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L-edge resonant magneto-optical Kerr effect of a buried Fe nanofilm
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The Fe L-edge resonant magneto-optical Kerr effect of a buried Fe nanofilm was investigated by rotating-
analyzer ellipsometry and the results were compared with those from three theoretical simulations. The reversal
of the Kerr rotation angle 6x between the L3 and L, edges, observed in the experiment, was consistent with
classical electromagnetic simulation using empirical optical constants. The spectral 6k feature was reproduced
by the first-principles calculation of the KKR-Green’s function method on the itinerant electronic system. The
demonstration indicates that spectra of the L-edge resonant MOKE can be understood in terms of both the

macroscopic and microscopic pictures.
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I. INTRODUCTION

Magnetism is a central subject in condensed matter physics
with many magnetic properties of materials being measured
experimentally using magneto-optical effects, such as the
Faraday effect [1,2] and the magneto-optical Kerr effect
(MOKE) [3,4]. In MOKE measurements, the rotation of the
light polarization plane is measured before and after reflection
at a sample surface. The change of the polarization angle is
defined as the Kerr rotation angle 6g, which depends on the
magnetization of the sample. When measured with visible
light, the value of 6k typically is <1 degree for the bulk crystals
of magnetic transition metals, such as Fe, Co, and Ni [5]. On
the other hand, recent reports indicated that the 0 values
become significantly large in the ultraviolet to x-ray region
when a probing photon energy is tuned at the absorption edge
of a magnetic element in the sample [6—13]. The phenomenon,
referred to as resonant MOKE (RMOKE), has enabled the
magnetic properties of a material to be evaluated with element-
selectivity. This effect looks promising as a probe to study
magnetism and spin dynamics using synchrotron radiation,
x-ray free electron laser, and high-harmonic generation laser.

For RMOKE of an Fe film, the experimental 6k value is
10° at the L3 and L, photon energy regions [8,9]. From theory,
analysis from the first-principles calculation indicates that 6g
is ~50° when the photon energy is at the Fe L, edge for the
Fe-metal bulk crystal [14]. This theoretical 6k value exceeds
the light phase shift of 7 /4 that corresponds to the variation
of light polarization from linear to circular. RMOKE has the
potential to be applied in the field of optical manipulation.
Such light control using the magneto-optical effect in the soft
x-ray region has already been proposed [15-17]. However,
there still remains a discrepancy in the fx values between
experiment and theory that requires a systematic comparison
of RMOKE spectra for a proper understanding of the magneto-
optical phenomena.

In the present study, we examine the L-edge RMOKE
for a buried Fe nanofilm by comparing 0k spectra obtained
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by measurement and by calculations using three theoretical
models, one from classical electromagnetics and the other two
from quantum mechanics. In the measured RMOKE spectra,
negative and positive g peaks were observed at L3 and L,
edges, respectively. The 0 values and the change of sign
at the L, 3 edges were reproduced fairly well in the classic
electromagnetic simulation with empirical optical constants
obtained from a previous diffraction experiment [18].

One of the quantum mechanics calculations treated the
resonant scattering with the itinerant Fe electronic bands that
were derived by the density functional theory. With the KKR-
Green’s function method, the simulated spectra reproduce the
experimental result, including the 6k reversal. On the other
hand, the other quantum mechanics calculation was based on
resonant scattering theory with the localized electrons in the
configuration interaction (CI) model that has been adopted
conventionally in analyzing soft x-ray spectra. The calculated
Ok value at the L, edge reached 48°, which reproduced
the previous theoretical result [14]. However, it was much
larger than the experimental 6k and the simulated spectrum
showed the nonreversal feature, which was also distinct from
the measured one. The consistency and discrepancy between
experiment and theories settles the conventional arguments on
interpretations of the L-edge resonant scattering of transition
metals. Moreover, the research provides the appropriate
theoretical model to make the microscopic interpretation in
an L-edge RMOKE spectrum.

II. EXPERIMENT

Figure 1(a) shows a schematic drawing of the heterostruc-
ture of the Ta/Cu/Fe/MgO sample. A 30-nm-thick Fe film was
epitaxially grown on the MgO(001) substrate by magnetron
sputtering. It was then capped with Ta (2-nm-thick) and Cu
(2-nm-thick) layers to prevent the Fe layer from oxidization.
The buried Fe nanofilm has an in-plane easy direction of
magnetization. RMOKE measurements were made at the
SPring-8 BLO7LSU beamline [19] with the geometric setup
for longitudinal MOKE (L-MOKE), as shown in Fig. 1(b).
Photon energies at the Fe L3 and L, edges were determined
from x-ray absorption spectroscopy (XAS) of the same sample.
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FIG. 1. (a) Schematic of the 30-nm-thick Fe film on the
MgO(001) substrate. Ta (2 nm) and Cu (2 nm) are capping layers.
(b) Setup of the L-MOKE measurement with RAE. RAE comprises by
a multimirror and a MCP. (c) Typical results of the intensity variation
with rotation angle, x, taken at hv = 710 eV. The red and blue solid
lines represent the spectra obtained when the magnetic fields were
+0.3 T (+B) and —0.3 T (— B), respectively. The Kerr rotation angle
can be determined from 20x = 6(—B) — 6(+B).

