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Chapter 4

Probing the electronic and
magnetic structure of

transition-metal oxide thin films

4.1 Introduction

The use of synchrotron radiation based high energy spectroscopies such as lin-
early and circularly polarized soft-x-ray absorption spectroscopy is relatively
new [1]. This type of spectroscopy has been developed into full maturity only
in the last 15 years, both in terms of instrumentation as well as in terms of a
quantitative theoretical analysis of the spectra, which are often dominated by
multiplet structures [2–4]. In fact, it all started with the pioneering work of
Fink, Thole, Sawatzky and Fuggle, who used high energy electron-energy-loss
spectroscopy to study narrow band and impurity systems, and recognized that
the observed multiplet structures can provide an extremely detailed informa-
tion about the local electronic structure of systems involving transition-metal
and rare-earth atoms [5–8]. The underlying principle is the fact that the core
hole produced has a strong attractive Coulomb interaction with the valence
electrons. For strongly correlated oxides, this interaction is much larger than
the one-electron band width of the valence electrons. The absorption process
is therefore strongly excitonic and the spectra can then be understood in a
straightforward manner in terms of atomic-like transitions.

These spectra are not only element specific, but above all, their multi-
plet structures are extremely sensitive to the charge, spin and orbital state of
the ion due to the very effective dipole selection rules associated with the K
(1s → 2p), L2,3 (2p → 3d), and M4,5 (3d → 4f) transitions for the oxygen,
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transition metal and rare-earth ions, respectively. In fact, the specificity to the
initial state symmetry is so large, that one does not need a very good energy
resolution in order to measure which of the possible initial state symmetries
is occupied, since different symmetries lead to completely different multiplet
structured spectra. In other words, an experimental energy resolution of 500
meV is often enough to distinguish initial states that are different by not more
than a few meV or less in energy, making the technique extremely valuable
for the study of electronic and magnetic phase transitions which usually occur
in the temperature range up to roughly room temperature (kTc = 25 meV).
This is clearly demonstrated in later experiments using synchrotron radiation
in the soft-x-ray region [2, 9–30].

Very important in this context was the development of sum rules, by which
the separate orbital and spin contributions to the total magnetic moment in
ferromagnetic materials can be deduced directly from the integrated circularly-
polarized x-ray absorption spectra, without having to rely on simulations of
the spectra [31–33]. This provides a considerable simplification for the use of
the technique for the study of (multi-element) magnetic materials.

In addition, soft X-ray absorption spectroscopy is a surface sensitive tech-
nique. This aspect makes it extremely suitable to characterize the chemical
composition, magnetic properties and electronic structure of surfaces, thin
films and multilayers. In fact, there are not many spectroscopic tools that
have the sensitivity to deal with such minute amounts of material.

Finally, it is worthwhile to mention that soft-x-ray absorption spectroscopy
may be the only technique that has sufficient contrast for the orbital symmetry
of the electrons, yielding information that is crucial to unravel the interplay
between spin and orbital degrees of freedom in correlated oxides. This is a
necessity for the understanding of, for instance, the magnetic properties of
transition metal oxides with a high magnetocrystalline anisotropy.
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4.2 Synchrotron radiation

First observed as an energy loss in electron storage rings, synchrotron ra-
diation turned out to be a very useful source of electromagnetic radiation.
Synchrotrons originally developed for the study of elementary particles are
nowadays mostly used as powerful photon sources. These facilities are ca-
pable of generating electromagnetic radiation ranging from infra-red to hard
X-rays. The principle is based on the radiation of electromagnetic waves from
charged particles (electrons) undergoing an accelerated motion when passing
through a magnetic field. Three types of magnet structures that are commonly
used to generate synchrotron radiation are: bending magnets, undulators and
wigglers. For more details about the synchrotron radiation we refer the reader
to [34, 35].

Our soft X-ray absorption measurements were carried out at National Syn-
chrotron Radiation Research Center (NSRRC) Taiwan. The beamline used for
this purpose was the original Dragon beamline built by C.T. Chen and F. Sette
at the National Synchrotron Light Source, Brookhaven National Laboratory
and later moved to Taiwan. It delivers soft X-rays from a bending magnet in
an energy range of 90-1200 eV [36–38]. This beamline and the NSRRC storage
ring fulfilled completely the needs of our experiment which were a high degree
of linear polarization, extreme intensity and energy stability as well as high
resolution. Figure 4.1 sketches the layout of the Dragon monochromator.

