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Dependence of the magneto-optical signal on the Co layer thickness asymmetry in Co/Pt/Co films
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We have studied the magneto-optical response of Co(t;)/Pt(d)/Co(z,) trilayer structures, in which the total
Co thickness (#; + ;) was held constant, but the split between the top and bottom layer made variable to
investigate the impact of the Co layer thickness asymmetry a, = (t; — 12)/(t; + t,) as well as the influence of
the Pt interlayer thickness d. The optical and magneto-optical properties of these films were measured using
generalized magneto-optical ellipsometry. A set of specifically designed inverted double-wedge structures were
characterized to determine the influence of d and especially of a,, which should be significant if quantum-well
states are relevantly modified by the Co layer thickness asymmetry. In addition to a Co/Pt interface proximity
effect that leads to an overall enhancement of the magneto-optical response, we do not find the expected quadratic
a, effect, but instead observe a strong linear a, effect. We also compare our experimental results to a classical
optics description based upon the transfer matrix method, but we can achieve agreement in between these
calculations and our experimental data only if we assume massively anomalous optical wave attenuation in
Pt. This perceived anomalous attenuation of Pt is not observed for Co/Pt/Co trilayer structures with much thicker
Co films, in which quantum-well states should not be relevant anymore. Thus, the origin of the unexpected
strong linear a, effect in ultrathin Co/Pt/Co trilayers cannot be a local materials modification, but instead must

be associated with the collective nature of quantum-mechanical electronic states in asymmetric trilayers.

DOLI: 10.1103/PhysRevB.102.214434

I. INTRODUCTION

The existence of quantum-well (QW) states in magnetic
thin films and multilayers has been known and experimen-
tally confirmed for many years, and the concept of QW
states has been utilized to explain one of the most relevant
phenomena in magnetism in recent history, namely the in-
terlayer exchange-coupling effect of ferromagnets separated
by nonmagnetic interlayers [1-6]. The interlayer exchange
coupling between two magnetic layers was first discovered
by Griinberg et al. in 1986 for Fe/Cr sandwich structures
[7] and led to the discovery of giant magnetoresistance in
1988 [8,9]. This discovery was essential for the unprece-
dented advancement of modern storage technology, given
that it was utilized in hard disk drives since the 1990s, and
furthermore facilitated new technologies, such as nonvolatile
magnetic random-access memories [10] that are commer-
cially available today. Subsequently, insulators were also
explored as interlayer materials, which can be utilized as
a tunnel barrier between ferromagnetic layers, hereby in-
creasing the resistance of devices [11] and enabling even
larger areal storage densities [12]. As far as interlayer cou-
pling itself was concerned, long- and short-period oscillations
were found in a number of ferromagnetic (FM)/nonmagnetic
(NM) material systems [13-18], and the periodicity could
be explained by means of the Ruderman-Kittel-Kasuya-
Yosida interaction as well as QW-state theoretical approaches
[19-21].
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Despite this long tradition of investigations focused on
exchange coupling in the presence of interfaces and nontrivial
multilayer structures, substantial aspects remain unclear [22].
For example, there are recent contradictory reports on para-
magnetic interlayers and their ability to produce appreciable
interlayer coupling even at tens of nm thickness [23-25].
As far as FM/NM interfaces in general are concerned, Pt
has attracted substantial interest as NM material for a long
time due to its large spin-orbit-coupling. Also, it is gener-
ally the material of choice for detection and generation of
spin-currents in NM materials, due to its high spin-to-charge
current conversion, which furthermore enables spin pumping
[26] and the manipulation of damping [27], all aspects that
are crucial for the optimization of a multitude of devices
utilizing the spin degree of freedom [28]. Hereby, relevant
anomalies of the spin-torque spin Hall angle were found for
Co/Pt interfaces [29,30] and highlighted the premier relevance
of interface quality and the associated ability of interfaces to
conduct spin currents. Furthermore, spin transport phenomena
like the spin Hall effect and anomalous Nernst effect are
known to be modified by proximity effects [31], which also
have the potential to enable new approaches to achieve electric
field-controlled spintronic devices [32-35]. Thus, proximity
and interface effects are a most relevant fundamental research
field in modern magnetism.

