1
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(k,=0), the intensities can be written in the form
I(0®) = L[ 1 + cjkmy = e (km, + km,) ] (2)

Then we define the sum /7 and difference I~ of the two
measured intensities,

I'=1(0") + 1(07) = 2I(1 + cikym,), (3)

I =1(c%) - 1(07) =2lyc (kan, + k.m.). (4)

The definition of the coefficients c; is identical to the con-
ventionally defined MLDAD [for m=(0,m,,0)] and MCD
[for m=(m,,0,0)] asymmetry for two antiparallel magneti-
zation directions along the x and y axis, respectively,
I'(+my) = I'(-=m,)
I'(+my) +I' (= m,)

= Clkxmy ) (5)

I_(+ mx) - I_(_ mx)
I'(+m) +I'(-m,)

= cckxmx . (6)

The experimental results for intensity maps of I* and I~
are shown in Figs. 2(c) and 2(d). Qualitatively, one sees im-
mediately horizontally and vertically magnetized domains.

For a more quantitative discussion of the magnetization
direction, we use the following procedure: First we exploit
the known magnetization structure in the upper part of the
images where the sample is a single crystal exhibiting a four-
fold magnetic anisotropy. Because of the crystalline aniso-
tropy, the magnetization direction will show along a (100)-
type direction and the minimization of the stray field energy
causes the magnetization to be directed in the film plane. An
inspection of the domain pattern shown in Figs. 2(c) and 2(d)
reveals the magnetization directions as indicated in the fig-
ure. The intensities I; and I3 from Figs. 2(c) and 2(d) (sum
and difference image) measured in the areas corresponding
to A and B [indicated in Fig. 2(a)] result in the following
asymmetries:

-1y

= ¢, sin 6, sin s 7
I++I§ 9 0 bu (7)
I -1y .

=, sin 6y cos ¢y;. 8
I;+I§ C 0 bu (8)

With the known values for the in-plane magnetization direc-
tion ¢, and the angle of incidence 6, for the photons, we
can determine the coefficients c¢;. The additive term 21,
showing up in the MLDAD can be calculated from the mean
value 21,=(I;+13)/2. Finally, we determine the magnetiza-
tion components for each pixel of the image, using the fol-
lowing equations:

I 1
my=\_——-1|]—, )
2]0 Clkx

1
=— t O+ ——. 10
m, m, cot 6 2y ck, (10)

We may assume that because of stray field minimization, the
out-of-plane magnetization component m, vanishes in our
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FIG. 3. (Color online) Magnetization structure where the in-
plane angle is visualized by the indicated color code as calculated
from Figs. 2(c) and 2(d). The image shows a section (43 um
X 40 pum) of the area shown in Fig. 2.

sample.! Alternatively, the three magnetization components
can be calculated independently from each other, assuming a
constant magnetization in the sample, from m§+m§+m§= 1.

The magnetization structure resulting from this calcula-
tion is visualized in Fig. 3, where the in-plane magnetization
direction was color-coded. While the domain structure in the
upper part of the image Fig. 3 comprises two antiparallelly
oriented domains, numerous small domains show up in the
lower part. A sharp and straight boundary separates the two
areas. The magnetization direction is directed parallel to this
boundary in the upper part. In the lower part, additional do-
mains with magnetization direction perpendicular to the
boundary show up. The circular area in the center of the
image, which reveals no magnetic contrast in the photoemis-
sion signal because of the low intensity, shows, however, a
magnetic contrast in the XMCD signal. The surface in this
area is likely covered by a thin layer of a contaminant.

IV. DISCUSSION

The polycrystallinity in the lower part of the image can in
principle induce an additional morphology or contamination
contrast that possibly interferes with the given interpretation.
In order to exclude this interference, we also show images
using the secondary electron intensity. The photoemission
image [Fig. 4(a)] taken at threshold using a UV arc lamp
strongly reveals work-function differences and morphology
of that sample position. The horizontal white lines in the
lower part of the image are due to dislocations and step
bunches with a lower work function formed during the re-
crystallization process. The morphology of the sample sur-
face does not influence the magnetic domain structure, as
seen by the XMCD image taken at the same sample position
[Fig. 4(b)].
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FIG. 4. Photoemission intensity maps of the same sample posi-
tion as in Fig. 2 measured at the threshold using a uv mercury arc
lamp (a) and with secondary electrons (Ey;,=12.6 eV) excited by
synchrotron light at hv=708 eV (Fe 2ps;) with o helicity (b).
Bright areas correspond to high intensity.

Secondary electron spectra taken at different positions
within the image reveal that the circular area in the center of
the image shows a higher work function indicating an oxide
coverage at this area. The circular contamination area was
chosen for reference reasons and appeared very seldom on
our sample. Therefore, we can exclude that contaminations
contribute to the observed MLD and MCD effect.

The coincidence of the domain patterns seen by the well-
known XMCD contrast [Fig. 4(b)] and by the core-level
MCD [Fig. 2(c)] confirms our interpretation of domain pat-
terns. The prominent morphology pattern [Fig. 4(a)] is com-
pletely absent in the MLDAD image [Fig. 2(d)]. This obser-
vation excludes the presence of photoelectron diffraction
effects, which generally have to be taken into account when
comparing MLDAD signals on differently oriented single-
crystal surfaces.3!3?
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A tentative explanation for the observed domain structure
can be given by assuming a partial overheating of the sample
in the cleaning process. Fe exhibits a structural first-order
phase transition from the low-temperature bcc phase to the
high-temperature fcc phase at 7,,=1185 K. During the cool-
ing process through T, dislocations will occur that cause
local strains and can influence the magnetic domain struc-
ture. While in the upper part of the images the sample obvi-
ously remained single crystalline, the lower part has devel-
oped a polycrystalline structure. This interpretation is
supported by the observation of step bunches in the lower
part visible in the uv threshold image shown in Fig. 4(a).

In summary, exploiting the magnetic circular and linear
dichroism in the Fe 2p core-level photoemission excitation,
we have calculated the magnetization components parallel
and perpendicular to the scattering plane independently of
each other. The domain structure shows a distinct difference
between monocrystalline areas and areas with dislocation
lines in an Fe crystal. For the observation of the magnetiza-
tion structures, we have used a newly developed imaging
XPS spectrometer “NanoESCA” with a high spatial resolu-
tion capability (<200 nm) exceeding previous approaches
for imaging XPS.
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