Figure 4.1: Dragon monochromator taken from ref [38].
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The idea of designing a monochromator with a simple arrangement of
spherical optical elements [36] turned out to be a great success, achieving an
unprecedented high resolution of 1:104 in the soft X-ray range. The horizontal
and vertical focusing mirrors (HFM and VFM), which direct the radiation from
the bending magnet and to allow the selection of linear or circular polarized
light are followed by the entrance slit. This slit improves the resolution by
making the monochromator less dependent on the source size. The grating
which diffracts and focuses the photon beam is followed by a movable exit
slit in order to follow the focus at different wavelengths. The overall photon
energy resolution was usually set to 0.3∼0.4 eV for photon energies between
600-800 eV.

4.3 Principles of soft X-ray absorption

The absorption of X-rays arises as a result of a photoelectron process, which
transfers an electron from a core level (1s, 2s, 2p) to the empty valence levels
above the Fermi level. This is exemplified in Figure 4.2(a) where we use a one
electron picture to describe the process. Later we will show that this picture is
actually quite incorrect due to strong electron-electron correlation effects. The
detection of the absorption process can be done in many ways. These possi-
bilities are depicted in Figure 4.3. The most straight-forward method one can
think of, is by measuring the number of incident photons and the number of
transmitted photons trough a thin foil, this method is the so-called transmis-
sion mode. The ratio between the two numbers will be an exponential function
of the absorption coefficient. Although this measurement method would be
intuitively the most reliable one, the realization of the actual measurement is
quite a challenge. The reason for this is that soft X-rays are strongly absorbed
by matter. Just to give an example the absorption of X-rays for Ni is almost
two orders of magnitude higher at 1 keV than at 8 keV photon energy (see for
example ref. [39]). Therefore, in order to be able to measure the transmission
in the soft X-ray energy region, the samples must be made extremely thin and
homogeneous.

Another way of measuring the absorption coefficient is by detecting the
decay products of the absorption process itself. In Figure 4.3 beside the trans-
mission mode two other ways of measuring the absorption process are depicted:
the fluorescent yield and the total electron yield.

In the fluorescent yield mode one detects the electromagnetic radiation
resulting from the radiative decay of the electrons from the occupied Density
Of States (DOS) to refill the core hole created by the X-ray absorption process.
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Figure 4.2: (a) Schematic figure of the absorption process. An core electron
is excited by the incident X-rays into the unoccupied density of states (DOS)
above the Fermi level. The measurement proceeds by detecting the decay
products which can be photons, Auger electrons, photoelectrons or secondary
electrons. (b) The energy distribution of these are decay products is presented.

The number of photons is proportional with the number of core holes created
by the absorption process. This detection method proved to be more efficient
and less demanding as far as the type of sample is concerned, since there is no
limitation on the thickness of the sample contrary to the transmission mode nor
has the sample to be conducting as is the case for the total electron yield mode
(discussed later in this section). It is also important to note that this detection
method is quite bulk sensitive since at these low photon energies there are
almost no photon scattering processes: the probing depth of this technique is
∼2000 Å [15]. The drawback of this technique is that the mean free path of
the fluorescent photons could be comparable to that of the incoming photons,
hence self-absorption effects can take place, with the result that the fluorescent
yield will no longer be proportional to the absorption coefficient. Moreover,
the fluorescent process itself can be strongly dependent on the multiplet state
that is created in the absorption process, making this technique less suitable
for accurate quantitative measurements.

The last but most used detection method for the X-ray absorption process



114
Chapter 4. Probing the electronic and magnetic structure of

transition-metal oxide thin films

Figure 4.3: Measurement of the XAS spectra in the Total Electron Yield
(TEY) mode. The absorbed photon creates a photoelectron which is emitted
from a core level. The resulting core hole is later on occupied by a valence
electron. The gained energy is transferred by Auger process to another elec-
tron which is emitted from the surface. The absorption is proportional to the
number of electrons emitted thus also to the electrical current which neutral-
izes the sample. This drain current is measured as a function of photon energy
and gives our XAS spectra.

is the total electron yield mode (TEY). What is measured here is the photo-
electrical current which is supplied from the ground in order to neutralize the
sample. Thus, as is depicted in Figure 4.3, the sample is grounded through
a pico-amperemeter. Figure 4.2(a) exemplifies the processes that cause the
”charging” of the sample: the unfilled core hole left behind by the X-ray
absorption process is filled by an electron which decays from the occupied
DOS, but in this case the process is not a radiative, but an Auger process.
The energy gained from this decay is transferred to an other electron which
can escape from the material. The leaving electron will conserve its kinetic
energy only if is originating from not very deep under the surface, and this is
due to the small elastic mean free path of the electrons in this energy region.
Electrons originating from deeper regions of the sample will most probably
suffer inelastic collisions and therefore will loose some of their kinetic energy.
The photoemission spectrum of the electrons escaping from the irradiated
surface is shown schematically in Figure 4.2(b). The amount of the so-called
secondary electrons is orders of magnitude larger than the amount of the
original Auger electrons, so experimentally it becomes very easy to measure
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the decay products of the absorption process: the total electron yield can
simply be measured by using a pico-amperemeter. However, it has been shown
that the total electron yield signal is proportional to the absorption coefficient.
The probing depth for this method is about 40-100 Å depending on material.