The s-polarized light illuminated the sample at an incident
angle (¢;) of about 80° with respect to the surface normal. A
magnetic field (B) of £0.3 T was applied along the in-plane
direction of the sample surface. The strength of the field is
large enough to saturate the Fe magnetization.

The 6k values were obtained by the rotating-analyzer
ellipsometry (RAE). The RAE unit was composed of a
multimirror and a microchannel plate (MCP), as shown in
Fig. 1(b). In brief, 6k can be determined from the difference in
the ellipsometry curves taken under opposite magnetic fields:
260k = 6(—B) — 6(+B), as shown in Fig. 1(c). Details of the
measurement technique can be found elsewhere [12].

III. RESULT AND DISCUSSION

The 0k spectrum for a buried Fe nanofilm taken at the Fe
L, 3 edges shows negative (about —18°) and positive (about
7°) values at the L3 and L, absorption edges, respectively, as
shown in Fig. 2(a).

A. Simulation based on classical electromagnetic calculation
with empirical parameters

Based on classical electromagnetic theory, 6k and the
ellipticity (eg) for the s-polarized mode are expressed by the
complex Fresnel coefficients 7y, and 7, [3,8,9]:

—ingnQ ( COS ¢; tan ¢, ) n
(n2 —nd) \cos (¢ —d0) )’

where n and n( represent the complex refraction constants
of the Fe film and the capping layer, respectively, which
individually are givenasn =1 —8; + iy andng =1 — 89 +
iBo. Therefore, in applying the model for a buried Fe film,
the optical properties of both the film and the overlayer need
to be considered. The constant, n (ng), is composed of a
real part 1 — 81y and an imaginary part f;( that represent
nonmagnetic dispersion and absorption, respectively. The

9K+i8K=_rps/rss ~
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FIG. 2. Spectra of the magneto-optical Kerr rotation angle g of
the buried Fe nanofilm at Fe L, 3 edges obtained by (a) measurement
and (b) classical electromagnetic calculation with empirical optical
constants. (c) A simulated spectrum of the quantum-mechanical
calculation on Fe metal with the KKR-Green’s function method.
Two dashed lines correspond to the L, and Lj; absorption edges.
Experimental errors are smaller than a size of the data points,
represented as solid circles.

Voigt parameter Q for the L-MOKE geometry is givenby Q =
(ny —n_)/(nsin¢,) where ¢, is the angle of refraction and
ny are the magneto-optical constants withn = 1/2(ny + n_).
The latter are written ny = 1 — (§; £ AS) +i(B; £ AB),
where the subscripted sign + indicates that the directions of
the photon helicity and magnetization are parallel/antiparallel
in the sample. Here, A§ and AB denote the magnetic
contributions of §; and B, respectively. When ¢; is large
(70° < ¢ < 90°) and ¢; =~ ¢, Eq. (1) can be rewritten as

—ing(ny —n_)

(n? = ng)

@)

Ok +iek ~

The average index Ota/cy (Brascu) Of the Ta/Cu capping
layer can be obtained from the r, (Bra) and ¢y (Beyw) of
the individual layers Ta and Cu with relative Ta amount,

134432-2



L-EDGE RESONANT MAGNETO-OPTICAL KERR EFFECT ...
y = dr./(d1a + dcy),

3
“

where dr, (dcy) represents the thickness of the Ta (Cu) capping
layer [18]. The indices § and B of Fe were taken from a
result obtained from a resonant magnetic Bragg scattering
experiment on a Fe/C multilayer [18], while those of other
materials were taken from tabulated values given in the
reference [20]. Interpolations of the data points were done
to improve the quantitative comparison with the experimental
data. Note that a 6k value determined by a previous L-MOKE
measurement [8,9] on the Al-capped Fe film was likely to
have been considerably affected by a large diverging value for
factor 1/(n® — ”/2\1) in Egs. (1) and (2) because the square of
the refraction constants, n* and n%,, are almost identical at
photon energies around the L, and L3 absorption edges [8,9].
As n%a Jcu 18 much away from n? of Fe in any photon energy
range, Ok determined with the Ta/Cu-capped Fe film in this
study should succeed in removing the effect of the capping
layers and be closer to the inherent value of Fe than one with
a Al/Fe sample [8,9], resulting in the first observation of the
sign change.