In general, decreasing sizes of atomic structures such as
thin films to a scale of only a few monolayers (ML) can lead
to various unexpected properties of materials in comparison
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FIG. 1. Schematic of a one-dimensional quantum-mechanical
double-well potential mimicking a trilayer structure having a depth
profile along the z direction in its thickness symmetric (a) and
asymmetric configuration (b). The schematic also displays the two
lowest-lying energy levels (as dashed red lines) and associated eigen-
state wave functions (as purple and green solid lines) for both cases.
(c) displays the energy difference AE in between the two lowest-
lying energy states as a function of the thickness asymmetry a;.
AE is hereby given in normalized units and in reference to the
symmetric case a, = 0, namely AE(a,) = [Ae(a,) — Ae(0)]/Ae(0)
with Ae(a,) being the energy difference in absolute units.

to their common behavior in bulk dimensions. In structures in
which the size of a system is reduced to the nanometer scale,
surface and interface effects play an ever-increasing role,
given that they constitute a large portion of the overall ma-
terial. Thus, the specifics of interfacial structures in thin films
or the stacking in multilayers can influence properties substan-
tially. One such example is the recent study by Tomita et al.
[36], which reported a significant enhancement of magneto-
optical signals in thickness-modulated Fe/Pt multilayers that
followed an inverse Fibonacci-like stacking order in compari-
son to a periodically modulated sequence while keeping the
absolute thickness of each material constant. These results
suggested that the magneto-optical response of a nonperiodic
structure can be substantially larger than a similar periodic
structure in the ultrathin limit, where quantum-mechanical
(QM) interferences of electronic states such as QW states can
occur.

In principle, the viability and general occurrence of these
effects due to nonperiodic stacking can be understood in a
simple picture with QM boundary conditions, shown in Fig. 1,
in which a QM double-well potential is displayed in its thick-
ness symmetric realization in Fig. 1(a) and an asymmetric
split in Fig. 1(b). As one can clearly see, the eigenstates
and their energy levels are different in both cases, and their

occurrence and values become primarily a function of the
thickness asymmetry

I —n
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if other parameters such as the total thickness or QW depth
and shape are kept constant. Hereby, #; and 7, are the bottom
and top layer thicknesses, respectively. Correspondingly, it is
easy to understand that such an asymmetric double-well po-
tential split will also impact the energy differences in between
the QM eigenstates and accordingly optical properties, includ-
ing magneto-optical properties in case of an analogous system
with net spin polarization. This is illustrated in Fig. 1(c) by
simply plotting the resulting relative energy difference AE
between the two lowest energy states as a function of «,,
which exhibits a nearly parabolic behavior for our simple
QM double-well potential model. Thus, we can deduce that
asymmetric stacking of multilayers can indeed modify opti-
cal and magneto-optical properties, and that such an effect
should be detectable already in a trilayer structure that mim-
ics a double-layer potential, which would correspond to a
FM/NM/FM layer structure with tunable a,. The experimen-
tal exploration of this possible trilayer thickness asymmetry
effect onto magneto-optical properties is the purpose of the
present work.

The paper is organized as follows: in Sec. II, we define the
key experimental aspects of our work, in particular the specific
samples we have devised and fabricated for the purpose of our
study, as well as the experimental characterization methods
used. Specifically, we show how we fabricated sandwichlike
ferromagnetic trilayer structures to gain insights about the
influence of symmetrical vs asymmetrical ferromagnetic layer
stacking onto magneto-optical effects. We document the moti-
vation behind our choice of materials and we briefly introduce
the reader to the generalized magneto-optical ellipsometry
(GME) technique that enabled our quantitatively very pre-
cise magneto-optical Kerr effect (MOKE) measurements. In
Sec. III, we present the results of our comprehensive experi-
mental study and analyze them by comparing with qualitative
and quantitatively accurate optical models that are based on
sensible assumptions of increasing detail and in accordance
with our overall experimental results. Hereby, we accomplish
an accurate description of the entire set of our experimental
results, from which we can derive relevant conclusions that
are described in Sec. IV.