These two characteristics made TEY detection ideal for our purposes: the
proportionality to the absorption coefficient allows for an accurate quantitative
analysis of the spectra and the surface sensitivity is a necessity for ultra thin
film samples.

In some cases when the material is very dense and the absorption is very
high like in rare-earth elements, so that the escape depth of the electrons is
comparable to the mean free path of the photons saturation effects may appear
in the spectra. These effects were not of much importance for our transition
metal oxide thin films and for further debate the reader is referred to [51].

In order to describe the XAS process one must know the ground state,
the final state, and the matrix elements governing the transition cross section.
Obviously, our aim is to find the ground state of the transition metal oxide
film. The final state will be comprised by a core hole and an extra electron in
the valence state. For the 2p-3d (L2,3) transition the X-ray absorption process
can be schematically represented as follows: 2p63dN + hν → 2p53dN+1. The
probability of the electronic transition which actually gives us the absorption
cross section is given by the Fermi golden rule:

σ ∼ |〈f |P |i〉|2 δ(Ef −Ei − ~ω) (4.1)

here 〈f |P |i〉 is the matrix element for the interaction between the initial state
|i〉 and the final state |f〉. δ represents the requirement that the photon energy
must match the energy difference between the possible electronic states. The
operator P that couples the initial and final states can be written as:

P = eik(−→n ·r)p · −→e (4.2)

where −→e is the polarization vector and −→n represents the propagation direc-
tion of the light and r is the electron position operator. Using the dipole
approximation this operator is customary written as P = p · −→e , since only
the first term is considered when expanding in series the exponential, here
p is the momentum operator [40, 41]. The operator p can be replaced by
the position operator r since [r,H] = (ih/m)p [2]. It must be noted that
the dipole approximation is valid since in this energy region since the wave-
length of the soft X-ray radiation is much larger than the size of the atoms
(hν ∈ [100− 1500]eV ⇒ λ ∈ [125− 8.6]Å).
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The final state, as shown in Figure 4.2(a) contains a core hole. However this
core hole created by the incident photon will strongly interact with the valence
electrons through the Coulomb interaction. Therefore, the process cannot be
described in a one electron picture. In the case of transition metal oxides which
are narrow band systems [42] the X-ray absorption is strongly excitonic since
these strong Coulomb interactions are larger than the one electron bandwidth
of the valence electrons, the electronic transition caused by the absorption
process can be well described in an atomic-like picture [3, 5, 43, 46, 59]. A
successful method to calculate the 2p-3d (L2,3) spectrum is to consider a small
cluster built up by a central transition metal atom surrounded by oxygen atoms
located in such a way that they reflect the point symmetry of the transition
metal atom in the crystal.

The number of existing initial and final multiplet states is a function of the
number of d electrons, and this number can be very high already in the ionic
limit (for the 2p53d5 final state the number of possible terms is 1536). Figure
4.4 shows all available final states depending on the number of d electrons
at the transition metal site. It is important to note that since the position
operator r is an odd operator, the initial and the final states must have different
parity, otherwise the integral in Equation 4.1 vanishes. The selection rules for
the dipole transitions are:

∆l = ±1
∆m = 0,±1
∆j = 0,±1 (4.3)
∆L = 0,±1
∆J = 0,±1
∆S = 0

All these rules are the so-called dipole selection rules. Satisfying these rules
results in the pleasant surprise, namely, that not all possible final states pre-
sented in Figure 4.4 will be available and that the resulting XAS spectra will
not be structure less.

The initial and final states of the atom are described by multiplets, which
are multielectronic wavefunctions arising as a result of couplings of spin and an-
gular momenta of the constituent electrons. For example the Russel-Saunders
coupling results in such LS multiplet having terms of the form 2S+1LJ with
(2S+1) multiplicity. Each multiplet state has a certain atomic angular mo-
mentum quantum number J. Thus for an isolated atom each state is (2J+1)
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Figure 4.4: Multiplet structure in the final state 2p53dN+1. Without the
dipole selection rules all transitions to these states would be possible. Figure
taken from ref. [46].

degenerate having MJ = (−J,−J +1, . . . , J−1, J) if there is no external mag-
netic field present. Taking in consideration all possible initial state multiplets
(2p62dN ) and final state multiplets (2p53dN+1), the transition probability can
be calculated with Equation 4.1.