In Fig. 2(b), a curve of the 6k spectral simulation, based on
the empirical optical constants [18,20] and Eq. (2), is shown.
Compared with the measured value in Fig. 2(a), one finds that
the two results of the experiment and the calculation match

8Ta/Cu = y8Ta +(1 - V)BCm

ﬂTa/Cu = VIBTa +(1 - V):BCm
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well overall, reproducing the sign inversion of fx between
the L, and L3 absorption edges. On the other hand, a dip
structure can be found at the L3 edge in the experimental
spectrum in Fig. 2(a). The spectral dip has also been reported
in the previous RMOKE experiment [8,9] on the magnetic
nanofilms and it has been discussed to be the result of optical
interference by the interfaces of the film. It is inferred that the
dip structure may depend on the film structure of a sample and
the reference parameter, obtained from different samples and
different instruments with different energy resolution, may not
be sufficient to reproduce the detailed features by the current
simulation.

B. The first-principles calculation based on quantum resonant
scattering theory on the itinerant electronic system

The 6k spectra for the bcc bulk Fe crystal were calculated
by the KKR-Green’s function method using Machikaneyama
(AkaiKKR), a KKR-CPA-LDA package [21]. In the present
first-principles calculation, the itinerant Fe band structure was
obtained within the framework of local-density-approximation
(LDA) of the density functional theory. The cores and valence
states were calculated including the relativistic effects. Details
of the calculation method can be found elsewhere [22]. As
shown in Fig. 2(c), the calculated 8 spectrum shows the
sign reversal and, moreover, it is quantitatively consistent
with the experimental one in Fig. 2(a). Figure 3 summarizes
spectra of 6g and ex of the bcc bulk Fe crystal at the
Fe L,3; edges. Spectra of 6x and ex are related to each
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FIG. 3. Spectra of 6 and ek of the Fe metal at the Fe L, ; edges obtained by the quantum-mechanical calculation with the KKR-Green’s
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function method at [(a) and (b)] the s-wave and [(c) and (d)] the p-wave configurations.
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FIG. 4. Spectra of 6k of the Fe metal at the Fe L, ; edges obtained
by the quantum-mechanical calculation with the CI model.

other through the Kramers-Kronig relations. The signs of the
spectra invert when the measurement configuration changes
between the s wave [Figs. 3(a) and 3(b)] and the p wave
[Figs. 3(c) and 3(d)] due to the definition reason. These spectral
features self-consistently indicate the appropriateness of the
calculation. Concerning the detailed spectral features, such
as a dip at the L3 edge, one finds there are discrepancies
between the experiment and the calculation. This is actually
consistent with the previous assignment [8,9] that the fine
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structures originate from the macroscopic picture, such as
the optical interference by interfaces of the film, which were
not included in the calculation of the ideal bulk Fe metal.
Consequently, the present first-principles calculation indicates
it is the microscopic picture that reproduces the spectral sign
reversal in the 6 spectra.

C. Simulation based on quantum resonant scattering theory on
the localized electronic system

In the present research, we examine the other quantum
theoretical calculation with a CI model based on a localized
Anderson impurity approach, where both the many-body
charge transfer effect and intra-atomic multiplet interactions
are taken into account. This quantum-mechanical spectral
calculation has been typically made for simulating soft XAS
and resonant scattering data. In the following, we briefly
describe the model adopted for L edge in this study. Further
details can be found in the previous papers [12,23-25].

In the calculation, we select a central Fe atom with
appropriate linear combinations of 3d orbitals on neighboring
sites to serve as a reservoir of holes, here denoted by L. The
Hamiltonian contains two terms Hy + 7. The Hy describes
the localized Anderson impurity model including intra-atomic
multiplet interaction and interatomic hybridization V. The
electric-dipole transition operator T leads to 2p — 3d XAS.

(b) T T T T
© @ 0
o o
g g 10
A=) =
o o -20
S S -0
g 8 =
] o -
% 50 A dependence % U, dependence
@ 5 -60 i
¥ -60F 1x
1 1 1 1 -70 1 1 1 |
690 700 710 720 730 690 700 710 720 730
Photon Energy (eV) Photon Energy (eV)
(C) T T T T (d) T T T T
8 8 OF 40% g
()]} ()]
(6] (0]
z T -10f -
K o
& &
5 § 901 1
2 2
o V dependence — -40F 2p SO dependence -
§ 60 18
¥ X 100%
-70 1 1 1 1 -50 1 1 1 1
690 700 710 720 730 700 710 720 730

Photon Energy (eV)

Photon Energy (eV)

