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1. Short historic overview
of the XMCD technique

To start this historical outline one should mention that
although the X-ray magnetic circular dichroism (XMCD)
technique is relatively young, the magneto-optical effect
characteristic of the interaction between light and a mag-
netic medium was studied already in the nineteenth cen-
tury, when several key discoveries were made enabling the
development of new experimental techniques and thus
studying so far unknown properties of matter. Let’s start
with Augustin Fresnel, who was the first one to envision
the existence of circular and elliptical light polarization.
In his equations on light waves he described how light
polarized in circular or elliptical states can be produced
from linearly polarized light by total internal reflection.
The field of magneto-optics was initiated, according to
documented materials, by Michael Faraday, who in 1845
discovered the phenomenon of the rotation of the polar-
ization plane of the light transmitted through a medium
located in an external magnetic field [1]. Today this ef-
fect is known as the Faraday effect. The application of
a magnetic field to the medium through which linearly
polarized light propagates, seen as the superposition of
circularly left and right handed light, can lift the de-
generacy of the circular state of the light polarization.
Depending on the optical anisotropy of the material, the
rotation of the polarization plane of the transmitted light
can be observed.

The phenomenon of circular dichroism (CD) is de-
fined as the difference in the absorption of circularly left
handed versus right handed polarized components of the
light for a given optically active (chiral) material. The
French physicists Francois Arago and Jean-Baptiste Biot
contributed to the discovery of the CD phenomenon. In
the first half of the nineteenth century they did study the
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polarization of the light and its interaction with matter
and discovered the rotation of the vibration plane of the
incident linearly polarized light, when light is transmitted
through a parallel plate of crystalline quartz cut perpen-
dicular to its optical axis. This effect was used later in
the construction of ellipsometers. Finally, in 1896, again
a French physicist, Aimé Cotton, studying the interaction
of light with chiral molecules did observe differences in
the absorption of the left handed versus the right handed
circular light. However, substances not active optically
(achiral) may also exhibit the phenomenon of circular
dichroism if an external magnetic field is applied, because
the magnetic field lifts the high degree of degeneracy due
to the magnetic quantum number. This effect is known
as the magnetic circular dichroism (MCD) effect. MCD
occurs due to optical transitions under an applied ex-
ternal magnetic field, governed by selection rules in the
quantum numbers, a phenomenon known since 1896 as
the Zeeman effect. It results from the quantization of
the magnetic moments of the electrons in the medium,
as the electrons with spin parallel to the direction of the
magnetic field are found in quantum states correspond-
ing to a different energy as compared to the electrons
with an antiparallel spin. Another magneto-optical ef-
fect was discovered in 1877. This is the magneto-optical
Kerr effect (MOKE) in which polarized light is reflected
at the surface of ferromagnetic material, with the magne-
tization vector oriented perpendicular or parallel to the
surface.

At about the same time, in 1895, investigating the phe-
nomenon of cathode rays Roentgen discovered invisible,
high-energy radiation in the spectral range from ultravi-
olet to gamma rays. This discovery initiated research on
the physical properties of X-ray radiation and its interac-
tion with matter. Despite the fact that the discovery of
X-rays was made after the discovery of magneto-optical
effects, it took still several decades for magneto-optics
experiments based on X-rays.

The first theoretical predictions of a strong magnetic
circular dichroism effect has been made in 1975 by E.A.
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Stern with collaborators, concerning the Mj 3-edges of
ferromagnetic nickel in X-ray absorption, in a Faraday
type of geometry [2, 3]. The calculations were done us-
ing an approach based on the single particle model of
optical transitions from a core state of prescribed sym-
metry into conduction band states with symmetry cor-
responding to allowed optical transitions. As the au-
thors remarked, the absorption spectra obtained using
circularly polarized X-ray light carry information on the
electronic structure, including the spin-orbit splitting of
the 3p core states, the spin polarization of the empty d
states of the conduction band and the distribution of den-
sity of d-band states above the Fermi level [3]. In 1985,
B. T. Thole with collaborators, within the framework of
the simple atomic multiplet approach based on electric
dipole selection rules for electronic transitions, predicted
the existence of a strong X-ray linear magnetic dichro-
ism (XLMD) at the M, 5 absorption edges of rare earth
elements [4]. The authors found that the polarization de-
pendence of the absorption spectra at the My 5-edges of
the magnetically coupled rare-earth ions depend on the
relative orientation between the direction of the sample
magnetization and electric field vector of the X-rays. The
intensity of the XLMD effect is proportional to the square
of the magnetization and allows to determine the local
magnetic moment of an antiferromagnet, ferrimagnet or
ferromagnet. A year later, in 1986, the theoretically pre-
dicted XMLD effect was measured experimentally by van
der Laan and collaborators who studying the TbIG in
the ACO synchrotrons laboratory in Orsay (France) did
observe a strong magnetic linear dichroism effect at the
M, s-edge of terbium [5]. In 1987 also magnetic circu-
lar dichroism was experimentally confirmed, which for
the first time was observed at the K absorption edge of
iron in an Fe film [6, 7]. These results were obtained by
G. Schiitz and collaborators, using elliptically polarized
X-rays from a hard X-ray beam line at the storage ring
DORIS at DESY in Hamburg (Germany). It was the first
successful X-ray absorption experiment using circularly
polarized light, despite that the K-edges show a much
weaker XMCD signal than the L-edges. The existence
of magnetic circular dichroism in the X-ray domain was
confirmed also by means of the first successful experi-
ment using the spin-dependent extended X-ray absorp-
tion fine structure (magnetic EXAFS) technique, when
the authors did observe an XMCD signal at the K-edge
of Fe and L-edges of gadolinium in a metallic Gd sample
and the ferromagnetic GdzFe;O12 compound [8].

An important step forward in the development of the
XMCD technique was to broaden its application in the
soft X-ray spectral range. In 1990 C.T. Chen with col-
laborators published the results obtained at the NSLS
synchrotron radiation laboratory in Brookhaven (USA),
where these authors did observe a very strong XMCD
signal at the L3 o-edge of ferromagnetic nickel [9]. As the
authors summarized in their publication, the obtained
results reflect the details of the electronic structure and
magnetic structure of the studied materials. The strong

XMCD signal observed at the L-edge of nickel, which
is about two orders of magnitude stronger than at the
K-edge of transition metals, motivates the further stud-
ies using circularly polarized soft X-rays for magnetically
ordered 3d ferromagnets and 4f rare earths systems [9].
As the authors show, by the comparison of the simulta-
neously measured spin independent and spin dependent
absorption spectra one can distinguish between magnetic
and non magnetic neighboring atoms.

Starting in the early 1990s the access to high pho-
ton flux X-ray absorption beam lines providing circular
X-rays became easier by the early 2000’s, with an in-
creasing amount of synchrotron radiation facilites where
the XMCD technique is widely used. A basic tool for
the quantitative analysis and interpretation of XMCD
experimental data was developed by B.T. Thole and P.
Carra in 1993 [10, 11]. Using a single ion approxima-
tion the authors developed the so called magneto-optical
sum rules, relating the integral of the dichroic spectral
areas of the XMCD response to the ground state expec-
tation value of the magnetic moment of the photoexcited
atom. By applying these sum rules to the XMCD spec-
tra we can determine both the spin [10] and orbital [11]
magnetic moments on a per atom basis for the transi-
tion metals and the rare earths. The direct separation
of the spin and orbital magnetic moments of the studied
material remains to this day a unique advantage of the
XMCD technique. The magnetic moments can be de-
termined directly based on the sum rule parameters ob-
tained from the integration of the XMCD spectra. The
orbital sum rule states that the integral of the dichroic
signal of the absorption edge over the spin orbit split
edges for a 3d ferromagnet, is directly proportional to
the orbital part of the magnetic moment for the ground
state of the atoms. The sum rules will be discussed in
more detail in a later section of the article. The acronym
MCD has been used for several techniques, such as mag-
neto optical Kerr effect (MOKE), X-ray absorption spec-
troscopy (XAS) and X-ray photoemission spectroscopy
(XPS). Finally, given the high number of publications in
this area using X-ray absorption, it has been reserved for
absorption spectroscopy only.

2. Experimental hardware:
requirements and description

An experimental system for XMCD and XLMD spec-
troscopy measurements should satisfy a few basic require-
ments:

— allow the choice of circular left or circular right handed
polarization of X-ray light (for XMCD). Alternatively al-
low the linear vertical or linear horizontal polarization of
X-rays (for XLMD), and allow the rotation of the mag-
netic field direction, at least around the polar axis;

— allow the sample rotation at least around the polar
axis, to choose the photon incidence direction versus the
sample surface;

— allow to measure the absorption coefficient. For hard
X-rays this may be achieved in transmission geometry for
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thin samples. For soft X-rays, typically by measuring a
secondary channel (for example in total electron yield or
fluorescence yield) proportional to the absorption coeffi-
cient.

2.1. X-ray sources and the polarization of the light

Typically dedicated X-ray sources such as specially de-
signed undulators or wigglers are used for the produc-
tion of circularly polarized radiation of high brilliance
and variable energy in the X-ray regime. In this article,
we discuss in some detail, the example of an elliptically
polarizing undulator (EPU), operating at the MAX IV
synchrotron radiation laboratory, used for the production
of soft X-rays. In this case almost purely circular X-rays
can be produced. Elliptically polarized X-rays are also
produced at bending magnets but with a lower brilliance.
For a bending magnet X-ray source the radiation is lin-
early polarized in the plane of the electron orbit, and
elliptically polarized light is obtained by a local devia-
tion of the electron motion out of the plane by a small
angle. Such a deviation of the beam out of the plane of
the electron orbit is not the most efficient way to obtain
circularly polarized light, as it increases the probability
that intensity fluctuations may appear. To work with a
high degree of light helicity one has to face also a sub-
stantial decrease of the photon flux, especially when one
is working in the range of higher photon energy, above
1 keV. The EPU source allows to work both with a high
photon flux and a high brilliance.