ey

II. SAMPLES AND MEASUREMENT METHODS

As outlined in the Introduction, our aim here is to investi-
gate if the specific stacking of layers in the thickness range, in
which QM effects are relevant, will lead to a substantial modi-
fication of magneto-optical properties. Our approach is hereby
to simplify the original multilayer structure utilized by Tomita
et al. [36] by breaking down the rather complex structure to
its base unit, namely a simple trilayer structure consisting of
two ferromagnetic films separated by a metallic nonmagnetic
interlayer, in which the ferromagnetic films represent different
values of a,. Ideally, the samples should be identical in all
aspects other than a,, such as representing a constant total
thickness, for instance. Growing a sandwich structure with
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two inverted wedges, as displayed in Fig. 2(a), can achieve
all experimental requirements in only one sample. In fact, this
approach guarantees superior reliability and reproducibility
due to the inherently identical fabrication conditions, while
obtaining a locally changing thickness asymmetry a, along the
full length of a single sample. Given this stacking geometry,
the trilayer structure is only symmetric in the center of the
sample in terms of having equal thicknesses for the top and
bottom ferromagnetic Co layers. Thus, we observe along the
length of the samples an increase of the absolute asymmetry
towards the edge with thicker bottom (thinner top) Co layer
for positive asymmetry and thicker top (thinner bottom) Co
layer for negative asymmetry. Given this design, we are now
able to explore the a; space by scanning our measurement tool
along the length of the sample, i.e., make point by point lo-
cal measurements of the optical and magneto-optical signals,
and simply vary a, by varying the position along the sample
length.

Our samples have been fabricated by means of sputter
deposition using an AJA International Inc. ATC 2200-V
ultrahigh-vacuum system with base pressure of better than
2 x 1073 mTorr. Due to its rotatable sample holder and tiltable
guns, this system can be easily utilized to fabricate thin films
with uniform thickness as well as wedge-type structures with
diverse thickness gradients along a full 4-in. wafer, or in our
case here, along the length of a cut wafer segment in the
form of a stripe. The desired design of the entire stack is
depicted in Fig. 2(a), and the full dimensions of a typical
sample with around 9-cm length are shown in a photograph
in Fig. 2(b). To fabricate the relevant central Co/Pt/Co trilayer
structure of our samples, we first sputtered the bottom Co
wedge in a fixed azimuthal position to facilitate the wedge
growth, then deposited the Pt intermediate layer (in multiples
of 0.2 nm up to a maximum total thickness of 1.6 nm) as
a uniform film while rotating the sample holder, and lastly
sputtered the reverse Co wedge after turning the sample’s
azimuthal position by 180 ° with respect to the initial wedge
deposition process. All three layers were hereby deposited at
3 mTorr Ar pressure using tf sputtering to allow for well-
controlled and stable low deposition rates. The wedge shape
itself is hereby facilitated by the fact that when one side
of the sample was pointing towards the appropriately tilted
sputter gun, the quantity of deposited material is larger on
the side of the elongated sample that is closer to the gun.
Hereby, one must consider that the overall shape of the film
thickness within a wedge structure is not generally linear,
so that this process had to be optimized to achieve a linear
profile. Specifically, the inclination angle of the sputter gun
was varied, and a set of test structures was fabricated. For
each inclination angle of the gun, a Co wedge was grown at
25 W and its layer thickness was analyzed locally by spec-
troscopic ellipsometry until we observed a nearly perfectly
linear profile representing an effective thickness gradient of
around 22 pm thickness per millimeter in position shift x.
Furthermore, we intended our samples to be constructed
from individual wedges that are 1 nm thick on one side
and 3 nm thick on the other end, so that we could cover a
substantial a, range. Hereby, we wanted the thicknesses of
the trilayer system to be small enough so that QM effects
should be visible, while not be so thin that small thickness
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FIG. 2. Tllustration of our sample structure (a) consisting of a
central portion containing two inverted ferromagnetic Co wedges
separated by a Pt interlayer of constant thickness, which was varied
in between 0 and 1.6 nm, and outer-segment Cr films, as well as a
protective Si-oxide overcoat; (b) shows a photograph of an actual
sample of approximately 9-cm length; (c) experimental a, vs lateral
position data (blue dots) for one of our samples in comparison to
a perfect linear relationship (black line); (d) experimentally deter-
mined total Co thickness (red dots) as a function of lateral position
for the same representative sample in comparison to a least-squares
fit to a parabolic function (black line).