FIG. 5. (a) A dependence of Ok spectra obtained by the CI model calculation. The red, green, blue, and purple lines represent A =

—0.75,0.35, 1.35, and 2.35 eV, respectively. (b) U,. dependence of 8¢ spectra. The red, orange, green, blue, and purple lines represent
Uje =2.5,3.5,4.5,5.5, and 6.5 eV, respectively. (c) V dependence of 6k spectra. The red, orange, green, blue, and purple lines represent
V =0.6,0.9,1.2, 1.5, and 1.8 eV, respectively. These spectra are vertically shifted for clarification by 5°. (d) 6k spectra obtained by the CI
model calculation depending on the SO strength of the 2p electron. The red, green, blue, and purple lines represent 40, 60, 80, and 100% of
the 2p SO value for an isolated Fe atom, respectively.
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We describe the ground state of these systems by a lin-
ear combination of three configurations, 3d",3d"*'L, and
3d"*2L>. The intermediate states are thus described by linear
combinations of 2p>3d"*!, 2 p>3d" 2L, and 2 p°3d" 3 L*. The
final state contains 3d”, 3d"*! L, and 3d"+?L>. For the ground
state, we used the following parameters: charge transfer energy
(A) = —0.75 eV, on-site Coulomb interaction between 3d
states (Uyy) = 1.5 eV, core-hole potential (U,.) = 2.5 eV,
and hybridization energy (V) = 1.6 eV. The spin-orbit (SO)
strength of the 2p and 3d electrons in the Fe nanofilm are
set as the isolated Fe atom (SOyom), if not specified. The
Slater integrals (Racah parameter) required to evaluate the
parameters are calculated using the Hartree-Fock method and
rescaled by 85% [26,27]. The 0k spectrum is calculated using
the Kramers-Heisenberg formula [12,23-25].

Figure 4 shows the result of the quantum-mechanical
spectral calculation with the CI model. The spectrum has a
large 6k peak of ~48° between the L3 and L, edges (Fig. 4)
and it does not show a sign inversion between the Fe L edges.
Though these feature does not match with the experimental
spectrum [Fig. 2(a)], the large Ok peak reproduces a result
of the previous quantum mechanical calculation (~50°) [14].
This result indicates that the conventional theoretical approach
of the CI model is not appropriate to simulate the whole
the L-edge spectra of the Fe metal. In order to understand
the origin of these spectral features, Figs. 5(a)-5(c) show a
collection of the Ok spectra with various values of A, Uy,
and V. Besides the faint features in the spectra that depend
on these parameters, one can find that the large peak are
found under all the conditions. Thus, the main feature does
not reflect the electronic states of a material. It is inferred that
the spectral structure is resulted from the complex (quantum)
superposition of wave functions of the (Fe 2 p-Fe 3d) resonant
elastic scattering in the Kramers-Heisenberg formula. Recent
research of the resonant x-ray emission spectroscopy (RXES)
also pointed out necessity to consider such a quantum effect
in a process of the resonant inelastic scattering to make a
proper interpretation for the magnetic circular dichroisms in
the RXES spectra [28]. Making the investigations further, we
virtually change the SO strength of the 2p electrons in the Fe
nanofilm, as shown in Fig. 5(d). Reducing the SO strength from
SO4tom (100%), one can find a drastic variation of the large 6g
peak. This indicates a close relation between the spectral peak
and the atomic orbital. It is of note that the variation on the
SO strength of the 3d electrons does not show any apparent
change in spectra. Taking also into account that the large peak
was absent in the calculated results of the itinerant electronic
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system (Fig. 3), it seems it is the localized electron model
that leads to large discrepancy between the experiment and the
calculation.

IV. SUMMARY

In the present research, we comprehensively studied the Fe
L-edge resonant MOKE spectrum of the Fe film by experiment
and by simulations of the three theoretical models. The 6x
spectrum that shows the sign inversion between the L3 and
L, edges is reproduced by the classical electromagnetism
simulation with the empirical optical constants. The spectrum
also matched with the results of the first-principles calculation
of the KKR-Green’s function method on the Fe itinerant
3d electronic system. On the other hand, the conventional
theoretical calculation of the CI model shows a different
MOKE spectrum with a peak of the large 6 value that
seems to originate from the calculation with the atomic Fe 3d
orbitals. A series of the data in the present research reveals the
necessity to consider the delocalized 3d states in the transition
metal and demonstrates the validity of the KKR-Green’s
function approach to simulate the magneto-optical effect at
the absorption edges. A combination of this first-principles
calculation and the resonant MOKE experiment provides an
accurate microscopic picture of the element-specific magnetic
moments and the itinerant electronic states in magnetic
phenomena.
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