In the following we will present relevant examples illustrating some essen-
tial effects taken from the immense literature that appeared in the last 25-30
years after the prediction in 1985 [43] and experimental proof in 1986 [44] of
strong magnetic X-ray dichroic effects.

4.4 Examples from literature

4.4.1 XAS of free atoms and solids

The first example presented here will be based on the findings of P. Gam-
bardella et al. [45]. They reported XAS measurements on transition metal
impurities on K and Na films. Here they were able to show that if transition
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Figure 4.5: (a)(taken from ref [46]) (left) energy level diagram with initial and
final states of the 2p-3d absorption process of Cu2+ or Ni 3d9. The initial state
is the 3d spin orbit split ground state of which only the lowest part is occupied
at very low temperatures in the atomic state. The final state is split by the
core hole spin orbit interaction (several electronvolts in magnitude), (right)
Calculated spectra depending on the population of the ground state.(b)(taken
from ref [45]) XAS spectrum of Ni impurities on K film, only the L3 edge is
visible because in the ground state only the J=5/2 is populated and the dipole
selection rules allow only ∆J = 0,±1. (c)(taken from ref [47]) XAS spectrum
of Ni metal where both initial states are populated.
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metal atoms are evaporated on these surfaces, such that they don’t form clus-
ters, they will exhibit atomic like character. The simplest example is Ni d9.
The XAS process is described by 2p63d9 |αJM〉 → 2p53d10 |α′J ′M ′〉 transition
where the important quantum numbers are J and M, whereas α represents
other quantum numbers. This example is convenient since in the final state
only the p shell is unfilled since the d shell is complete. In this situation, for
a free ion, according to Hund’s rules, the ground state is described by a 2D5/2

term. At an energy of 5/2·ξ3d above this ground level, where ξ3d is the 3d
spin-orbit coupling, lies the 2D3/2 atomic level. For the final state the possible
levels are 2P3/2 and 2P1/2 separated by 3/2·ξ2p, where ξ2p represents the 2p
spin-orbit coupling (see also Figure 4.5(a)). In the atomic state, at very low
temperatures, only the lowest lying level will be populated, therefore, taking
into account the dipole selection rule ∆J = 0,±1, from the 2D5/2 ground
state only the ∆J = −1 transition is possible hence only the 2P3/2 state can
be reached. This is represented by the bottom spectrum in Figure 4.5(a).
The actual measurements are presented in Figure 4.5(b), one sees that only
the transition from J=5/2 to J=3/2 occurs and that the L2 edge is almost
entirely suppressed.

In Ni metal both the states with J=5/2 and J=3/2 are instead populated
due to both band formation and covalency. Therefore the transitions shown
in Figure 4.5(a) (upper graph) are possible and the XAS spectrum of Ni metal
has two peaks as seen in Figure 4.5(c), taken from ref [47].

4.4.2 X-ray circular dichroism

The use of synchrotron radiation provides not only a wide range of photon
energies from which to choose, but it allows also to select of the light polar-
ization. Therefore, one can use polarized light to probe only a specific part of
the possible transitions. This is attainable since the photons have an angular
momentum, namely q=±1 for circular and q=0 for linear polarized light. The
polarization of the light is expressed in the −→e vector of the dipole operator.
Circularly polarized light is expressed as −→e q=±1 = ∓1/

√
2(−→e x + i−→e y), and

linearly polarized light as −→e q=0 = −→e z. The dipole operator P can be thus
expressed in spherical harmonics and this simplifies the calculation of integrals
of the form of Equation 4.1. Depending on the polarization of the light, the
dipole operator therefore be written as [48]:

Pq=±1 = r

√
4π

3
Y ±1

1 or,
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Pq=0 = r

√
4π

3
Y 0

1 (4.4)

The magnetic quantum number M is changed according to the polarization
of the impinging X-rays, such that ∆M = q. The angular dependence of
the absorption cross-section can be separated from the radial part such that
the dependence of the absorption process on the light polarization becomes
apparent. This is done using the Wigner-Eckart theorem (see for example the
book of R.D. Cowan [49]), and σ becomes from Equation 4.1:

σ ∼
∣∣∣
〈
f |P (1)|i

〉∣∣∣
2
·
(

J

−M

1
q

J ′

M ′

)2

(4.5)

where
(

J
−M

1
q

J ′
M ′

)
is the Wigner 3j symbol and

〈
f |P (1)|i〉 is the reduced matrix

element of the dipole operator and gives the linestrength of the transition.
Shortly after the prediction and the experimental confirmation of the po-

larization dependent X-ray absorption, J.B. Goedkoop et al. published cal-
culations of spectra for rare-earth compounds [50]. Figure 4.6 illustrates the
energy levels involved in the absorption process for the simplest case: Yb3+.
The Ytterbium ion has 13 electrons in the 4f shell. According to Hund’s rules
this will result in 2F7/2 ground state. The absorption process will excite a 3d
electron to the only empty state in the 4f shell, thus the final state will become
3d94f14, which again according to Hund’s rules is the 2D5/2. In the atomic
state, without any magnetic field present, the transition with ∆J = −1 is the
only possible one. This case is depicted in the left side of Figure 4.6. When
the ion is placed in a nonzero magnetic field the 2 ·7/2+1 = 8 fold degeneracy
is lifted and the sub-levels are split by the Zeeman energy of EM = −µgJHM .
Depending on the polarization of the incident photons, three different groups
of transitions exist as depicted in the right side of the energy-level diagram.
Since the splitting of the Zeeman levels is of the order of ∼1 meV at high tem-
peratures all levels will be equally populated, thus no effect of the dichroism
will be visible. At low temperatures, however, the effect of the Boltzmann
distribution on the occupation of these levels will cause an unequal absorption
for different ∆Mj groups. At T=0K only the M=-7/2 will be populated there-
fore only absorption of light with polarization q=1 is possible. At the bottom
of the figure the relative intensity is plotted as calculated from the squared
values of the 3j symbols for the specific transitions. Formulas giving this de-
pendence on the specific values of J and M can be found in many references
[40, 50, 52, 54].
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Figure 4.6: Energy level diagram for trivalent Ytterbium. On the left side
the free ionic levels involved in the absorption process are shown , while on
the right side the splitting due to the magnetic field becomes apparent. The
energy scale in the figure is not on scale, the Zeeman splitting being very small,
of the order of ∼ 1 meV. Figure taken from ref. [50].

Historically, after these developments focusing only on rare earth com-
pounds, the first experimental circular dichroic experiment on 3d transition
metals was done by C.T. Chen and co-workers [9] who studied the circular
dichroism of Ni metal, presented in Figure 4.7.
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Figure 4.7: (a) X-ray absorption spectra of Ni metal taken with two different
polarizations of the X-ray photons with respect to the spin direction. (b)
Difference spectrum (Magnetic Circular Dichroism). Figure taken form ref.
[53].

In ferromagnets the net magnetization is caused by lowering of the energy
by parallel alignment of neighboring spins (exchange energy). Therefore, elec-
tronic states with mj corresponding to a certain spin orientation will be pref-
erentially occupied (the highest unoccupied state being the mj = 3/2). Thus,
considering the absorption cross-section from the calculation of the square of
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the 3j symbols, one would expect the following ratios: σL3tot/σL2tot = 2 : 1
and MCDL3

MCDL2
= −1 : 1. In reality the ratios measured were 2.6:1 and -1.6:1,

respectively. Subsequent analysis has shown that these deviations from the
statistical expectations are caused by the spin-orbit interaction active in the
Ni 3d shell, i.e. that the Ni carries an orbital momentum. These results clearly
show that the dichroic signal is sensitive to small details of the electronic and
magnetic structure.

As we have seen, the line shape and intensity of the X-ray absorption
spectrum depend on relative orientation of the photon angular momentum and
the magnetization direction. This can be achieved for ferromagnetic samples
where the net magnetic moment of the material is nonzero: 〈M〉 6= 0. On
the other hand, for antiferromagnets where the net magnetization is zero (or
very small even in high external magnetic fields) there will be no (or very
little) circular dichroism. However, linear dichroism, which is the difference
in intensity or shape of the spectrum with the antiferromagnetic axis aligned
parallel or perpendicular with the polarization axis, exists also in the case of
antiferromagnets. Here the important quantity is the mean of the square of
the magnetization (

〈
M2

〉 6= 0). Thus in the following sections we will give
some examples that deal with different linear dichroic effects.

4.4.3 X-ray magnetic linear dichroism

In this section we focus on the two classic experimental papers by Kuiper et
al. [19] and Alders et al. [21] which constitute important milestones in the
field on linear dichroism of antiferromagnetic materials.

In Figure 4.8 is presented the XAS spectrum of Fe2O3 antiferromagnet
taken below and above the so-called Morin transition which occurs at ∼263
K. This magnetic phase transition manifests itself as a change of direction of
the magnetic moments with respect to the trigonal c axis of the corundum
structure of Fe2O3. In both cases the spectra are taken with the c axis paral-
lel to the polarization direction of the incident X-rays and thus the difference
in the spectra is entirely due to the change in orientation of the magnetic
moments on the Fe sites. Fe2O3 with the Fe3+ ions having 5 high spin elec-
trons in the 3d orbitals, has an atomic ground state 6S5/2. This is an orbital
singlet (L=0), thus the ground state has A1g symmetry. Hence such a high
polarization dependence can not be the result of a deformation of the oxygen
octahedra (final state effects). At very low temperatures in a magnetic field,
the J=5/2 level of the free ion is split into six Zeeman sub-levels and the
ground state level mj=-5/2 is occupied. Using linearly polarized light with
the electric field vector aligned along the magnetic moments, the selection rule
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Figure 4.8: X-ray absorption spectra taken below (T=200K) and above
(T=300K) the Morin transition (T=∼ 263K) using polarized X-rays with the
electric field vector parallel with the c axis. Figure taken form ref. [19].

∆m=0 restricts the transitions from the initial J=5/2, to states having J’=7/2
and J’=5/2 since only these have m′

j=5/2 sub-levels. When the electric field
vector of the linearly polarized X-rays is perpendicular to the magnetic mo-
ments also the J’=3/2 levels can be reached, since this polarization carries
∆m=-1. This causes the large difference observed between the spectra taken
below and above the Morin transition.

The other classical example is the work of D. Alders et al. [21, 54]. Here
the authors present a detailed analysis of thickness as well as temperature
dependent X-ray magnetic linear dichroism of NiO thin films.

In NiO thin films epitaxially grown on MgO (001) the largest changes in
the spectrum as a function of polarization were observer at the Ni L2 edge (see
Figure 4.9(a)). By comparing the calculated spectrum with the experimental
one it was further shown that the ratio of the two components of the L2 edge
scales linearly with the exchange field. Therefore, this ratio of the two peaks
served as a measure for the nearest neighbor spin-spin correlation function.
The spectrum which for the sake of clarity is normalized to the first peak of
the L2 edge shows a change of the ratio of the order of 40 %. The variation of
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Figure 4.9: (a) Angular dependent Ni L2 edge spectrum of 20 ML NiO thin
film on MgO (100). (b) Ratio of the two peaks as a function of temperature,
compared with neutron diffraction data taken from ref. [55]. Figure taken
form ref. [21].

this ratio of the two peaks as a function of temperature, is presented in Figure
4.9 (b) and compared with the neutron diffraction data taken from ref [55]:

Figure 4.10: (a) Temperature dependent Ni L2 edge spectrum of 20 ML
NiO thin film on MgO (100). Ratio of the two peaks at the L2 edge for films
having different thickness. The 5 ML film has a Neél temperature close to
room temperature. Figure taken form ref. [21].
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while neutron diffraction measures the mean of the local magnetization 〈M〉,
XAS technique measures the mean of the square of the magnetization

〈
M2

〉
plus the exchange field from the nearest neighbor spin-spin correlation func-
tion J 〈Si · Sj〉. From the comparison of the experimental with the calculated
spectrum, it was also determined that for the NiO films, the easy axis of the
spins on the Ni site is parallel to one of the [±2,±1,±1] crystallographic direc-
tions. Here we must note that spin-orbit coupling is crucial for the appearance
of magnetic linear dichroism. In fact for Oh symmetry no orbital ordered state
is expected (no initial state effects) and the absorption cross-section is inde-
pendent of polarization. Therefore, MLD can occur only by some coupling of
the electronic part with the spin part of the wavefunction. This coupling is
exactly the spin-orbit coupling (see for more ref. [46]).

The temperature dependence of the spectrum also changes with the thick-
ness of the NiO film as shown in Figure 4.10. For thinner films the temperature
at which antiferromagnetic order is still present is lower. For the 5 ML NiO
films on MgO the Néel temperature is only ∼295 K, i.e. less than 2/3 of the
bulk value of 520 K. As we will show in Chapter 6 such an effect is not ob-
served, for identically thin layers of CoO on MnO where the Néel temperature
is the same as for the bulk.

4.4.4 The effects of the crystal fields

The electronic and magnetic properties of the materials are a direct conse-
quence of the behavior of the outermost uncomplete electronic shells. Transi-
tion metals have open d shells while rare earths have open f shells. Therefore,
the main interest focuses on these electrons. A change in environment, like a
change in the atomic distances or a deformation of the distribution of the clos-
est lying anions, will result in a change of the electron configurations of these
ions. Since this electron configuration determines the electronic and magnetic
properties of these materials, we are mainly interested in how, by altering the
natural environment, we are able to change or even control of these properties.
In order to achieve this, a closer look at this anion environment is appropriate.

