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We present experimental data and a complete theoretical description of the magneto-optical contri-

butions to the complex refractive index in the extreme ultraviolet (XUV) range covering the 3 p resonances

of Fe, Co, and Ni. The direct comparison of the two allows us to conclude that many-body corrections to

the ground state and local field effects are crucial for an accurate description of M-edge spectra. Our results

are relevant for investigation of static magnetization, via XUV spectroscopy of multielement systems, as

well as the dynamics of magnetization, as needed in the study of femtomagnetism and spintronics.
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X-ray spectroscopy is a very powerful tool as it can
probe the electronic and magnetic structure for each
constituent element of a material separately via transitions
from core levels to unoccupied states [1]. Magnetic order
is probed via dichroism, which is a contrast based on the
projection vector of the x-ray polarization onto the sample
magnetization. The element selectivity stems from the
increased scattering cross section when the incident x-ray
photon energy is tuned to resonate with transitions from
core levels, which are energetically separated for different
atoms and in different chemical environments. For the
important class of magnetically ordered materials containing
3d transition metals (TMs), the use of L-edge (2 p core levels)
spectroscopy at synchrotron facilities was dominant to
determine magnetic properties, due to the large magnitude
of the magnetic dichroism at these transitions and the ability
to apply sum rules to disentangle spin and orbital contribu-
tions to the magnetic moments [ 1,2]. In recent years, however,
the use of magnetic dichroism in the extreme ultraviolet
regime, exploiting the M-edge resonances (3 p core levels) in
3d TMs, has strongly increased due to the growing avail-
ability of laboratory-based high harmonic generation (HHG)
sources [3-8].

The major drawback of these M-edge experiments is
the challenging data interpretation due to the following:
(a) The strong overlap of the spin-orbit split core levels
(3p3/2,1/2) implies that the optical sum rules cannot be
applied to disentangle spin and orbital contributions in the
total angular moment. (b) The M-edge resonances of the 3d
TMs exhibit substantial overlap with each other for photon
energies above and, in particular, well below the absorption
edges [4,6,9-11]. This has led to several unresolved con-
troversies in the interpretation of the experimental data to
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reconcile which one requires a fully parameter-free theoreti-
cal description to base the interpretation of the experimental
data on. However, all previous calculations of M-edge
spectra even for the most common 3d TMs (Fe, Co, and Ni)
rely on ad hoc Gaussian broadening, energy shifts, and
amplitude scaling [ 12—14] to bring theoretical results close to
experiments.

In the present Letter, we combine experimental and
theoretical studies for the 3d TMs Fe, Co, and Ni at their
M-edge resonances. Experimentally, we measured both the
dispersive and absorptive parts of the magneto-optical (MO)
contributions to the refractive index, eliminating the need to
complement information by a Kramers-Kronig analysis [15],
which is inherently inaccurate when applied to rapidly
changing functions measured in a small energy window.
Theoretically, we provide a fully ab initio description of these
spectra. The important breakthrough of this Letter is that we
find the ab initio calculations to be in unprecedentedly good
agreement with the accurate experimental results. With this
we are also able to provide the fundamental reasons behind
previous discrepancies between theory and experiment. Most
importantly, we are able to assign physical processes that lead
to each feature in the experimental spectra, a prerequisite to
disentangle signals from overlapping XUV-MO-based spec-
tra in multicomponent materials. This will have direct and
significant consequences not just for static but also dynamic
spectral studies, crucial in the fields of femtomagnetism and
spintronics.

The experiments were carried out at the BESSY II
synchrotron facility on the beam line UE112-PGM-1.
We performed independent XUV-magnetic circular dichro-
ism (MCD) as well as Faraday rotation measurements, from
which we retrieved the absorptive and the dispersive parts
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of the MO functions, respectively. Magnetron sputtering
was used to grow 15 nm thick layers of Fe, Co, and Ni on
Si3N4 membranes of 20 nm thickness, capped by a 3 nm Al
layer oxidation protection. All of the films have their
magnetic easy axis in the sample plane and exhibit a
coercivity of < 10 mT.

In the XUV-MCD measurement we recorded the trans-
mitted intensity (/) of circularly polarized light through
the sample for two magnetic field directions (4, —) as a
function of photon energy (Aiw). We calculate the XUV-
MCD as D =0.25log(/,/I_). In the Faraday rotation
measurement, linearly polarized XUV light is transmitted
through the sample for two magnetization directions (+, —)
and analyzed by an XUV polarimeter. The Faraday rotation
angle @ as function of incident photon energy is retrieved
via the magnetic asymmetry A = (I, — Iz_)/(Igy + Ig_)
as @ = 1/2arcsin(A/P), where P is the polarizing power
of the polarimeter. In both measurements, the glancing
angle of incidence on the sample was 50° and the sample
magnetization was set via an in-plane electromagnet. By
correcting for the angle of incidence and non-negligible
refraction of the XUV light at the vacuum-sample interface,
we retrieve the elemental MO functions independent of the
experimental geometry.