variations would cause very significant relative sample to
sample variations.
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The final calibration samples also served as a calibration
tool for the determination of local Co deposition rates, the
determination of the experimental a, vs position characteris-
tic, and the absolute Co thickness ¢ vs position check. The
resulting characteristics of one of our real samples are shown
in Fig. 2, where we see the change in asymmetry a, along
the sample position in (c), which is showing a nearly perfect
linear trend, which was our goal. In Fig. 2(d), we see that the
total Co thickness ¢ is indeed nearly constant along the length
of our samples and varies from its thinnest to its thickest
portion by less than 0.4 nm. Nonetheless, these thickness
variations are not random, but have a clear quadratic shape,
that is the result of a remaining small nonlinearity of our
wedge structures, leading to the fact that the thinnest portion
of the double wedge is located in its center. To avoid that
this slight shape imperfection causes any significant effect
in our further studies, we selected to use only the central
portion of 40-mm length for our magneto-optical experiments,
in which the absolute total thickness variation of the Co
layers was less than 0.09 nm or 2%. While this restriction
limited the explored thickness asymmetry range of our study
to —0.3 < a, < 0.3, it had the advantage that we avoided the
Co thickness range, in which Co/Pt interface-induced out of
plane anisotropy can lead to complete or partial out of plane
magnetization orientation. In such a scenario, longitudinal
and polar MOKE signals might have occurred simultaneously,
which would have complicated the data analysis, even if our
magneto-optical detection methodology can distinguish and
separate them. Instead, the thinnest Co layer as part of our
Co/Pt/Co trilayer structures that we actually investigated was
1.4 nm thick, which is above the Co film-thickness range,
where out of plane magnetizations occur [37].

As substrates for our samples we used (110)-oriented Si
wafer strips that were covered by an approximately 3-nm-
thick native SiO; layer. On top of the substrate, a 30-nm-thick
Cr layer was deposited via DC sputtering at 80 W as an
adhesion layer and to create a smooth template for our trilayer
structure. As illustrated in Fig. 2(a), we covered each trilayer
sample with an additional 10-nm-thick Cr film, which itself
was coated by a 10-nm-thick SiO, layer, grown at 100 W.
The Cr film was hereby utilized to guarantee that the outer
Co interfaces were nominally identical, because they were
both Co/Cr interfaces and thus avoided any further asymmetry
effect in our structures in addition to the intended Co thickness
asymmetry a,. The additional SiO, overcoat was chosen to
prevent oxidation and sample degradation. SiO, was chosen
as cover material, due to its low extinction coefficient and
anticorrosive properties enabling MOKE measurements with
extremely high precision.

In a similar manner, we also fabricated Co/Pt/Co trilayer
structures with thicker Co films to generate reference samples,
in which the magnetic layer thicknesses were 5 nm or larger,
and for which one would not expect QW states to be relevant
anymore and affect their magneto-optical properties. The only
difference in the fabrication of these reference samples in
comparison to the above-described methodology was that the
Co films were designed to have uniform thicknesses and the
Pt interlayer was deposited in a wedgelike shape to investigate
the Pt film-thickness effect using a single sample with laterally
uniform Co films above and below.

(a) M
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FIG. 3. (a) Schematic of our GME setup; (b) and (e) display
experimental 6//1(0;, 6,) data as color-coded maps, measured for
the same sample (a symmetric Co/Pt/Co trilayer with 0.8 nm Pt
thickness) and the same applied field strength (H = 130mT) in
the vicinity of the s-p- and p-s-crossing-point configuration, respec-
tively; (c) and (f) show the corresponding least-squares fit of Eq. (5)
to the experimental data, which was accomplished with the same
fit parameters for both experimental data sets simultaneously, repre-
senting a coefficient of determination value of R* = 0.9916; (d) and
(g) display the corresponding residuals between fit and experimental
data; the color code that applies to (b)—(g) is shown on the right-hand
side of the figure.

Generalized magneto-optical ellipsometry was utilized to
investigate the local optical and magneto-optical properties of
our samples enabled by this methodology’s ability to deter-
mine simultaneously the full reflection matrix and its optical
and magneto-optical coefficients with high accuracy, in addi-
tion to its potential to perform vector magnetometry in only
one setup [38,39]. A schematic of the experimental setup is
shown in Fig. 3(a), which contains the following main ele-
ments: an ultralow-noise laser emitting at 635-nm wavelength,
two linear polarizers, with one being located in the incident
and one in the reflected beam path, the sample inside the
gap of an electromagnet, and a photodetector to measure the
reflected light intensity as a function of the applied magnetic
field. In a typical measurement, the azimuthal angles 6, and 6,
of the polarizers are first set to a certain combination close to
extinction to be sensitive to the magneto-optical Kerr effect.
Then, the magnetic field is swept to measure a full hysteresis
loop and determine the normalized light intensity change at
the detector, due to magnetic field and associated magnetiza-
tion reversal [40] as