To keep the mathematical description of the polariza-
tion state of the X-ray beam as easy as possible, typically
simplifying assumptions are made. It is assumed that the
degree of the transverse and longitudinal coherence of the
X-rays is sufficient for the X-rays to be described by the
coherent superposition of two perpendicular components
of the electric field as is also done in the optical range.
These components can be phase shifted, allowing to de-
scribe linearly, circularly and elliptically polarized light.
Below, this simple mathematical treatment is summa-
rized, allowing to fix notations and give typical orders of
magnitude for the various parameters.

A general expression for the electric field E of the
X-ray beam propagating in the Fz direction can be be
written in terms of cosine function as

E(z,t) = Ey(cos(w(tFz/c) + Ap)é,

+E,(cosw(tFz/c)é,,

with F, and E, representing the amplitude of the elec-
tric field in the = and y direction, respectively. €, and é,
are the unit vectors for the O, and O, axis in a referen-
tial system [12]. A is the relative phase shift between
the two electric field components. The polarization state
of a beam of light can be then described in terms of the
Stokes parameters. These parameters are represented by
four quantities, which are functions of observable quan-
tities and which can be expressed as

So = (EZ+ E2)/2N, Sy =(E2-E})/2N,

Sy = EyE,cos(Agp)/N, S = E,E,sin(Ap)/N,

where N is a normalization factor. The first parameter
(Sp) gives the total intensity of the electric field. The S
and S parameters give the degree of linearly polarized
light in the horizontal plane and at 45° versus the hori-
zontal plane, respectively. The last parameter (S3) gives
the degree of circularly polarized radiation. These Stokes
parameters are related to each other through
S? + 83+ 52

P2 ’

where 0 < P, < 1 is a measure of the degree of cir-
cular polarization. P. = 1 characterizes fully circularly
polarized light and P. < 1 indicates a degree of partial
polarization.
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Fig. 1. Using an EPU the polarization state of the
X-rays can be varied. The EPU uses a periodic mag-
netic field of period )\, to influence the electron motion
in the storage ring.

In the case of an undulator source, X-rays can be ei-
ther circularly or linearly polarized. This is shown for
the EPU design in Fig. 1 as one shifts the undulator
magnet arrays. Both helicity states can be produced
(Ap = F¢/2). Also linear light in the electron orbit
plane or perpendicular to it can be easily obtained. Typ-
ically for the variation of the polarization state of the
X-ray light only the undulator magnet arrays are shifted
relative to each other (Fig. 1). This requires no motion
of the source or some other beam line component. In the
case of a bending magnet source an out of plane motion of
the source can be performed, which is achieved by means
of supplementary magnetic fields at the storage ring,
which influence the motion of the electron bunches. Al-
ternatively optical access to the source is partly shielded
so that only the out of plane part of it is reaching the
beam line optical elements. This solution allows for a
high degree of flexibility, as the same beam line can be
used for several types of experiments. In particular it
was chosen for the first beam line of Solaris, the Polish
National Synchrotron Radiation laboratory. For such a
solution the degree of circular polarization is given below.
A consequence of using the X-ray light source out of the
storage ring plane is that a higher degree of circular po-
larization correlates with a lower photon flux. Using the
in plane and out of plane components of the electric field
of the radiation, the degree of circular polarization can
be expressed as:
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p _ 2BLE) sin®(Ag)
B+ E
were A¢ is the phase shift between the horizontal (E))
and vertical (E,) E-fields. Assuming that A¢ = /2,
Iy = E} and I, = E7 the equation reduces to the more
familiar form
2./ ILIH

P.=
I+

and the degree of circular polarization can ideally be de-
termined once the two orthogonal electric field compo-
nents are determined.

There are several ways to characterize the degree of cir-
cular polarization of the X-ray beam, which is important
for X-ray magnetic circular dichroism measurements in
the X-ray absorption spectroscopy mode. A convenient
possibility is provided by XMCD on magnetic materials
characterized by magnetometry in the laboratory, where
the magnetic state is known. If possible a single magnetic
domain sample is used to facilitate the data analysis.
Such magnetic standards can be permanently mounted
at the beam line as typically Ultra High Vacuum is re-
quired for the beam line operation.

In practice, for a specific spectral range, to make a
determination of the degree of circularity, a well known
magnetic standard can be used, presenting well known
absorption edges within the energy range of interest. For
the soft X-ray regime the standard sample is usually a
thin film of Co, Ni or Fe where the atomic spin and or-
bital moments are previously determined by means of
conventional magnetometry and if possible already by
means of XMCD as well. An easy way to determine the
degree of circular polarization is to calculate the atomic
orbital and spin moments of the standard, following the
well established magneto-optic XMCD sum rules. These
magnetic moments add up to the magnetic moment mea-
sured in the laboratory. Often one relies on the known
values of the spin and orbital moments from the XMCD
literature assuming that the standard is of high magnetic
quality.

In Fig. 2, as an example of a real system, is shown a
schematic (a) and real (b) picture of the EPU operat-
ing at the 11011 beam line located at the MAX II ring
(1.5 GeV) at the MAX IV synchrotron radiation facility
in Lund (Sweden). The undulator consists four mov-
able jaws of permanent magnets arranged to alternate
the magnetic field. This source provides soft X-rays in
the energy range 100-2000 eV, allowing to study techno-
logically relevant magnetic materials based on transition
metal and rare earth atoms. By changing the phase be-
tween the individual jaws of the magnets one can choose
any needed polarization state of the X-rays from linear
(horizontal and vertical) to the circular polarization of
the light. This makes possible not only XMCD mea-
surements, but also XLMD. High photon flux allows for
measurements even for diluted magnetic materials (with
a magnetic ion concentration of less than 1%).

Fig. 2. A schematic (a) and real (b) picture of EPU
operating at the 11011 beam line located at the MAX
II ring (1.5 GeV) at the MAX IV synchrotron radiation
facility in Lund (Sweden).

2.2. Layout of the beam line

The experimental layout for XMCD and XLMD mea-
surements will be discussed, as an example, for the 11011
beam line of the MAX II ring at the MAX IV synchrotron
laboratory (Fig. 3). An important issue for magnetic
measurements by means of the XMCD technique using
synchrotron radiation is, among other things, the full
control of the degree of polarization over the whole en-
ergy range covering the absorption edges of all relevant
elements, in combination with good photon energy reso-
lution and sufficient photon flux. For the end station a
variable direction of the applied magnetic field vector is
very useful, allowing for measurements in both the easy
as well as the hard direction, without a sample rotation
or any other type of sample motion. These aspects con-
cerning new [1011 beam line will be described below.

As mentioned earlier, the 11011 beam line is based on
the EPU source (Fig. 2). To optimize the photon flux and
resolving power, the collimated plane grating monochro-
mator (cPGM) is used. The monochromator contains
three blazed gratings, which can be exchanged in vac-
uum: 336, 1221, or 1400 mm~!. A plane grating so-
lution is used for the X-ray monochromatization, which
maintains the polarization state over the whole energy
range covered by the monochromator. The possibility
of selecting the so-called cy; parameter allows balancing
between energy resolution, photon flux or higher order
suppression. The cPGM is designed to deliver a resolu-
tion of 10 000 over the whole energy range of operation,
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UHV end station

-,/"'monochromator
-] and beamline optics
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Fig. 3. Simple schematic representation of a typical
beam line dedicated to XAS/XMCD measurements in
the soft X-ray range. We show here the I1011 beam line
at the MAX-IV synchrotron facility in Lund (Sweden).
The beam line is equipped with an EPU, allowing for
full control of the polarization state of the light. A col-
limated plane grating monochromator (cPGM from the
BESTEC company) provides the high flux (10''—10'2
photons/sec) X-ray beam within the energy range of
0.1-1.7 keV. The reference signal I is measured in the
TEY mode using a gold mesh located between the exit
slit and the end station.

but even with rather relaxed conditions (csf = 4.5, exit
slit 60 um) the resolving power is found to be more than
9000 for Ny and 6000 for Ne gas, while the flux at the
sample is about 10!! photons/sec. The resolving power,
photon flux and the size of the beam spot on the sample
can be optimized by moving baffles in the beam path in
both horizontal and vertical directions and changing the
exit slit opening. For beam line 11011 the beam is focused
onto the exit slit to maximize the energy resolution. The
spot size of the diverging beam, after the exit slit, into
the experimental station at the sample position is about
1 mm both in the vertical and horizontal directions. To
monitor the reference signal Iy the photocurrent from
a fine electroformed Au mesh in the beam path is mea-
sured. The measurements are done in the photo ion yield
mode.

The beam line is equipped with two end stations, which
can be exchanged, depending on the experimental con-
ditions needed for certain experiments. As an example
in Fig. 4 the “octupole” magnetic UHV end station is
shown. The name of the station finds its origin from the
eight water-cooled electromagnets, spaced equidistantly
over the surface of a sphere, which allows the application
of the magnetic field in any direction. This solution, to-
gether with the possibility to rotate the whole chamber
around the beam axis, allows to measure the magnetic
properties with a variable geometry of applied magnetic
field, electromagnetic radiation and sample orientation.
These high current electro-magnets (100 A each) gen-
erate a field in the sample space of up to 1 T. Such
possibilities allow to optimize the measuring conditions

Fig. 4.