Following Valencia et al. [15], we write the complex
refractive index n for the two circularly polarized eigen-
modes (+, —) as

ny(w) = 1= [6(w) £ Ad(w)] + i[f(w) + Af(w)]. (1)

The relation between the MO functions (Ad(w), Af(w))
and the measured quantities D and @ is in accordance
with the work of Kunes$ ef al. [16] and written in Eq. (2).
For simplicity, we stick here to the more compact relation
(valid if refraction is neglected)

A(w) — iAB(w) = w%t{—%(w’ +iD@)]}, (2)

where c is the speed of light in vacuum and d, is the total
thickness of the sample at a given angle of incidence. See
the Supplemental Material for details [17], which includes
Refs. [15,18-23]. We note that the term “MO functions” is
used to describe what is traditionally called magneto-
optical constants in order to emphasize the frequency
dependence of these complex functions, which are analytic
in the upper-half frequency plane.

Theoretically, the MO functions are calculated by first
performing a ground-state calculation using density func-
tional theory (DFT) within the local spin density approxi-
mation for the exchange-correlation potential [24]. A single
shot GW calculation [25] is then employed to determine
the position and width of the deep-lying (low in energy) 3 p
states. The Kohn-Sham 3p bands are then scissor shifted
and broadened to mimic the GW spectral function.
Subsequently, the response function is calculated using

these Kohn-Sham states and the time-dependent extension
of DFT, the so-called time-dependent density functional
theory (TD-DFT) [26]. The linear response equation of
TD-DEFT reads as [27]

e (@) = 1+ yo(@0){1 = [v + fre(@)ro(®)} 7!, (3)

where ¢ is the dielectric tensor, v is the Coulomb potential,
¥o 1s the noninteracting response function, f,. is the
exchange-correlation kernel. Electron-hole correlations,
which describe the excitonic effects, can be treated by
the correct choice of this kernel [28]. The dielectric tensor
is calculated by treating all quantities in Eq. (3) as complex
valued matrices and hence avoiding the need for a Kramers-
Kronig inversion. This dielectric tensor is related to the
experimental MO functions by [18]

AS(@) - iAB(©) = 0Siey (@)en(@)] 2 (4)

All calculations are performed using the state-of-the-art full-
potential linearized augmented plane wave [29] method as
implemented in the ELK code [30,31].

In Fig. 1, we present both the experimentally determined
real and imaginary parts of the MO functions and the
ab initio calculated values for Fe, Co, and Ni. To the best of
our knowledge, this is the first measurement of both the real
and imaginary part of the MO functions at the 3 p resonances
for Fe, Co, and Ni, eliminating the errors associated with
Kramers-Kronig analysis.

From the experimental data on the dichroic, absorptive
part AS [Figs. 1(a)-1(c)], we make two observations. (1) All
three elements show a significant off-resonant signal (~10%
of the maximum) extending from the lowest photon energy
measured, i.e., 45 eV, up to the respective absorption edge. In
the case of Ni, the off-resonant signal is detected up to 20 eV
below the absorption edge. In Fe, we additionally observe a
sizeable off-resonant signal above the absorption edge,
extending up to 65 eV. (2) The maximum absolute amplitude
of Ap is smaller in Fe than in Co. This contradicts results at
the L-edges [2] and earlier M-edge spectra [15] obtained via
a Kramers-Kronig inversion. Experimentally, we find that
the XUV-MCD amplitude does not necessarily scale with
the atomic magnetic moment.