I(+H) - I(-H)

7 : @
(+H) +I1(—H)

(SIH _5
T H) =

Such measurements are then repeated for different set-
tings of the azimuthal angles 6; and 6, of the polarizers. In
our measurements here, the magnetic field is applied in the
so-called longitudinal configuration, which is parallel to the
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plane of our sample and the plane of incidence of the light.
After having measured a series of MOKE loops for different
polarizer orientations, we can obtain a map of the normal-
ized light-intensity changes according to Eq. (2) for every
applied magnetic field value. Each pixel, shown in the maps
in Figs. 3(b) and 3(e), represents one of the 441 measured
normalized intensity changes at the maximum applied field
value for the very polarizer angle combination (61, 6,) that
defines its position in the plot. The resulting signal pattern
is hereby representative of the optical and magneto-optical
properties of our sample, which are described by the reflection
matrix R, and whose determination is the goal of our GME
measurements. To understand how one extracts the full reflec-
tion matrix R from such data, we need to consider that the
electric field vector at the detector Ef is given by

Er =P, R P E|, (€)]

with P; and P, being the Jones matrices of the polarizers, E;
the electric field vector of the light emitted by the laser, and R
the reflection matrix of the sample [38,41], given as

T &+ ¥
R= r,,(_& s y>, @)

1+ 8

where the complex parameters o, E, and y describe the
magneto-optical response of the longitudinal, transverse, and
polar magnetization components, respectively, as well as
7y =ry/r, with ry and r, being the purely optical Fresnel
coefficients for s- and p-polarized light. Based upon this de-
scription, we can calculate the intensity at the detector / =
EpE}, and derive an equation for the normalized intensity
change 87/I upon magnetization inversion, which is applica-
ble for all polarizer-analyzer angle configurations (6, 6,) and
any given magnetic field value:

Bifi + Bafa + Bsfs + Bafa + Bs f5s + Bs fo
f3+Brfr +2Bsfa+ 1y ’

81(9 6,) =4
7o) =

®

Here, f; to f; are known trigonometric functions of
the polarizer-analyzer angles, which are documented in the
literature [40], and the B; are parameters depending on
the components of the reflection matrix, specifically B} =
Re(&), By = Re(7i&*), By =Re(B), By =Re(F;*), Bs =
Re(9), B¢ = Re(737*), B; = |73|%, and Bg = Re(7;). Further-
more, I is the background signal and as such it corresponds to
the typically very small imperfections of the optical elements
in our setup. It is worthwhile to notice that B to B are as-
sociated with the magneto-optical effects and B7, Bg with the
purely optical contributions. In particular, B; and B, represent
the longitudinal part of the magneto-optical response, which
is the relevant effect in our measurement geometry, even if we
evaluated all magneto-optical contributions in our data anal-
ysis. We now utilize Eq. (5) to fit our experimental datasets,
such as the ones shown in Figs. 3(b) and 3(e), by considering
B to Bg as free fit parameters, which enables the experimental
determination of the full reflection matrix of Eq. (4).

One of the great advantages of GME over other magneto-
optical measurement techniques is that the longitudinal,
transverse, and polar MOKE all exhibit different symmetries
in their signal pattern with respect to the s-p- and p-s crossing

points of the polarizer orientations (61, 6») [41]. In particular,
the longitudinal and polar effect can be unambiguously sepa-
rated, if one compares the signal pattern around both crossing
points simultaneously, whereas the transverse effect can be
isolated easily by measuring in the vicinity of only one cross-
ing point. Thus, to achieve extremely high precision in our
experiments here, we have measured all samples using both
configurations, i.e., polarizer orientations near the s-p- and
the p-s-crossing points, even if we only expect a longitudinal
effect to occur.