In the rock-salt transition metal oxides such as CoO and MnO, studied in
the following chapters, the metal cation is surrounded by an octahedra formed
by the six oxygen anions as presented in Figure 4.11. In a free atom the atomic
d levels are all degenerate, (they have the same energy and they are spherically
symmetric), but once embedded in this cubic environment some d orbitals
will be energetically more favorable than others. Figure 4.11 exemplifies this
statement. Depending on their orientation with respect to the anions, the
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Figure 4.11: Schematic figure of d orbitals in an octahedral field of anions.
It is here visible that the d3z2−r2 and the dx2−y2 orbitals point toward the
anions while the dxy, dxz and dyz orbitals point in between the anions. This
is the reason for the energy splitting between the upper group and the lower
group, namely between the eg and the t2g energy levels.

d orbitals will split into the lower lying triply degenerate t2g orbitals, which
point in between the anions, and the higher lying eg orbitals which point
towards the anions. The occupation of these orbitals will proceed in such a
way that the overall energy will be minimal. In a simple picture there are two
concurring effects which play a role in the population of these orbitals, the
exchange interaction which minimizes the energy if two electrons are parallel
and the crystal field splitting which favors the occupation of the lower t2g

orbital. If the crystal field splitting is small, the electrons will arrange as to
maximize the spin. If the crystal field is large, the electrons will tend to stay
in the lower t2g orbitals, i.e. in the low spin configuration. In some cases the
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Figure 4.12: Energy level diagram of the d levels for a transition metal atom
in an octahedral filed (middle) or in a tetragonally distorted octahedra (left
and right).

so-called intermediate spin state is possible where both effects are comparable
in size (see for details ref. [51]).

If the octahedra are tetragonally distorted, the symmetry decreases from
Oh to D4h and results in a further splitting of the initially so-called t2g and
eg levels. Two extra parameters Ds and Dt are needed for describing this
splitting. The reason why they are called parameters is because they are used
together with Dq as empirical parameters when fitting the measurements.
Theoretical calculations of these parameters were not very successful. All
these quantities depend on the radial part of the wavefunctions and therefore
the covalent mixing of the metal and ligand orbitals have a major contribution
to them also. Figure 4.12 presents a simple overview of the energetics if the
levels as a cause of the two kinds of tetragonal distortion of the octahedra.

4.4.5 Initial state effects

X-ray absorption using linearly polarized light is very sensitive also to orbital
occupation. This is easily put in evidence by the following example regarding
the dipole allowed K edge absorption from s orbital to p orbital. With lin-
early polarized light the absorption process which is given by Equation 4.1,

is described by the integral of the form
〈
i
∣∣∣r

√
4π
3 Y 0

1

∣∣∣ f
〉
, which, by replacing

Y 0
1 =

√
3
4π

z
r , results in the simple integral 〈i|z|f〉. This integral can only be

nonzero if the product of the three functions is even. Being now concerned
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with the absorption from an s orbital (which is even) to a p orbital (which
is an odd function in x, y or z variables), the product of the three will only
be even if the polarization of the X-rays matches the orientation of the p or-
bital. Therefore, one can excite from an s level into a pz orbital only with z
polarized light and into a px orbital with x polarized light. A generalization
of this example is the statement: since the dipole operator r is a vector with
components (x, y, z), the dipole transition will be allowed if the direct product
of the irreducible representations of the initial and final states is or contains
the irreducible representations to which x, y, or z belongs [41].

A revealing result for a slightly different case, namely the case of specific
type of holes in the 3d orbitals, is presented in Figure 4.13. Here polarization
dependent X-ray absorption of La1.85Sr0.15CuO4, a high Tc superconductor, is
reproduced from ref. [15]. The authors (C.T. Chen et al.) were able to eluci-
date the controversy that appeared around the amount of O 2pz versus the O
2px,y character as well as the Cu 3d3z2−r2 versus the Cu 3dx2−y2 hole character
in these high temperature superconductive compounds which attracted much
interest. The specific measuring geometry allowed for an easy and transpar-
ent procedure for data analysis and we shall follow a similar procedure for our
experiments as detailed in the following two chapters. Until the appearance
of this paper there was no transparent way of deriving what percentage of Cu
3d holes (which are responsible for the conduction), are d3z2−r2 in character.

In Figure 4.13 is very clear that there is a strong difference in absorption
as a function of the orientation of the electric field vector with respect to
the c axis. The latter is perpendicular to the CuO2 planes in this material.
While the electrical field vector is parallel with the c axis (perpendicular to
the CuO2 planes) the absorption is almost entirely suppressed which clearly
suggests that the 3d holes lie in the plane. The holes therefore reside mainly
in the Cu 3dx2−y2 orbitals. The calculated value for the Cu 3d3z2−r2 hole
character was determined to be ∼1.5%.

4.4.6 Final state effects

In one of the previous sections we shortly discussed the results of D. Alders
et al. about MLD of NiO epitaxial thin films on MgO. We pointed out that
thinner films have lower Néel temperatures than thicker films (∼ 20 ML) which
had Néel temperatures close to the bulk value. In this final section we want
to turn the reader’s attention to an instructive example discussed by M.W.
Haverkort et al. [60]. These authors report XAS measurements from 1 ML
NiO epitaxial film grown on Ag (100) single crystals, the film being capped
by a 10 ML MgO (100) layer. As it was already discussed in Chapter 3 of



130
Chapter 4. Probing the electronic and magnetic structure of

transition-metal oxide thin films

Figure 4.13: Cu L2,3 XAS spectra showing immense difference in absorption
for the two polarizations. The 3d hole in the Cu 3d9 ion resides almost entirely
in the dx2−y2 orbitals. Figure taken form ref. [15].

this thesis, very thin epitaxial films, with a certain amount of misfit, will grow
homogeneously on the substrate and they will contain a considerable amount
of tetragonal distortion imposed by the substrate. Observing the trend of the
Neel temperature with decreasing thickness of the films, one would expect, as
the authors also confirm, that the ordering temperature, if any, of 1 ML NiO
is lower than room temperature. Even so, for this very thin film a clear linear
dichroism was observed at room temperature as well as an energy shift of the
peak at the Ni L3 edge, as can be seen from Figure 4.14(a).

The linear dichroism observed was attributed entirely to the lowering of
the symmetry of the Ni atoms, from a perfect octahedron (Oh point group
symmetry) to a tetragonally deformed one (in-plane compressed and out-of-
plane elongated D4h). This scenario was illustrated in detail in the previous
section 4.4.4, in the left side of Figure 4.12. A very simple explanation of the
energy shift as well as the slight change in intensity is the following. In a
one electron picture, Ni2+ has 8 d electrons, thus the high-spin ground state
will consist of two holes occupying the 3dx2−y2 and the 3d3z2−r2 orbitals. The
absorption process using z -polarized light will promote a 2p electron to the
3d3z2−r2 orbital but not to the 3dx2−y2 orbital because of reasons explained in
Section 4.4.5. Changing the polarization of the X-rays to x, mainly the 3dx2−y2
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Figure 4.14: (a) Linear dichroism detected at the Ni L2,3 edge from 1 ML
NiO film on Ag (100). (b) Comparison of linear dichroism at the Ni L2 edge
of 1 ML NiO on Ag and 20 ML NiO on MgO. Figures taken form ref. [60].
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orbitals will be reached. The exact final state in this case will be 2p53dz2−y2 =√
3/4(2p53d3z2−r2)+

√
1/4(2p53dx2−y2) where the underline represents a hole.

However, one can see from Figure 4.12 that the 3d3z2−r2 energy level is lower
than the 3dx2−y2 thus the 2p53dx2−y2 final state will be 4Ds+5Dt lower than
the 2p53d3z2−r2 state. This is exactly the energy difference that is measured
by the difference of the position of the peak at the Ni L3 edge in Figure
4.14(a). Moreover, the authors have also presented theoretical spectra with
and without the inclusion of an exchange field simulating the existence and
the absence of magnetic ordering. They found that the spectra from 1 ML
NiO on Ag can be described very well using only a D4h point group and no
exchange, thus without any magnetic ordering present in the film.

This study exemplifies very convincingly that final state effects can also
produce strong dichroism, thus one must be careful when attributing the ob-
served dichroic effects as results of magnetic ordering. There is a similar sit-
uation for the case of epitaxial MnO layers on Ag (100), as will be presented
in more detail in Chapter 6.
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4.5 Conclusions

In this chapter we discussed the X-ray absorption technique by the use of
examples from the available literature. We have demonstrated that XAS can
give insight not only in ferromagnets but also in antiferromagnets. We have
also shown that one-electron picture can be very useful in qualitative expla-
nations but eventually one has to use the full atomic cluster calculations in
order to get quantitative results. For more details about such calculations we
refer the reader to the PhD thesis of M.W. Maurits [46]. This chapter was
ment to be an introductory chapter for the rest of this thesis where we will
deal with the changes in the magnetic structure of CoO and MnO as a result
of strain and interlayer coupling.
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