The measurement of the dispersive part of the MO
functions A6 [Figs. 1(d)-1(f)] reveals a very symmetric
bipolar curve in Fe, while in Co and Ni the amplitude below
the resonance energy is about 2 times the one above. We
find the maximum positive amplitude in Co. The region
where A deviates from zero extends to at most 12 eV
around the zero crossing of Ad at resonance. Together with
the off-resonant signal in the absorptive part, this finding is
of great significance when investigating multilayer samples
and alloys containing these elements, as their MO signals
are spectrally overlapping. Thus, the exact knowledge of
the MO functions allows us to predict the spectral shape
and signal strength and hence elemental contributions
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FIG. 1. Measured (black squares) and calculated (solid red line)

MO functions. The area behind the data points is the error band.
The regions for resonant 3p-3d transitions (determined by the
x-ray absorption spectrum) are shaded in gray. The absorptive
part (Ap) is shown in (a)—(c) for Fe, Co, and Ni, respectively. The
dispersive part (Ad) is shown in (d)—(f). (g)—(i) show the optical
functions (f measured and d taken from [22]) that were used to
correct for refraction. The theoretical data was calculated using
GW corrected Kohn-Sham bands and by solving the TD-DFT
linear response equation including local field and excitonic
effects. Fe and Co share the same axis scaling.

expected in all XUV magneto-optical effects such as the
magneto-optical Kerr effect in transverse, longitudinal, or
polar geometry, as well as for XUV-MCD (e.g., [9,10,
32-34]). Moreover, in XUV scattering and imaging experi-
ments, the choice of the photon energy not only determines
the overall signal strength, but also the relative contribution
of absorption vs phase contrast [35].

The parameter-free TD-DFT spectra in Fig. 1 are in good
agreement regarding amplitude, spectral shape, and posi-
tion of the resonance with the experimental data for all three
elements. Note that both theory and experiments are plotted
on the same absolute scales, without any adjustments. In
order to analyze the reason behind past discrepancies and
the significantly improved level of agreement between
theory and experiment in the present Letter, and to explore
the origin of various features in the XUV-MCD spectra,
we probe our theoretical data in more detail. For this we
discuss the three energy regions marked in Fig. 1 (pre-, at,
and postresonance) separately.

At the resonance, experimental data show a well-defined
peak (at 55.0, 60.3, and 66.6 eV for Fe, Co, and Ni,
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FIG. 2. Experimental (black dots) and theoretically calculated
(red solid lines) Apf. Results obtained using Kohn-Sham bands
and RPA, i.e., by using f,. = 0 in Eq. (3), are shown for (a) Fe,
(b) Co, and (c) Ni. Results obtained using GW corrected Kohn-
Sham bands to account for correct position and width of 3 p states
are presented for (d) Fe, (e) Co, and (f) Ni. Data obtained using
GW corrected Kohn-Sham bands, by using fy. = f2"" to
account for excitonic effects, by including local field effects by
treating Eq. (3) as a matrix equation, and by manually reducing
the 3p exchange splitting by 60%, are presented for (g) Fe,
(h) Co, and (i) Ni.

respectively). Calculations performed by using f,. = 0 in
Eq. (3) [also known as the random phase approximation
(RPA)] show significantly redshifted peaks with strongly
overestimated amplitudes [see Figs. 2(a)-2(c)]. In the past
it has been speculated [13] that underpinning this discrep-
ancy could be missing many-body, core-hole, and excitonic
effects in the Kohn-Sham band structure, which would
(1) shift the 3 p states to lower energies and (ii) broaden the
3p states. In order to investigate this, we have performed
fully spin polarized GW calculations to determine the
spectral function for bulk Fe, Co, and Ni. As expected,
the many-body corrections have the effect of redshifting
the 3p states as compared to the Kohn-Sham bands [see
Figs. 3(d)-3(f)]. The many-body effects also lead to a finite
width [36] of the 3p states. Their values are in close
agreement with the experimental work of Nyholm et al.
[37]. In contrast, the GW spectral function close to the
Fermi level is almost the same as the Kohn-Sham density of
states [see Figs. 3(a)-3(c)]. With this information in hand
we can now correct the Kohn-Sham bands by redshifting
and broadening the 3p states such that the Kohn-Sham
density of states resemble the GW spectral function. This is
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FIG. 3. Kohn-Sham (black lines) density of states and GW

spectral function (red dashed lines) as a function of energy for the
3d (a)—(c) and the 3p (d)—(f) states of Fe, Co, and Ni. The
calculations are fully spin-polarized; for demonstration purpose,
here the spin-averaged quantities are shown.

a method for partially including many-body effects, while
still keeping the whole procedure ab initio. The result of
this is an energy shift of the resonant peak in the response
functions by 0.1, 1.1, and 2.7 eV for Fe, Co, and Ni,
respectively. While this brings the calculated resonance
closer to the experiments [see Figs. 2(d)-2(f)], the discrep-
ancy is still substantial for position, shape, and magnitude
of the peak.