Figures 3(b) and 3(e) show such exemplary datasets, mea-
sured for the same sample and applied field, namely the
symmetric Co/Pt/Co structure with 0.8 nm Pt interlayer thick-
ness and an applied magnetic field of 1300 Oe, which saturates
the sample. The color indicates the magnitude of the normal-
ized intensity change upon magnetic state reversal at each
polarizer angle configuration (6;, 6»). In comparison with the
experimental data in Figs. 3(b) and 3(e), Figs. 3(c) and 3(f) ex-
hibit the corresponding least-squares fit according to Eq. (5),
using the same reflection matrix and thus the same set of
parameters B to Bg for both data sets. As one can see from
this comparison, the fits are extremely precise and almost
indistinguishable from the experimental data in accordance
with the very high value for the coefficient of determination
R? = 0.9916 for this typical dataset. The methodological reli-
ability of GME is furthermore corroborated by Figs. 3(d) and
3(g), which show the residuals, i.e., the difference between the
data and the fit. The residuals are essentially zero everywhere,
except for some noise occurring near the diagonal of the
images, which is associated with the very low overall light
intensity that occurs in those regions due to the crossing of
both polarizers [42]. The signal pattern that we observe and
that is reproduced by the fit is characteristic for a longitu-
dinal magneto-optical signal, and our quantitative evaluation
verifies that polar and transverse MOKE contributions can be
neglected for the saturated magnetization state shown here.
Nonetheless, we have analyzed all MOKE components for all
samples to ensure that only the longitudinal one was relevant
in every case. We repeated the former measurement procedure
for different positions of our stripelike samples, hereby mov-
ing the sample position in steps of 5 mm. To facilitate this, the
samples were mounted on a linear translation stage to scan the
position-dependent magneto-optical properties of our samples
with laterally varying Co thickness asymmetry a;.

III. RESULTS AND DISCUSSION

Using the GME methodology, we have determined the
reflection matrix of all our samples and by doing so, we have
quantitatively characterized the magneto-optical response for
our Co/Pt/Co trilayer structures as a function of the Co thick-
ness asymmetry a, as well as the Pt interlayer thickness d
in a very precise and reproducible manner. In Fig. 4, we
present the field dependence of the relevant B; parameters for
one exemplary sample, as well as the resulting coefficient of
determination R? representing the quality of the GME data fits
to Eq. (5) for any given field. In particular, the longitudinal
MOKE part is represented by B; and B, in Fig. 4(a), which
are associated with the complex magneto-optical quantity &
in the reflection matrix. As one can see from these data, the

214434-5



WEBER, MARTIN VALDERRAMA, FALLARINO, AND BERGER

PHYSICAL REVIEW B 102, 214434 (2020)

oF . ™ - . — 15
a H :
—"[\ 1_( ) : ‘\. .’—m L
) : (1] ; ‘C
=, ‘OF S 10 =
~ & ° ' =
SRy . 3 1-10Q
Comrmrren o
2F . . e 1-2
‘E . } . } — A 5
“(b) '
I 11
o m%
o 10
5 -1
) 3
2y0,90,49070530%0000
oo, :
#ooge,, o ;
' L]
~ 095 ' P
5 ; h
L]
0.9F
L]
-1000 -500 0 500 1000
H(Oe)

FIG. 4. Applied-field H dependence of the experimentally deter-
mined GME fit parameters, displaying the magneto-optical response
B; (blue) and B, (red) in (a) and pure optical sample properties
B; (green) and Bg (purple) in (b); the data were measured for a
symmetric Co/Pt/Co trilayer with 0.8-nm Pt thickness; (c) shows the
corresponding values for the coefficient of determination R* of the
GME data fits to Eq. (5).

longitudinal signal switches smoothly at the coercive field
and reaches saturation quite easily along the magnetic field
direction. The data suggest that both Co layers behave as if
they form a single magnetic entity, which is unsurprising in
this case, given that Co/Pt multilayers with 0.8-nm Pt layer
thickness typically exhibit a ferromagnetic coupling through-
out the multilayer stack [37]. Furthermore, Fig. 4 shows data
for the case of symmetric Co thickness, which should exhibit
a single magnetic reversal structure in a hysteresis loop, given
that even in the absence of interlayer coupling through the Pt,
the Co films on top and bottom are nominally identical.

In contrast to By and B; in Fig. 4(a), the parameters B; and
Bg in Fig. 4(b) remain constant due to their purely optical na-
ture, verifying the validity of our approach and the capability
of GME to separate optical and magneto-optical parts of the
reflection matrix and its associated dielectric tensor for the
material under investigation. The other magneto-optical fit pa-
rameters B3 — