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We present combined first-principle calculations and experimental results of the transversal magneto-optical
Kerr effect (T-MOKE) of thin Fe films across the 3p edges using linearly polarized synchrotron radiation. We show
that the experimental T-MOKE spectra at the 3p edges of Fe exhibit clear signals that are strongly influenced
by interference effects. Ab initio calculated T-MOKE asymmetry spectra confirm the importance of interference
effects. The comparison of experimental with calculated spectra reveals some differences that we attribute to
metal/metal interface roughness that is not taken into account in the calculations.
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1. Introduction

The transversal magneto-optical Kerr effect (T-
MOKE) in the soft x-ray regime is a powerful tool to
investigate ferromagnetic materials. It detects a mate-
rial’s optical response that is linear in the magnetiza-
tion and hence strong [1], ensuring clear magneto-optical
spectra. The investigation of the T-MOKE at the 2p
edges using hard x-rays is well established, but at 3p
edges using extreme ultra violet radiation it is less inves-
tigated [2, 3]. The influence of optical effects like interfer-
ence in these two energy regimes is different and therefore
of great importance for the understanding of measured
magneto-optical spectra. In this paper we present en-
ergy dependent T-MOKE measurements across the 3p
edges of crystalline body-centered cubic (bcc) Fe films
with varying thickness and utilize first-principles calcu-
lations to obtain insight into the thickness dependence
and interference effects in the T-MOKE spectra.

2. Methodology

The experimental setup for the T-MOKE measure-
ments is shown in Fig. 1. The linear p-polarized light is
reflected from the sample that is magnetized within the
surface plane and perpendicular to the plane of incidence.
The reflectance of the sample differs for the two antipar-
allel directions of the magnetization (M and M_). The
T-MOKE asymmetry signal,

ATfMOKE — RPP(M+) — RPP(M*) (1)
Rpp(My) + Rpp(M-)’
is deduced from two measurements.

The here pre-
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sented measurements were performed with the BESSY-
polarimeter [4] using linear polarized light of the undu-
lator beamline U125-2-SGM2 with a spectral resolution
across the Fe 3p edge (near 54 €V) of E/AE = 3000.
The angle of incidence, where normal § = 0°, was set
to #; = 50°. For comparison with ab initio calculated
T-MOKE spectra the electronic structure of bulk bce Fe
(a = 2.87A), was calculated with the WIEN2k code [5]
using the local spin density approximation (LSDA) [6]
for the exchange-correlation term and including the spin-
orbit interaction. Details of the calculations are given
in Ref. [7]. The absorptive permittivity tensor elements
€;j(w) were computed from the linear response expres-
sions, after which the full complex permittivity tensor
was obtained by Kramers-Kronig transformation [8]. The
method to include roughness for the first Au/Fe inter-
face and the optical approach to describe multilayers are
given in detail in Ref. [7]. The samples consists of a GaAs
substrate covered with a 1nm Fe nucleation layer and a
150nm Ag(001) buffer layer [9]. On top of the Ag the
Fe layer is deposited and capped with a 3nm Au layer to
prevent oxidation. The crystal structure was confirmed
by LEED. The sample surface rms roughness was mea-
sured by interference microscopy with white visible light
giving 3.5+ 0.4nm. The samples are mounted so that the
sample edge, i.e. the easy axis, was parallel to the plane
of incidence. To investigate the influence of interference
effects, four sample were studied, with a thickness of the
Fe layer of 5nm, 10nm, 20,nm, and 30nm. All sam-
ples were magnetically saturated. For thick, volume like
samples this was demonstrated for a sample (d = 50 nm)
showing saturation at 2.5 mT for the easy axis and 80 mT
for the medium hard axis. For the in-plane magnetiza-
tion the effect of the epitaxial strain on the structure and
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hence on MO spectra could not be observed, which is in
accordance to results of other groups [10]. Therefore a
perfect bee structure was used for our first-principle cal-
culations.

ILR(M®)

Fig. 1. The experimental setup to measure the T-
MOKE spectra.

3. Results

Reflectivity spectra have been measured in T-MOKE
geometry on bcc Fe films with positive and negative ap-
plied magnetic field, as sketched in Fig. 1. To discuss
the principal physics the averaged spectra for both direc-
tions are shown in Fig. 2 (top) together with the result-
ing T-MOKE asymmetry spectra (bottom). The result
of different samples with 5, 10, 20, and 30 nm thicknesses
across the 3p edges for the incidence angle 6§ = 50° mea-
sured from the surface plane and for the p-polarization
are given. The positions of the 3p j, states (vertical bars
in Fig. 2) are obtained by our ab initio calculations. In
addition to the spectral features due to atomic transi-
tions, interference effects occur leading to a modulation
of the spectra which will be discussed in the following.
These modulations stem from the fact that the incidence
photon wave length is about 23 nm, i.e. comparable with
sample thicknesses. The reflectivity spectra show two
main structures located around 52 eV and around 55-57
€V. These are in rough accordance with the ab initio cal-
culated position of the 3p levels that are splitted in six j,
states. Due to the interference effects the atomic spec-
tral features are superimposed by minima and maxima of
the reflectivity across the 3p edge for various thicknesses.
The 5 and 20 nm reflectivity spectra are similar, having a
reflectivity minimum followed by maximum, whereas the
spectral shape for the 10 and 30 nm samples has two max-
ima across the 3p edge. The T-MOKE asymmetry shows
a similar behaviour. Here, the 5nm sample exhibits a
maximum for the pre-edge region and then has the low-
est minimum of T-MOKE asymmetry signal (-18.5%) at
54 eV. All other thick samples exhibit similar T-MOKE
asymmetry spectra just without the pre-edge maximum.
The signal for the T-MOKE asymmetry for the 20 and
30nm thick samples have rather similar spectral shapes
in contrast to the averaged reflectivity (compare spectral
features of top and bottom panels of Fig. 2) and at the
same time the signal decreases due to the higher reflectiv-
ity (T-MOKE asymmetry normalization) with thickness.

The interference in the reflectance spectra can be ex-
plained as follows. The reflected light is decomposed into
three rays: the first is reflected at the top vacuum/Au in-
terface, the second at the bottom Au/Fe interface, and
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Fig. 2. Measured averaged reflectivity (top) and T-

MOKE asymmetry spectra (bottom) for incidence angle
0 = 50° from the surface plane across the 3p edges for
the 5, 10, 20 and 30 nm thick bcc Fe films. The short
vertical lines indicate the 3p j, levels as obtained from
ab initio calculations.

the third at the bottom Fe/Ag interface. The first and
second rays are independent of the Fe thickness. The sec-
ond and the third ray contain information about the Fe
layer and will be of importance for the spectra. For the
d=5nm sample mainly destructive interference of the sec-
ond and the third ray occurs. This results from the phase
difference of about A\ due to the pathway of the light trav-
eling twice through the 5/ sin(40°)nm layer thickness plus
the phase shift of A\/2 due to reflection at the Au/Fe in-
terface. For the other samples with d=10, 20, 30 nm of
Fe, interference is less pronounced due to the strong ab-
sorption of the third ray when passing through the 10, 20
and 30nm thick Fe film. For the thin sample (d=5nm)
the third ray can travel through the Fe layer without sig-
nificant absorption before being reflected at the Fe/Ag
interface. The strength of absorption results from the
penetration depth of the light, which varies from 35 nm
below the Fe 3p edge to 9nm at and above the 3p ab-
sorption edge.

In Fig. 3 the ab initio calculations of the averaged re-
flectivity and T-MOKE asymmetry are shown. In con-
trast to the measured reflectivity, the calculated reflec-
tivity of various Fe thicknesses differ only in the pre-edge
energy range in particular for the 5 and 10nm samples,
where the constructive and destructive interference ef-
fects are the largest. The calculations show strongest
dependence on the film thickness for the pre-edge region.
Here the penetration depth through the Fe layer is large
resulting in stronger interference effects. Above the ab-
sorption edge, the rays traveling through the Fe layer are
strongly damped and thus no thickness dependence is ob-
served. This behavior can also be found in the resulting
T-MOKE spectra, where for the 20 and 30nm samples
the spectra are of similar magnitude, while the largest
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Fig. 3. The same as in Fig. 2, but showing the ab initio
calculated T-MOKE spectra.
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Fig. 4. Calculated T-MOKE asymmetry across the 3p
edge of 30 nm bcce Fe as a function of grazing angle 6.

difference occurs between the 5 and 10nm spectra. In
contrast, to the experimentally measured spectra the cal-
culated ones (i) are of a smaller width, that might be due
to interface roughness, (ii) do not show a positive lobe for
5nm sample prior to the 3p edge, and (iii) are shifted to
lower energy, i.e. they suffer from the under-binding of
the LSDA approximation within the single particle DFT
theory.

The calculated T-MOKE asymmetry in the Brewster
angle region around 45° as a function of the incidence an-
gle for the 30nm bcc Fe is presented in Fig. 4. The shift
of the T-MOKE asymmetry minimum to lower energies is
due to the averaged reflectivity that decreases with angle
of incidence up to # = 50° (not shown). The measured
spectra are much wider and have a shoulder around the
energy of 52 eV that does not appear in the ab initio
spectra. This must be due the interference effects which
are sensitive to the angle of incidence. In contrast, for
XMLD spectra [7] in normal incidence theoretical and
experimental results are in agreement. Additionally, in-
terface roughness has to be taken into account in future
calculations.

4. Conclusion

In conclusion, we have measured the T-MOKE spectra
across the 3p edge of bee Fe films. The magnitude of the
T-MOKE asymmetry is modified by the film thickness
giving rise to the presence of interference effects, as the
wavelength is comparable to the film thickness. The first-
principles calculations are in good accord with the mea-
sured T-MOKE asymmetry spectra. The main difference
between measured and calculated reflectivity appears to
stem from the roughnesses at the Au/Fe and Fe/Ag in-
terfaces, which at present are not taken into account in
our optical code, and therefore further development is
needed.
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