Photographs of the “octupole” ultra high vac-
uum (UHV) end station located at the 11011 beam line
at the MAX-IV synchrotron facility (Lund, Sweden).
The UHV chamber is equipped with eight water cooled
electromagnets generating a magnetic field in the sam-

ple space of up to 1 T (a). The sample positioned in
the center between the electromagnets can be rotated
around the polar axis (b). The whole chamber can be
rotated around the beam axis by +90°, what allows to
measure the magnetic properties with a variable geom-
etry of applied magnetic field, electromagnetic radia-
tion and sample orientation, also for the reflected X-ray
beam from the sample at grazing X-ray angles.

for various magnetic systems studied by the XMCD and
XLMD method. In another end station dedicated to sur-
face science experiments, a rotatable set of coils has been
installed. Here the applied magnetic field can only be
rotated in the horizontal plane, by rotating the coils in-
dependently of the sample rotation. This system can be
baked, allowing for ultra-high vacuum (Fig. 3). Only
smaller magnetic field values can be reached, given the
size limitations of the coils.

3. X-ray Absorption spectroscopy with a

magnetic contrast
3.1. Depth probing in XMCD and XLMD measurements

in the total electron yield mode

The incident radiation, here X-ray photons, is suffi-
ciently energetic, so that even in the soft X-ray regime it
penetrates deeply into the solid, typically two to three or-
ders of magnitude beyond the escape depth for the char-
acteristic secondary electrons, A. The electron escape
depth is limited by the electron mean free path, which is
the average distance traveled by an electron in between
elastic or inelastic collisions. The mean free path depends
on the kinetic energy of the electron and can be described
by a universal curve for many solid materials. At very
low kinetic energy (Eyxi, of a few e€V) the electrons have
a long mean free path and should in principle be able to
escape the sample, but since they have very low kinetic
energy these electrons will not be able to overcome the
work function. Therefore, by collecting the total electron
yield after photon excitation, the electron escape depth
one measures for the L-edges of the late 3d elements (Fe,
Co, Ni) is relatively short, about 17 A. Due to the finite
electron escape depth of the secondary electrons, in the
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total electron yield mode, one mainly probes the near
surface region of the sample [13]. Using the value of the
electron escape depth, an expression for the total elec-
tron yield, Y, versus photon energy, F, can be given for
normal X-ray incidence on the surface (wave vector per-
pendicular to the sample surface plane), as

Y(F) x /000 I(z, B)u(E)e™* du,

where z is the depth away from the surface, where the
absorption process takes place, p(F) the photon absorp-
tion coefficient and A the electron escape depth. I(x, E)
represents the intensity of the X-rays at a certain photon
energy, F, at the depth, x, and is expressed as

I(z,E) = Iy(E)e™HE)

where Iy(E) is the incident X-ray intensity. However,
although the incident photons penetrate several hun-
dred Angstré')ms deep into the sample for soft X-rays,
the number of electrons that can escape from the sur-
face decreases exponentially with the depth away from
the surface (Fig. 5).

e e escape
probability

A, cos @

X v

Fig. 5. Schematic visualization of the electron escape
depth, A, in XAS measured by means of the electron
yield. The emitted electrons from depth, x, below the
sample surface, reach the surface of the sample with a
probability proportional to e~*/*. The photons have
a much larger penetration depth. XAS in TEY mode
probes mainly the surface region of the sample.

The physical origin of a finite electron escape depth
is the inelastic scattering of the electrons. Successive
inelastic scattering events result in an electron cascade,
where multiple low energy electrons are produced from a
single high energy electron, created for example through
the Auger process after photon absorption. Eventually,
when the multiple low energy electrons have a kinetic
energy lower that the work function of the sample, the
low kinetic electrons of the cascade cannot escape from
the sample surface, leading to a finite electron escape
depth.

3.2. Saturation effects in the electron yield

In most cases the photon penetration depth, ;\, is much
larger than the electron escape depth, A. However, if
the condition A > A is not fulfilled, the measured to-

tal electron yield, Y, is not any longer proportional to
the absorption coefficient, p, but the intensity of the
most intense spectral features is suppressed or “satu-
rated”. When we observe a strong variation in u, for
example in the vicinity of the Lz, peaks, compared to
the absorption coefficient intensity at other energies, then
measurements at low angles do not fulfill the condition
A > A, which might lead to saturation effects in the
vicinity of the peaks. Therefore, a corrective procedure
to compensate for this effect is needed, which is presented
here in the simple case of the half infinite solid. It can
be shown that the electron yield for a half infinite solid
can be described as:

Y(B) = u(E)/(u(E) + ;sin), )

where 6 is the X-ray incidence angle relative to the sam-
ple surface. The normalized yield, Yyorm, is scaled to the
experimental yield, Yoxp,, using two constants a and b re-
lated as the equation:

Ynorm =a-+ bY:sxp~ (2)
From here the correction is done in four steps. From
Eq. (2) we construct two equations: one for the pre-
edge and one for the post-edge. We introduce the terms:
YR, Yo, YRre and YR, The first two terms are ob-
tained from tables, e.g., the CXRO homepage [14], and
the latter two terms are obtained from the XAS measure-
ment. Using Eq. (2) and these terms the constants ¢ and
b are calculated. We now focus on another energy, e.g.,
the L3 peak maximum and calculate Y22 = from Eq. (2)
using the above determined constants a and b. As Yexp
we use the measured intensity at the L3 peak, obtained
from the same spectra as Y2'¢ and Y2%*. Using Eq. (1)
with Y(E) = Y.Lz and with 6 the X-ray incidence an-
gle, the corrected pu is obtained. Finally, the corrected
yield, Y£™", is obtained using the corrected p in Eq. (1)
with 6 set to 90°. It should be noticed that the pro-
cedure described above only gives the correction at one
energy point, meaning that the corrective procedure has
to be repeated for all energy points in the XAS spectra,
point per point. More details on the possible occurrence
of saturation effects in the electron yield and a corrective
procedure can be found in the literature [15].

3.3. Introduction to X-ray magnetic dichroism

XMCD spectroscopy has many unique features,
which can be exploited in particular in the case of low
dimensional or dilute systems.

(I) Element specificity. By varying the photon energy,
to match transitions at a particular atomic core level,
one is sensitive to the magnetic moment of the specific
photoexcited ionic core.

(IT) A high degree of sensitivity due to the strong
interaction of X-ray photons with the atom electron
shells, making the technique ideal for the study, for
example, of ferromagnetic surfaces or ferromagnetic
nanodot arrays. Under applied magnetic field also
magnetic systems with a weak magnetic response can be
studied.
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(ITT) The possibility for vector information. The
intensity of the dichroic difference is proportional to the
projection of the sample magnetization on the X-ray
propagation direction, or equivalently the wave vector of
the X-ray beam.

energy

ln‘n’,ﬁ ‘ CP i

negative
helicity

positive
helicity

Fig. 6. Schematic diagram to describe the XMCD ef-
fect. The final states shown here are for a 3d ferro-
magnet within a simple itinerant description for the 3d
states.

The X-ray magnetic circular dichroism technique al-
lows for the independent determination of the values and
the direction of the spin and orbital magnetic moments
for each element of the material separately, on a per atom
basis. Important about this technique is the high sensi-
tivity it provides in order to study very dilute samples.
This enables, for example, studies of ultra thin magnetic
films and two dimensional arrays of magnetic nanostruc-
tured samples. The technique is based on the spin se-
lective photon excitation of the electronic core levels of
various atoms. For sizeable XMCD effects one tries to ac-
cess initial states which have a sizeable spin-orbit energy.
Using circularly polarized X-rays, for the absorption pro-
cess, propagating along the direction of the macroscopic
magnetization, the angular momentum of the photon +#
or —h, depending on the light helicity chosen, is trans-
ferred to the sample once a photon is absorbed [16, 17].
This leads to the vector magnetometry character of the
XMCD technique, the dichroic intensity being propor-
tional to k- M, where k is the wave vector direction
and M is the magnetization of the sample. The photon
cannot couple directly with the spin of an electron with-
out a finite spin-orbit energy, through which the photon

angular momentum is transferred to the sample. As an
example, the dipole selection rules in the case of the tran-
sition metal series allow for transitions from the 2p3/5 1,2
initial states to the empty 3d levels, with spin selectiv-
ity (Fig. 6). The unbalance of the empty 3d final states,
caused by the exchange splitting, leads to a spin selective
absorption process and yields information about the spin
polarization of the 3d states. In a simplified itinerant
electron picture, the spin moment (myg) is then directly
related to the difference between the number of spin up
(N4) and spin down (N_) 3d holes, reflected in the in-
tensity of the 2ps /9 1 /o “white lines” [16].

To describe XMCD one can use the “two step model”
in a single electron picture (Fig. 6). In this simple picture
of initial and final states, coupled by the dipole selection
rules, as no spin flip is allowed in the absorption process,
the transfer of angular momentum directly dictates the
transition probability to the spin up or down final states,
depending on the light helicity. The absorption process
is discussed then in a two step process with an internal
source of spin polarized electrons and a spin detector at
the location of the atom, where the absorption process
takes place.

The first step in the “two step model” is the process
of absorption. The electron excitation, following the im-
pact of the photon within the atom, is described through
the dipole selection rule. The selection rules, which gov-
ern the electronic transitions, represent the overall con-
servation of angular momentum of the total system and
one obtains Al = £1 due to the absorption of the pho-
ton, which is carrying an angular momentum of +h.
However, in the process of absorption of circularly po-
larized light one needs to fullfill an additional selection
rule Am; = 41, where the positive and negative sign of
m; depends on the helicity of the incident of light. In
this context, the photon absorption process in terms of
the photon helicity contribution can be described by the

equation:
+

IF =I5 e

where u™ and u~ symbolize respectively the absorption
coefficient for the right handed and left handed circu-
larly polarized X-rays. In the second step of the “two
step model”, the imbalance of empty 3d final states in
a 3d transition metal available for the two opposite spin
states, leads to the imbalance in the number of final states
involving the electron spin, thereby carrying the informa-
tion about the spin polarization of the final d states.