In order to find the missing piece in the calculation of the
response function, we turn again to Eq. (3) and we note that
o 1S a matrix in reciprocal space of vectors G; this is due to
the fact that an external perturbation of the type ¢!(G+a)T
generates a response in the density of the form /(G +a)T,
Inversion of the matrix in G space allows for inclusion
of the microscopic components known as the local field
effects (LFEs) [27,28,38—41]. The latter can be understood
in terms of a charge density rearrangement caused by the
external perturbation (electric field of the incident electro-
magnetic XUV radiation), which in turn leads to creation
of local microscopic fields. In addition to responding to
the external perturbation, the system also responds to these
local fields.

Local field effects have been ignored in all the past
calculations [12—-14] for Fe, Co, and Ni, as well as in the
theoretical data shown in Figs. 2(a)-2(f). This approxima-
tion is in addition to the setting of the exchange-correlation
kernel f,. to zero in Eq. (3), which entails the neglect of
electron-hole correlation (i.e., excitonic effects) in the
response function.

In the following, we do include LFEs by solving Eq. (3)
as a full matrix equation (we needed a matrix of 70 x 70 for
convergence) and include excitonic effects by using the so-
called boot-strap approximation for the kernel [28,40,41].
The results obtained using this advanced and parameter-
free treatment (i.e., GW corrected Kohn-Sham bands +
LFEs + excitons) are shown in Fig. 1 together with the

experimental data for Fe, Co, and Ni, respectively. It is clear
from these results that the TD-DFT spectra are now in
excellent agreement with experiments in terms of both the
position of the peak as well as its amplitude. We also note
that, consistent with the experimental results, the maximum
of the Af magnitude is smaller in Fe than in Co. This trend
is entirely due to inclusion of the LFEs, which are strongest
for Fe and weakest for Ni (i.e., inclusion of LFEs has
much more effect on A in Fe than in Ni). This was to be
expected since the shallower 3p orbitals of Fe show a
stronger overlap with 3d states as compared to the deeper-
lying Ni 3p and valence 3d states. Therefore, according to
the work of Aryasetiawan et al. [38] and Vast et al. [39],
LFEs are expected to be larger in Fe. For L edges due to the
small overlap of 2p and 3d states, LFEs are small.

The dramatic change in the quality of agreement between
theory and experiments is almost entirely due to the
inclusion of LFEs; calculations performed using f . =0
but including LFEs are almost indistinguishable from those

using f20°""™ These results are a clear indication that, in
calculations of the resonance peak in M-edge XUV-MCD
spectra and similar observables, depending on the MO
functions (a) the LFEs are crucial, (b) the GW corrections
to the ground state are very important, and (c) excitonic
effects do not play any role. The first two effects are highly
material dependent and their relative importance cannot be
established from the present work.

Turning to the postedge spectral region, one notes a large
peak in the positive Af direction in the calculated data,
which is absent in the experimental results. To investigate
the origin of this peak, we focus on the exchange splitting
of the 3p states, which is overestimated [42] by local spin
density approximation [43-45]. To test how the exchange
splitting effects the spectral response, we manually reduced
the splitting by 60% [data shown in Figs. 2(g)-2(i)] and
find an even better agreement with the experimental data.
This is a clear indication that to treat postedge spectra one
requires not only LFEs and GW corrections, but also
improved ground-state spin density functionals to correctly
describe the exchange splitting of semicore states. We hope
that present results will stimulate future research in this
direction.

As for the preedge part of the spectra, there are two
questions that remain to be addressed: what leads to the
finite weight of Ap in the preedge energy region, in
particular, for Co, and why do experiments show strikingly
different behavior as compared to theory, namely, that there
is a rise of Af just below the resonance. The answer to the
first question we found to be the excitations from around
the Fermi level to high-lying unoccupied states. Calculation
without inclusion of high-lying states, more than 20 eV
above the Fermi level, shows that the finite weight below
the resonance vanishes. Despite our best attempts, we were
unable to find the reason behind the peak just below the
resonance.
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To conclude, we provide accurate measurements and a
reliable theoretical description of the magneto-optical
functions for 3d transition metals in the XUV regime.
Finding a good agreement between experiment and theory
allows us to ascribe physical processes leading to the
observed features. Many-body corrections to the ground
state and local field effects are of crucial importance, while
excitonic effects play no role. This puts 3d transition metal
M-edge spectra—irrespective of their absorptive, disper-
sive, or mixed character in the specific spectroscopy
employed—in the category where underlying physics
can be entirely and accurately deciphered in a static and
dynamic situation alike. Given the increased availability
of femtosecond XUV laboratory sources, we expect this
approach to be extremely useful in future studies of
femtomagnetism and spintronics.
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