The XMCD difference, defined as the difference pu* —
1, is the intensity difference of the normalized X-ray ab-
sorption spectra to the atomic cross section, taken with
a parallel and antiparallel orientation of the magnetiza-
tion of the sample versus the photon spin. The XMCD
difference is directly proportional to the strength of the
atomic magnetic moment, but also depends on the rel-
ative orientation of the magnetization vector versus the
wave vector direction of the incident light [16]. Dichroic
contrast for the 3d transition metals is predominantly
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seen around the spectral areas, where the “white lines”
are observed in the absorption spectra.

Historically, within the band electronic model of itiner-
ant electronic states, the magnetic properties of materials
were described in the context of the occupied electronic
states. Nowadays, due to the development of techniques
based on electron transfer to the unoccupied electronic
states and the detection of intensity asymmetries linked
with these empty states, for techniques such as inverse
photoemission or XMCD, more and more attention is
paid to the unoccupied electronic states. In the sim-
plest possible model the electron bands are represented
as a parabolic distribution of states, which reflects the
dispersion of the itinerant electrons in a solid. At a tem-
perature 7' = 0, all states located energetically below the
Fermi energy are occupied and all the above are unoccu-
pied electronic states.

Without a magnetic field, sub-bands for each of the
spin directions are equally filled. An applied magnetic
field shifts the energy of the sub-bands of parallel and
antiparallel spins versus the direction of the field, in or-
der to minimize the total energy. In this picture, as a
result of this spin splitting, there appears a resultant non-
zero spin magnetic moment. Such a model requires an
external magnetic field. However, in the case of the 3d
transition ferromagnets, we have to deal also with the in-
ternal magnetic field, which Stoner took into account in
the itinerant description of magnetism. The existence of
this internal field causes the energy splitting of electron
spin states in the two states oriented parallel (up) and
antiparallel (down) versus the direction of the molecu-
lar field. In the Stoner model for ferromagnetism the
itinerant electron imbalance of empty 3d states available
for spins up and spins down, due to their, on average,
energy splitting, AFE, leads to the spin selectivity of to
the absorption process and carries information about the
spin polarization of the final 3d states. The exchange
splitting of the bands can be expressed by means of the
phenomenological equation, as proposed by Stoner:

AE = %(]\Lr — N_)2

For the transition metals this energy is about 1 eV.

In the itinerant view of magnetism the spin magnetic
moment, mg, is obtained as the difference between the
number of majority (Ny) and minority (N_) spins 1/2
states:

ms = (Ny — N_)ugp.

As the total number of 3d states is fixed, the spin moment
is also proportional to the difference in the spin up and
spin down 3d hole states. This last quantity is reflected
experimentally in the intensity of the so called 2p3/s 1 /2
“white lines” in the XAS spectra, which is indeed map-
ping the 3d density of final states, neglecting effects due
to the core hole creation. To calculate the spin moment
it appears therefore appropriate to integrate the XMCD
difference spectra to obtain their spectral areas versus
the photon energy.

The previous description captures the fact that an in-
tegral magneto-optic sum rule is needed to interpret the
XMCD difference spectra, but fails to describe the exact
details of this procedure starting from the atomic quan-
tum numbers. On the other extreme one finds in the
literature magneto-optic sum rules, where one uses lin-
ear combinations of the integrals of the “white line” in-
tensity over the photon energy, derived within an atomic
model. Trying to estimate how much one can hope to de-
scribe the magnetic properties of the sample, one notes
that both these approaches do not explicitly involve the
temperature dependence of the magnetic moment. On
the other hand, one interesting feature of the XMCD
technique is that not only the spin, but also the orbital
moment of the photoexcited atom can be directly deter-
mined by means of magneto-optic sum rules from the
XMCD spectra. To observe a finite orbital magnetic mo-
ment, one must assume symmetry breaking in terms of
the electronic motion, so that the orbital motion of elec-
trons within the solid is anisotropic on average. In a mag-
netic material such symmetry breaking has implications
due to the spin-orbit (SO) interaction. The SO energy
couples the spin and orbital moments, and favors the
magnetic moment to lie along specific crystallographic
directions. With consideration of the impact of the SO
interaction one can explain magnetic phenomena such as
the magneto-crystalline anisotropy, the anisotropic mag-
netoresistance and magnetostriction. The existence of a
SO energy for electronic states makes that the spin mo-
ment is tied to the crystal lattice. In relationship with
this energy in the material there appear easy magneti-
zation directions. In a localized atomic picture this in-
teraction depends on the symmetry of the electric field
due to the ligand atoms and the strength of the spin-
orbital coupling. More specifically, the orbital magnetic
moment, m;, linked to the d electronic states is given by

m; = _M?B<Lz>a
where the orbital moment average, (L.), along the quan-
tization direction can be calculated in second order per-
turbation theory. This calculation involves the sum of
the matrix elements

(W(R)|L:|B,),

through all the empty electron states ¢ (k). @, stands
for the ground state wave function of the system in this
perturbative approach. Because the energy levels 2ps /o
and 2p; /, are characterized by the opposite sign of spin-
orbital coupling, respectively [ + s and [ — s, the spin
polarization obtained for circularly polarized X-rays on
the two edges (L3 and L) has the opposite sign. The
anisotropy of the orbital magnetic moment is closely re-
lated with the magneto-crystalline anisotropy in a ma-
terial. It has often been found that the orbital mag-
netic moment is larger in the direction of easy magnetiza-
tion, and the difference between easy and hard magnetic
direction is proportional the the magneto-crystalline
anisotropy. For a uniaxial magnetic anisotropy system
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Bruno [18] derives in a simple perturbative approach an
equation for the magneto-crystalline anisotropy:

£
4y
where the constant £ is the atomic spin-orbit energy of
the electronic valence states, linked with the existence
of the magnetization and is of the order of ~ 0.05 eV,
where mj- and mll are the values of the orbital moment
along the magnetic hard and easy directions, respectively.
This concept has been verified experimentally by angle-
dependent XMCD measurements [19]. We conclude by
noticing that the XMCD technique characterizes directly
a quantity important for magnetism applications.

The temperature dependence in a magnetic system can
also be observed by means of XMCD. In a simple mean-
field Curie-Weiss model of a ferromagnetic system a spon-
taneous magnetization appears below the critical temper-
ature, T, and the temperature dependence of the mag-
netic susceptibility above this temperature is described
by the Curie-Weiss law

Np? 1
X B T—To’

where N is the atom concentration, u is the total mag-
netic moment of a magnetic atom, and kg is the Boltz-
mann constant. To observe a finite XMCD signal, a fi-
nite projection of the magnetization is needed along the
propagation direction of the X-ray beam. Only with the
application of very high magnetic fields one may obtain
a finite macroscopic projection of the magnetic moment
to apply the magneto-optic XMCD rules in the paramag-
netic regime, above the Curie temperature. It has been
found for several systems that the Curie temperature can
be traced also by means of the XMCD technique. Also
the magnetic susceptibility can be measured by means of
the XMCD technique, using a low frequency applied ex-
ternal oscillatory magnetic field [20]. At higher frequen-
cies the XMCD technique can still be applied, allowing
for element specific magnetization dynamics in the fem-
tosecond range [21].

L ||)’

AE; = Ei) - Eﬂo == (mi- —my

3.4. Sum rules and data interpretation

One can claim, that by means of some complicated
experiments, without the use of XMCD, insight on the
properties (I)-(III) defined in chapter 3.3 can be gained,
although in a much more indirect manner, in particu-
lar in the case of (I). What makes, however, the XMCD
technique even more appealing to use, is the possibility
for a quantitative analysis of the dichroic spectral areas,
by means of the magneto-optic sum rules. By the quan-
titative analysis of the dichroic spectral areas one retains
properties (I)—(III), but obtains also not only the value
of the spin moment for a specific ionic core, but also the
value of the orbital moment. Here, following the nor-
malization of the dichroic spectra, but also the proper
procedures for spectral integration versus photon energy,
the magnetic moment is obtained on Bohr magnetons
per photoexcited atom. Several review articles have been

presented in the literature on this topic [22, 23|. Here we
want to focus on the practical “hands on” applicability
of the sum rules, and give some practical instructions, in
particular for the soft X-ray domain, where the use of the
sum rules is very widespread. We also want to focus on
some of the possible typical pitfalls and mention some of
the limitations and open questions in the literature.

Sum rules for specific spectral areas exist in several
areas of spectroscopy, not least the optical regime. For
the core levels of interest here, in the framework of the
dipole approximation, it is straightforward to obtain a
set of simple sum rules, by neglecting the rearrangements
in the electronic structure, caused by the existence of a
core hole in the final state. As in the case of Extended
X-ray absorption fine structure (EXAFS), from a prac-
tical point of view it is best to use the sum rules for a
relative comparison between a “standard” and the sample
under investigation, the “unknown” material, whose spin
and orbital moments should be determined versus the
ones of the “standard”. Below, following a similar logic
of “relative analysis”, the sum rules used for the L-edges
of the 3d transition metals are given

7 3p — 2q
Mgepe = Mg — §<TZ> =-C r ) (3)
2
m = —037‘{ (4)

where p i ¢ are values obtained from the integral of the
dichroic difference spectrum, and r is a value from the
integral of halfsum (Fig. 8). The constant C' contains
information on the degree of circular polarization of the
X-rays and the number of empty 3d states (ng).

The number of 3d holes can be determined to a very
good approximation using the half sum of the minority
and majority spectra. As a starting point one can refer
to the number of empty 3d states obtained from theory
or an experimental standard. On the basis of the number
of 3d holes to be used to individual atoms in the mate-
rial, based on theoretical calculations, one can start with
a number of 0.8 3d holes for bulk Cu. Then one adds one
more hole by decreasing the atomic number by one unit
for each 3d transition element. That way one obtains
3.8 holes in the case of bulk Fe [24]. The number of 3d
holes varies, depending on the local atomic environment
and structure, but using a standard material during the
XMCD measurements, one can eagsily estimate the value
of the 3d holes for the unknown material. The degree of
polarization of the incident radiation is characteristic of
the specific beam line, where the measurement is done.
For the spin sum rule there is a corrective factor involving
the local magnetic dipole operator, (7). This factor may
be important for low symmetry environments. If this fac-
tor is not taken into account, one obtains an apparently
anisotropic spin moment, which is a consequence of the
anisotropy of the charge distribution around the atom.
In this case, one should perform several measurements
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with the magnetic moment along both the easy and hard
directions of the magnetic sample under investigation.
For materials with high (cubic) symmetry of the lattice
(T,) =0, (T,) # 0 in the case of materials with lower
symmetry. For monocrystalline materials (T,) can be de-
termined on the basis of angle-dependent measurements,
where the spin is oriented along at least two different
crystallographic directions. The value of the orbital mo-
ment, m;, is dependent only on the parameters p and g,
and is not affected by any corrections relating with the
dipole operator. Therefore the orbital moment appears
as a very robust quantity to be determined experimen-
tally by means of the XMCD sum rules. Still the angular
dependence is also needed, as the orbital moment is not
isotropic, leading to the magneto-crystalline anisotropy.

The particular analytical form of the sum rules de-
pends on the specific edge. For the sum rules given here,
valid for the 2p initial states of the 3d transition metals,
one sums over the dichroic areas of both the spin-orbit
split 2p states. The constants given in Egs. (3), (4) ex-
press in a convenient manner the fact that the sum rule
analysis is most accurate in a comparison versus a known
“standard” compound. For the standard, such as bulk Ni,
Fe or Co, the number of 3d final states, spin and orbital
moments are known. One can determine then experi-
mentally the constants in the mathematical expressions,
given above, for the sum rules at the same beam line, un-
der similar experimental conditions for the various beam
line parameters. In a second step, using the same exper-
imental setup and procedure to determine the spectral
areas, one can determine then the number of the 3d fi-
nal states, the orbital moment and the spin moment of
the “unknown” compound. If the spectra are normal-
ized properly for the amount of atoms probed, the or-
bital and spin moments per photoexcited atom are deter-
mined. Such a per atom normalization can be obtained
after normalizing the spectra to the high energy atomic
continuum. To obtain the correct values of the magnetic
moments also the finite degree of helicity of the circular
X-rays, as well as the angle between the sample magne-
tization and the direction of X-ray incidence, should be
taken into account.

Such an “empirical” form of the sum rules, as given
above, may appear to limit their use, as in principle it
has been claimed that by means of these sum rules, an
absolute determination of the spin and orbital moments
is possible, once the number of the final states is known.
In this context, it is necessary to note that there are also
approximations made in order to obtain these sum rules
in presented above simple form. However, the existence
of the core hole in the final state cannot be taken into
account easily. This affects the form of the atomic step,
fitted to the spectra in order to obtain a spectral area
proportional to the number of the final states [25]. There
appears therefore a degree of arbitrariness in the moment
determination by applying the sum rules, at least as far as
the number of final state counting is concerned. The use
of the sum rules for a relative analysis, between a mag-

netic “standard” and an “unknown”, minimizes the errors
as core hole relaxation effects should have a similar im-
pact on the spectra, if the “standard” is chosen carefully
to match some of the properties of the “unknown”.

A relative analysis allows to also minimize errors,
which can be seen as due to an empirical and rather ar-
bitrary character, when the sum rules are applied versus
their theoretical form. As an example one can give the
rather arbitrary limits of integration. Often in an exper-
iment the spectral range is limited in both the pre-edge
and post-edge regions. A relative analysis minimizes the
errors, if the same limits are chosen. Also the partic-
ular spectral function of the X-ray monochromator and
source used may influence the shape of the background
function, which also strongly depends on the choice of the
secondary channel used. For most practical applications
in the soft X-ray regime, the spectra cannot be taken in
the transmission mode, electron or fluorescence yield are
used instead.

Several review articles have highlighted already the po-
tential pitfalls and practical difficulties using the sum
rules [25-27]. These have been applied extensively over
the last two decades, in particular to study Fe, Co, and Ni
atoms. Moving towards the middle of the 3d transition
series, for example for Mn and Cr, a principle limitation
of the sum rule approach becomes evident. The experi-
mental spectroscopist observes that the L3 and Ls-edges
appear to “overlap”, leading to systematic errors in the
moment determination. The set of quantum numbers
used in deriving the sum rules appears not to be the ap-
propriate one [28]. Here again a relative sum rule analysis
minimizes the errors, as the “edge overlap” takes place for
both the “standard” and the “unknown”. In such cases it
is best to also perform theoretical calculations and not to
only rely on empirical correction factors. Several codes
are available to the experimentalist, allowing to perform
calculations close to the edge. Even if those are not al-
ways fully satisfactory, at least they allow to obtain a
degree of reliability and limit potential errors [25, 29-33].

It is possible to limit the uncertainties in magnetic mo-
ment determination, by repeating the same XMCD mea-
surement and by varying the different control parameters,
which the experiment provides. As an example, the XAS
and XMCD data of Fig. 7 are for bulk bcc Fe in thin film
form, exhibiting high degree of crystal order and purity,
which can then form practically a magnetic monodomain,
once magnetized. In (a) one possibility to take a dichroic
XMCD pair is shown. Here one keeps the magnetic state
of the sample identical and reverts the light helicity (o™
versus 0~ ). In the case of the data shown here, this is
obtained by means of reverting the phase of the ellipti-
cally polarizing undulator. One performs here the sum
rule analysis. It is important to verify that the spectra
coincide in the pre-edge and post-edge regions, photon
energies where the dichroic asymmetry should be either
zero (pre-edge) or practically negligible (high energies)
as compared to the dichroic “white line” intensities. An
empirical double step function is fitted. As highlighted
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Fig. 7. We show XAS spectra (a, c) and their XMCD
difference (b, d) at the Lj2-edges of Fe, for a metallic
film of bce Fe. The figure illustrates two equivalent ap-
proaches to measure the XMCD effect. Both methods
give the same result within the error. As illustrated in
the schematic graphs above, the XMCD measurement
can be done by applying two different experimental ge-
ometries: fixed magnetization direction and reversing
the light helicity (a, b) or for a fixed light helicity and
reversing the magnetization direction (c, d).

earlier, here the 1 to 2 step intensity for the L3 and Lo-
edges is not followed, one rather matches in an empirical
manner the spectral shape. A number of 3d holes of 3.8
is used for Fe. This number, in combination with the use
of orbital polarization, gives good results in ground state
calculations for the magnetic moments [34]. Using this
step function, in combination with this number of ground
state 3d holes, a good agreement with previous experi-
mental work in the transmission mode is obtained [35].
The integral areas are shown in the right axis in Fig. 8.
One observes clearly the saturation of the summed spec-
tral area versus photon energy at high photon energies
above the Ls-edge, indicating that the integrated areas
in this case have reached their final value. Still the Lo
“white line” has a long asymmetric tail at high energies,
which indicates that some intensity is still to be recov-
ered at high photon energies, pointing out any high en-
ergy cutoff as arbitrary. Here a relative analysis versus a
“standard” would eliminate any systematic errors intro-
duced by the finite energy bounds of the experiment.

In Fig. 8b the dichroic difference is also given, from
where, following the sum rules, the orbital to spin mo-
ment ratio is obtained, neglecting the tensor term. This
is justified as here we are dealing with a thick film of
cubic symmetry where surface or other low coordination
effects can be safely neglected. The integrated spectral

area for the difference spectrum is also shown in the right
scale.

The orbital to spin moment determination can be done
by using the quantities p and ¢ as shown in the Fig. 8b,
according to the magneto optic sum rules neglecting the
tensor term. Again, a very good agreement is obtained
versus earlier work for bec Fe. Still any arbitrariness in
reading these quantities in the right scale is eliminated in
a relative analysis versus a “standard”. Of importance is
to observe as in Fig. 8a that the spectral areas contain no
spurious contribution due an experimental artifact. If the
dichroic pair spectra do not “match” in terms of spectral
response of the beam line a spurious contribution may
be obtained. This in term would be visible in particu-
lar outside the photon energies where there is dichroic
contrast. For the integrated areas shown in Fig. 8b one
would, for example, expect an increasing linear contribu-
tion. Here the dichroic pair spectra match well and the
difference spectrum is flat. As a consequence the integral
value also “saturates” at high photon energies. Finally, it
is worthwhile to mention that as seen in the Fig. 8b the
inter-peak region presents a very specific type of dichroic
response. In agreement to previous studies one observes
that for Fe a small positive dichroic intensity is visible
as referred to the negative Lg dichroism. This small sig-
nal has been assigned earlier to transitions to 4s final
states [36]. Here the strength of the dipole matrix ele-
ments makes that the 4s final states are seen less by a
factor of about 50 and are therefore much smaller ver-
sus the 3d ones. It influences the overall outcome of the
magnetic moment analysis, and should be subtracted, in-
creasing the degree of arbitrariness in the data treatment.
Again a relative analysis may be the best solution keep-
ing the same procedure for all spectra analyzed. This 4s
spectral region presents known systematics as one varies
the atomic number along the elements of the 3d transi-
tion series [36].
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Fig. 8. We show the analysis of the dichroic areas for
the L3 2-edges of Fe to apply the magneto-optic XMCD
sum rules. The half sum of the dichroic pair of the XAS
spectra (a, left scale) and the integral of its area (right
scale) are given in the left panel. The integrated dichroic
area (b, left scale) is shown in the right panel. The p, ¢
and r parameters, shown in the figures, are included in
the sum rules equations. In panel (a) is also shown the
atomic step function.

In Fig. 9, in situ XMCD spectra on Co thin films are
shown, based on results of surface science experiments, to
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illustrate in a practical manner the lifting of the quench-
ing of the orbital moment in a 3d ferromagnet, an inter-
esting physical effect. The same type of sum rule analy-
sis, as for Fe in Fig. 7, is shown for two different Co films
in Fig. 9. In Fig. 9a and b, one deals with an ultrathin
film of fct Co grown and measured in situ in ultra high
vacuum, on a clean and single crystalline Cu(100) sur-
face. The surface cleanness was checked in situ by XAS
at the C and O K-edges, the surface order by means of in
situ low energy electron diffraction (LEED), at all stages
of the growth. Ar* sputter anneal cycles were used to
clean and order the Cu surface.
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Fig. 9. We show XAS spectra (a, c) and the corre-
sponding XMCD difference (b, d) at the L3 s-edge of
Co for a metallic 3.5 ML thin film of fet Co (a, b) and
thicker, 50 ML, film of hcp Co. The outcome of the sum
rule analysis is included in b, d. These results illustrate
in particular a strong increase of the orbital magnetic
moment for the Co atoms of the surface layer of the Co
film (see text).

The Co film is grown in situ by electron beam evapora-
tion [37]. The experiments shown here were performed at
the BL 11011 of MAX-lab. Here we want to illustrate, by
the sum rule analysis, previous results in the literature.
The thickness of the Co films can be determined via a
comparison to previous sets of data in the literature, by
means of the intensity of the Co atomic steps versus the
Cu background intensity. The data are taken by measur-
ing the photocurrent of the sample, or in “total electron
yield” mode. The double step functions are shown in
Fig. 9a and c and allow to determine the thickness pre-
cisely in conjunction with a quartz crystal microbalance
calibration [13]. In Fig. 9c¢ and d a much thicker Co film
is grown on a Cu(111) single crystalline surface prepared
in ultra high vacuum and characterized by means of XAS

and LEED. For this film the Co adopts a structure like
for the hep bulk. Comparing the results of the sum rule
analysis one observes that the 50 atomic layer thick hep,
bulk like, Co film exhibits spin and orbital moments in
agreement to the literature for bulk Co values [35]. In
contrast, the 3.5 atomic layer presents a enhancement of
about 12% in the spin moment and about 50% for the
orbital moment. Here the tensor term correction is ne-
glected in the sum rules, a theoretical input would be
needed, or angle dependent XMCD measurements ver-
sus a strong applied magnetic field, much stronger than
the coercive field [38]. Here the data are taken along the
in plane easy direction of the sample only, given the sup-
plementary complication of the in situ growth. Ab initio
theory, including the orbital polarization correction [39]
predicts an enhancement of order of 100% for the orbital
moment, of the outermost surface layer facing the vac-
uum, as well as an enhancement of the spin moment of
order of 10%. The 50% enhancement of the Co atom or-
bital moment observed here, is in good agreement with
the theory. Indeed, the inner Co layers close to the sur-
face, do not experience such a strong enhancement for
the orbital moment as they have the bulk number of first
nearest neighbors [39]. The results given here are in good
agreement with previous observations [37]. This lower-
ing of local symmetry lifts the “quenching” of the orbital
moment and has strong implications for the magnetic
anisotropy of ultrathin films [18].

3.5. Dichroism with linearly polarized light

Despite the fact that most of the recent literature on
dichroism effects focus on applications of XMCD, a spec-
troscopy based on circular X-rays, which is used to study
ferromagnetic materials, X-ray dichroism is also possible
on antiferromagnets. For an antiferromagnet, below the
temperature where long range magnetic order occurs, the
Neel temperature, adjacent spins are in an anti parallel
arrangement. As the macroscopic net magnetic moment
is zero for an antiferromagnet, no XMCD signal can be
observed using circular X-ray light. This is a strong mo-
tivation in order to consider dichroism experiments on
magnetic materials, which are based on a different ex-
perimental geometry, that would yield a non zero signal
for atomic moments with an antiparallel alignment be-
tween nearest neighbor atoms. Therefore, in this part
experiments based on XLMD are discussed.

Here a simple qualitative discussion is given, trying
to avoid complicated symmetry arguments and mathe-
matical formalism. In a simplified qualitative picture,
thinking in terms of individual localized atomic magnetic
moments, while the intensity of the XMCD signal is lin-
ear versus the strength of the atomic magnetic moment,
and leads to a linear dependence upon the macroscopic
magnetization, M, the XLMD intensity is proportional
to the square of the atomic moment, and therefore is
non zero for antiferromagnets. All the contributions of
the individual atomic moments to the XLMD will sum
up for either an antiferromagnetic arrangement, or ferro-
magnetic arrangement of the individual moments.
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Fig. 10. We show XAS (a) and XLMD (b) spectra
at the L3 2-edges of Fe for a metallic film of bce Fe.
The XLMD measurements are done using linearly po-
larized light, the geometry of the measurement is shown
schematically in panel c. For the XLMD measurement
the angle of X-ray incidence is fixed, while the magneti-
zation direction or the electric field direction is changed.
In panel (c) we modify the magnetization direction of
the sample by applying the magnetic field either in the
surface plane or perpendicular to it.

In Fig. 10 XLMD data are shown on an Fe ferromag-
netic thin film. The fact that both XMCD and XLMD
data are measured on the same sample, allows to set an
order of magnitude for the small XLMD effect. While
the XMCD effect is of the order of 30% of the L3 “white
line” intensity, the XLMD effect is much smaller, of or-
der 2% only. The strength of the XLMD effect appears
therefore to be clearly well below 10% of the strength
of the XMCD effect, considering the data of Fig. 7 and
Fig. 10. This explains also why there is much less litera-
ture on the XLMD effect. However, for antiferromagnets
it is the technique of choice to obtain dichroic contrast
and for example, obtain photoelectron microscopy micro-
graphs [16]. In particular XLMD provides the possibility
to investigate the coupling between a ferromagnet and an
antiferromagnet, at their common interface, as this signal
is non zero in both cases [40]. In Fig. 10, a typical lay-
out for XLMD on a ferromagnetic bce Fe thin film is also
shown. The same geometry can be used for an antiferro-
magnet. Linear X-rays are used, and one compares the
X-ray absorption coefficient of the Fe film with the mag-
netization parallel and perpendicular to the electric field
vector of the incoming radiation. In the geometry used
in the figure, one keeps the angle of X-ray incidence con-
stant, at normal X-ray incidence, and rotates the mag-
netization and/or the electric field vector by means of an
appropriate X-ray source, such as an elliptically polariz-

ing undulator. The reason is the small intensity of the
XLMD effect, as one tries to minimize spurious experi-
mental artifacts. Comparing data at various X-ray inci-
dence angles, often leads to variable spectral baselines,
which are then not easy to compare in order to extract
the small XLMD difference, shown in Fig. 10. Once the
XLMD difference is obtained for various elements one can
quantitatively study the variation of the XLMD strength
or intensity versus the value of the magnetic moment.
One can indeed establish experimentally the M? depen-
dence [41], and quantitatively also study with a higher
degree of accuracy the strength of the XLMD versus the
XMCD effect. An interesting development in this con-
text is the existence of a sum rule, linking the XLMD
signal with the orbital moment and the magneto crys-
talline anisotropy [42]. Given the weak strength of the
XLMD signal only in very few cases a quantitative anal-
ysis is attempted in the literature [43].

3.6. Dilute magnetic semiconductors

The examples discussed so far did concern the XMCD
measurements of thick films of transition metals, a fact
which translates into strong dichroic signals. However, as
mentioned in the introduction of the chapter, the XMCD
technique is very sensitive and can detect even signals of
materials called diluted magnetic semiconductors (DMS),
and nanostructures. An example, which will be discussed
below, relates to the (Ga,Fe)N film. For this sample the
content of iron diluted in GaN is only 1%. The Fe is
diluted in both the matrix (substituting Ga atoms) as
well as in iron-rich nanocrystals FeN,, where x <1 [44].
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Fig. 11. We show the angle dependence of the X-ray
absorption spectra at the K-edge of nitrogen in a
(Ga,Fe)N thin film. The measurements are done us-
ing linearly polarized X-rays for the XAS spectra shown
here. The spectra are measured for the X-ray incidence
angle versus the sample surface at 90°, 45° and 20°.
The strong angle dependence of the X-ray absorption is
similar as in the case of non doped GaN [45].

First, we discuss the angular dependence of the ab-
sorption K-edge of N, illustrated in Fig. 11. Despite the
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presence of small amounts of Fe the N K-edge spectra are
very close to spectra of pure GaN [45]. Here one deals
with the N(1s) as the initial state and probes the N(2p)
final states. For the data of Fig. 11, linearly polarized
X-rays are used as illustrated in the figure. For this par-
ticular experiment, the electric field vector is oriented in
the horizontal plane, and the sample polar angle is varied
to modify the angle of X-ray incidence. At 90° normal
incidence, the electric field vector is within the surface
plane, at 20° grazing X-ray incidence the electric field
vector is 20° off the surface normal. A strong angular
dependence is observed in the X-ray absorption. This
effect can be understood by a different population of the
available N(2p,), N(2p,) and N(2p,) final states, shown
in Fig. 11. At normal incidence the N(2p,) and N(2p,)
states are probed. One observes a stronger XAS inten-
sity around 402 eV incident photon energy, indicating the
existence of final states of this symmetry. In contrast at
this energy the N(2p) final states posses much less 2p,
character.

In Fig. 11 the difference spectrum allows to quantify
this effect versus energy. The strong angle dependence
can be observed when the GaN lattice possesses a high
degree of crystalline order. As one here probes only the
polar angle, it is sufficient for the specific GaN sample
to be c-axis oriented. Also LEED spots were observed
in this case, confirming this result in agreement to other
observations for the specific sample [44]. This effect can
be easily described mathematically for 2p states in a lo-
calized picture of the electronic states, forming molecular
orbitals in a molecule [46]. The 1s initial state shows no
angle dependence and the 2p final states possess a “vec-
tor character” [46]. This leads for the measured dipole
matrix element to a (cos)? angle dependence the angle
0 being the angle between the direction of maximum or-
bital density of the final 2p state and the electric field
vector. This “search light” effect in the XAS intensity
of K-edges is reminiscent of the angle dependence of the
K-edge EXAFS intensity for single crystalline materials.

XMCD measurements were made both for the Fe L-
edge (Fig. 12a and b), and the N K-edge (Fig. 12c and
d). In both cases, measurements were made at 300 K
in a magnetic field about 800 Oe (in the plane of the
sample). The exact energy position of the L-edge, the
spectral broadening and intensity, carry information on
the electronic configuration of the specific iron atoms.
The energy and intensity of the Fe L-edges have been
calibrated by comparison with a “standard” sample of Fe
bee measured in situ. The observed broadening of the L
“white line” for (Ga,Fe)N sample compared to the stan-
dard Fe, indicates the presence of iron in several different
environments and local crystallographic phases. Using
the sum rules the spin and orbital magnetic moment per
iron atom were obtained (values are given in Fig. 12d).

As mentioned in the beginning of the chapter, the
XMCD technique is an element specific technique, while
it also allows to examine the contribution of the con-
stituent elements to the total magnetic moment of the
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Fig. 12. We show XAS and XMCD spectra at the Ls 2-

edges of Fe (a, b) and at the K-edge (c, d) of N in a
(Ga,Fe)N thin film. The measurements were done under
an applied field of 800 Oe. The spectra at the Fe L3
absorption edges were taken at 45° X-ray incidence, the
ones at the N K-edge at normal X-ray incidence. An
XMCD difference is clearly seen for both elements.

sample. As it turns out, in the case of (Ga,Fe)N, be-
sides the dominant contribution to the magnetic signal
carried by Fe ions, part of the spin polarization is also
carried by nitrogen atoms. In the case of the N K-edge
we start from initial states of s symmetry and we probe
N(2p) final states, given the dipole selection rule. Be-
cause the initial states of s symmetry have no finite or-
bital moment and the associated spin-orbit energy is zero,
in K-edge XMCD measurements we loose in XMCD sen-
sitivity, versus XMCD detected using p symmetry ini-
tial states. Working with a K-edge leads therefore to
a greatly reduced sensitivity to detect the orbital mag-
netic moment of the photoexcited atom. Moreover, the
p symmetry states are much less spin polarized than 3d
states, so the XMCD effect observed at a K-edge is sev-
eral orders of magnitude weaker versus the one observed
at L3 o-edges. It does not exceed the tenth part of the
percentage of the atomic cross section, whereas in the
case of L-edges this effect can be even higher than 60%
in some cases.

However, in the case of the (Ga,Fe)N film, under the
external magnetic field we observe a clear dichroic signal
coming from the nitrogen atoms.

A strong dichroic signal is observed in the direction of
the normal to the surface, as shown in Fig. 12d. Pre-
viously, this effect was also observed for the K-edge of
nitrogen in the GdN [47]. This phenomenon is a direct
confirmation of electron transfer and spin polarization
between the Fe and the neighboring ions through spin-
dependent hybridization between the N(2p) with Fe(3d)
and Fe(4s) states. In particular, a strong XMCD effect is
visible in the energy of 397 eV, just before the absorption
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edge, which corresponds to the forbidden energy range
within the band gap. This signal is comparable with the
results published for GAN and it is about 0.5% of the high
energy continuum of the absorption spectrum [47, 48].
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Fig. 13. We show XAS and XMCD results obtained at
the Co L3 s-edges in a (Zn,Co)O thin film. The mea-
surements were done both at the interface and inside
the crater obtained by Ar* ion sputtering (A) and at
the sample surface (B) as marked in panel (a), which
shows a photograph of the sample. Panel (b) shows XAS
spectra obtained for both regions (A and B) as well as
a metallic Co film, using linearly polarized light. The
metallic Co film is used as a reference (a “standard”) to
characterize the “white line” intensity. The spectra were
normalized on a per atom basis. In panel (c) are shown
XAS spectra measured using circularly polarized light
under an applied magnetic field of 350 Oe at an X-ray
incidence angle of 40° versus the sample surface. The
corresponding XMCD difference is shown in panel (d).

The XAS and XMCD spectra allow to distinguish the
electronic state of an element, as it is illustrated in the
next example concerning (Zn,Co)O films. This sample
was probed separately both in the surface and the in-
terface region with a Si substrate, locations A and B,
respectively, as marked in Fig. 13a. The interface region
was probed within the crater previously etched down to
the layer/substrate interface by Ar™ ion sputtering. The
size of the beam spot was reduced to match the size of the
crater, to about 0.8 x 1.8 mm?2. The content of Co in the
“bulk” part of the layer is 6% on average, calculated by
using the tabulated atomic cross sections for XAS. The
distribution of Co is not homogeneous within the layer
and the highest amount of Co is about 14%.

As presented in Fig. 13b, we find sizable differences in
the XAS fine structure of the Co “white lines” for the sur-
face and the interface regions, when measured using lin-
early polarized light. The Co L-edge obtained at the sur-
face region shows a typical multiplet shape, reported pre-
viously for (Zn,Co)O. A different chemical composition
and electronic structure are observed within the crater.

To compare the two results the spectra are normalized
to the high energy continuum. In particular, we observe,
that the interpeak continuum of final states (of s sym-
metry) for the Co spectra is stronger in the crater. Since
the magnitude of the final state continuum is a direct
probe of the degree of metallic character, we conclude
that Co may form either a continuous ultrathin film or a
layer of nanocrystals at the interface. For comparison in
Fig. 13b is shown also the XAS spectrum of metallic Co.
At the same time, the shape of the XAS spectra indicates
that in the interface region metallic Co is the dominant
phase, but not the only one, as we detect also a contribu-
tion specific to CoO. More quantitatively, the area under
the Co L3 line (Fig. 13b) corresponding to the surface
and interface region is, respectively, 2.5 and 1.25 times
larger than expected for metallic Co. This observation
shows, that while Co is mostly metallic at the interface,
still about 17% of Co atoms are in a 27 state. At the
same time, a certain amount of Zn has also been found
at the interface, showing that metallic Co coexists with
(Zn,Co)O0.

The difference in the electronic state of the Co atoms
in the two probed regions is reflected also in their mag-
netic properties. The XMCD measurements were done at
room temperature with a magnetic field of 350 Oe applied
along the film plane. As shown in Fig. 13d, an XMCD
dichroic signal is seen in the interface region, but not in
the surface region. The dichroic effect is much stronger
at the L3 versus the Ls-edge, an observation which in-
dicates a high orbital moment, much stronger than in
case of a bulk cobalt sample (the values are shown in
Fig. 13d). The m;/m; ratio obtained by applying the
magneto-optical sum rules for the (Zn,Co)O film is 0.31,
when the typical value for metallic Co is 0.08. Such a
result is possible when Co atoms form small inclusions
or nanocrystals [49].

4. PEEM as a tool for XMCD and XLMD
studies with lateral resolution

With the unique properties of the radiation produced
by third-generation synchrotron facilities (high intensity
and brilliance, and a wide spectral range and the pos-
sibility of the light polarization), there has been great
progress in the development of spectro-microscopic tech-
niques, which combine the most important spectroscopic
techniques with spatial resolution. A microscopy with a
wide range of applications to surface studies, interfaces,
thin films and nanostructures, is photoemission electron
microscopy PEEM (photoemission electron microscopy).
A major advantage of this technique, based on X-rays
(X-PEEM), is element specificity, which in combination
with the spatial resolution, allows to image the distri-
bution of a given element in the material. PEEM mi-
croscopy is based on several widely used spectroscopic
techniques, based on the detection of electrons emitted
from atomic core levels (XPS, UPS) and on the measure-
ment of secondary electrons (allowing for XAS, XMCD,
XLMD), often combined with low-energy electron mi-
croscopy (LEEM).
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Fig. 14. We show photographs of the PEEM/XMCD-
PEEM microscope operating at the “Nanospectroscopy”
beam line of the Elettra synchrotron facility in Trieste
(Italy). The X-rays are coming from the left side in the
picture. Part of the instrumentation is protected be-
hind shields to increase the electric insulation, as the
microscope operates at a high electrostatic voltage (see
text). The sample is inserted first in a load lock system,
then into a preparation chamber where it can be sput-
tered and annealed, before being inserted into the main
microscope chamber for the PEEM measurements.

The PEEM technique combines the photoelectric effect
with electron microscopy, using monochromatic X-rays,
which leads to the emission of electrons. The acronym
PEEM is a bit misleading and is given only for histor-
ical reasons, because PEEM microscopy techniques can
be divided into two categories: the first group requires
an energy filter and is based on the detection of elec-
trons with an energy characteristic for the material (XPS,
UPS), the second group uses the emission of secondary
or Auger electrons with an energy characteristic for the
material (XAS, XMCD, XLMD).

The spatial resolution is provided by electron optics,
it depends on the size of the aperture and the operating
voltage, and even the photon flux density [50]. The spa-
tial resolution is limited by spherical aberration, chro-
matic aberration and diffraction. To some extent, the
role of the chromatic aberration corrector, caused by the
errors in the focusing of the electrons with different ki-
netic energies, is fulfilled by the aperture acting as a filter
of high energy electrons. In this case, one can achieve a
spatial resolution of 20 nm. In modern PEEM micro-
scopes, the aberration is further minimized through the
use of an energy filter and an optical aberration correc-
tor, which allows to achieve the resolving power of a few
nanometers.

Imaging is done by the measurement of the photoelec-
trons and (mostly) secondary electrons, through the use
of the assembly of electrostatic and/or magnetic lenses.
Emitted electrons are accelerated by a high potential ap-

plied between the sample and the first lens, called the
objective lens (approximately 20 kV). So the sample is
part of the optical system, as the cathode. The objective
lens forms a magnified image of the electron current of
the sample, which is further magnified by one or several
lenses. The final image is obtained using a multielement
detector (such as a multi-channel plate) and a fluores-
cent screen coated with phosphor, where the visible light
emitted from the detector is recorded by a CCD camera.

In this subsection we do not want to fully discuss
PEEM spectro-microscopy, we will focus only on that
part of the PEEM applications which deal with mag-
netic microscopy, based on the XMCD and XLMD ef-
fects, which are the main subject of this article. More
information one can find in the literature [16, 51]. This
microscopy mode is based on absorption spectroscopy
with spatial resolution, in which we detect the secondary
electrons as a function of photon energy. With this tech-
nique we do not discriminate the electrons emitted from
the sample in terms of their energy, as it takes place in
photoemission spectroscopy. We measure all the emitted
electrons, and the signal we use as a measure of the ab-
sorption of the material for a given photon energy. In
this way, we obtain a map of the X-ray absorption of the
material, which is proportional to the electron emission
from the sample. The physical basis for the formation of
magnetic contrast is the same as in the case of XMCD
and XLMD effects discussed in the section 3.3.

The results of XMCD-PEEM, which we present below
as an example of an application of the microscopy with
magnetic contrast, were taken at the “Nanospectroscopy”
beam line in the synchrotron laboratory Elettra (Trieste,
TItaly) (Fig. 14). The high spatial resolving power requires
a high photon flux density in the sample area which will
be imaged by the microscope. The “Nanospectroscopy”
beam line is equipped with two undulators, which pro-
vide a flux of the order of 2-10'® photons/sec and linear
polarization (horizontal and vertical) as well as elliptical
one. The available energy range is 50-1000 eV. The size of
the beamspot on the sample is 20 microns by 2-5 microns.
The beam line is equipped with a microscope from the
Elmitec company. This system combines LEEM electron
microscopy with PEEM (especially XMCD-PEEM and
XLMD-PEEM). The laterally resolving power of the X-
PEEM microscopy is 40 nm, in the XMCD-PEEM mode
it is 50 nm and in the LEEM mode it is 15 nm. In the
LEEM mode the surface topography of the material is
imaged, while in the XMCD-PEEM mode the in plane
magnetic contrast is obtained of the same sample area.
These techniques, together with the XAS, XMCD and
XLMD measurements without spatial resolution, allow
to obtain the complete picture of the magnetic proper-
ties of the studied material, with the determination of
magnetic moments, the magnetic phases and their dis-
tribution with the determination of the contribution of
each element.

As an example, Fig. 15 presents the PEEM results ob-
tained for a (Ga,Fe)N film. Micrographs were measured
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Fig. 15. We show PEEM micrographs measured at the
“Nanospectroscopy” beam line at Elettra for a nano-
structured FeN/GaN thin film. The field of view (FOV)
is given for each panel. The microscope operates at graz-
ing X-ray incidence so that only the in plane component
of the magnetization is seen. The micrograph in panel
(a) was obtained in the XAS mode, it allows to visualize
the Fe-rich nanocrystals at the (Ga,Fe)N surface, seen
as islands of darker contrast. The XAS spectra shown
in panel (d) prove that almost all the Fe is distributed
within the nanocrystals. The micrographs in panels (b)
and (c) show the XMCD signal at the Lz (b) and L2 (c)
edges. The contrast is magnetic as it reverts between
the two panels, an important experimental check. In the
case of the larger nanocrystals, the characteristic mag-
netic contrast of a magnetic “vortex” is seen, which is
schematically shown in panel (e). The arrows represent
the average spin direction in this panel.

for the L3 absorption edge of iron, the area visible in
the figures is 1 um?2. The first one (a) is obtained for
the Ls-edge, using linearly polarized X-rays, and shows
the spatial distribution of iron. The selected sample is
characterized by Fe-rich nanocrystals of various sizes -
from 40 nm to 150 nm. The dark contrast on the mi-
crograph (a) is due to the Fe-rich nanocrystals, but a
very small amount of iron is also embedded in the GaN
matrix, a fact which is confirmed by the absorption spec-
tra obtained from the area of a single nanocrystal and
the doped GaN matrix (d). The spectra obtained with
PEEM microscopy are of not as good quality as mea-
sured by XAS/XMCD without spatial resolution. In the
latter case we get a much better signal to noise ratio, and
therefore the information derived from them is exhibiting
a much smaller error. This is one of the reasons why one
should use both techniques, which are complementary to
each other.

Performing XMCD-PEEM measurements for the same
sample area, one can explore the magnetic properties
and domain structure of individual nanocrystals. For
this reason the measurements for both Fe edges, L3 and
Lo, were performed and their magnetic contrast is pre-
sented respectively in (b) and (c) micrographs, which are
the result of subtracting two absorption images obtained
for the same area of the surface using the left and right
handed helicity of circularly polarized light. Measure-
ments were performed at room temperature in the mag-
netic virgin state. Because of the opposite sign of the
dichroic difference at L3 and Ls-edges, also black and
white contrast on the micrographs (b) and (c) should be
inverted, what confirms the magnetic character. Due to
the geometry of the measurement, in which X-rays are
incident on the surface of the material at 16° grazing in-
cidence, the contrast is the result of the magnetization
component in the plane of the sample. All nanocrystals,
regardless of their size, are magnetic, while the matrix
in which they are embedded does not show dichroic con-
trast. Some of the smallest nanocrystals are single do-
main as their whole area is white or black, the contrast
is reversed when the energy of the photons is tuned from
the L3 to the Lo-edge. Other nanocrystals have a domain
structure in the form of a “vortex”. This structure arises
when the formation of a ferromagnetic domain wall be-
comes a disadvantage in terms of magnetostatic energy.
For this type of structures, as the name suggests, the di-
rection of the spins is rotating around the “vortex” core.
In the PEEM micrographs the XMCD contrast of the
“yortex” structures is visible as white and black areas,
inverted for the Lz (b) and Lo (c) edges, whose total
area is smaller than the size of the nanocrystal (a). To
understand this picture, one should remember the prin-
ciple of the formation of magnetic contrast for different
configurations of measurement. The XMCD signal is pro-
portional to k- M, where k is the wave vector direction
and M is the magnetization of the sample. Therefore,
the XMCD signal will be detected only for the configu-
ration in which the projection of magnetization vector is
parallel to the direction of the k vector. If the exciting
radiation is incident on the sample at a small angle to
the surface, the measured magnetization component will
be mainly in the plane of the surface plane of the ma-
terial. Therefore, the structure of the magnetic “vortex”
can be schematically divided into four parts (in fact there
is no domain wall), as illustrated in the Fig. 15e. The ar-
rows marked in the middle of each part represent the
resultant direction of spin. The direction of incidence of
the circularly polarized X-rays is indicated by the arrow
in the figure (c¢) and (e). On the micrographs showing
the XMCD signal, the magnetically visible part of the
structure will be the one in which the projection of the
magnetization direction is parallel to the k vector, these
are parts I and III in the Fig. 15e, and the color of them
will be inverted as their magnetization direction is oppo-
site. Parts IT and IV do not give magnetic contrast, since
the k and M vectors in both cases are perpendicular.
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As mentioned above, the XAS/XMCD/XLMD tech-
niques without spatial resolution and in combination
with microscopy are complementary and allow for a bet-
ter understanding of the magnetic properties and its ori-
gin in the material. PEEM microscopy can examine the
spatial distribution of the individual elements and the
distribution of the magnetic signal, but also has limita-
tions that can be avoided by doing the same measure-
ments without spatial resolution. In the case of PEEM
spectro-microscopy one can not apply a strong magnetic
field, as it would influence the track of the detected elec-
trons and the magnetic and electrostatic elements of the
microscope optics. The temperature range of measure-
ments is also strongly limited, in contrast to spectro-
scopies where the sample can be cooled both with lig-
uid nitrogen and helium (above temperature of 30 K).
Some limitations may also arise by charging effects of
the sample. In the case of low conductive materials there
is a greater chance of a successful experiment using spec-
troscopy rather than spectro-microscopy, because in the
latter case the strong photon flux is focused on a very
small area of the sample, of the order of micrometers.

5. Summary and outlook

In the present overview article, some examples are
given from the study of magnetic materials, using X-ray
absorption spectroscopy in a synchrotron radiation labo-
ratory. The element specificity of X-ray absorption spec-
troscopy allows to disentangle the magnetic moment in
its components in the case of alloys or multicomponent
systems. It is also possible to disentangle the contribu-
tion to the magnetic moment of the various electronic
levels by the careful choice of the absorption edges stud-
ied, using the dipole selection rules of electronic transi-
tions. The use of an elliptically polarizing undulator as
an X-ray source of variable polarization presents advan-
tages as no beam line components are needed to alter the
polarization state of the X-ray beam, allowing for a high
degree of accuracy in magnetic moment determination.

It is concluded that X-ray absorption dichroism using
both circular and linear X-rays can fully characterize the
magnetic ground state of both metallic and semiconduct-
ing magnetic materials. Using X-ray absorption allows to
characterize dilute magnetic materials such as ultra thin
films on surfaces grown in situ or dilute magnetic semi-
conductors. An advantage of the dichroic spectroscopies
presented here is the determination of the orbital mo-
ment as well as the magnetic moment determination for
anti-ferromagnetic and ferrimagnetic materials.

In the future we may still see some improvements of
the use of X-ray absorption in spectro-microscopy ap-
plications with the appearance of aberration corrected
PEEM instruments. We already can image the mag-
netic domain structure of single magnetic nanocrystals
in present undulator based beam lines, as we show in
this article. In Poland the Solaris light source will soon
start operation. The present article provides an overview
of the use of X-ray absorption for dichroism applications

in the area of magnetism with key references, to serve as
a general reference in particular for the new users inter-
ested in magnetism applications using synchrotron radi-
ation and X-ray absorption in Poland.
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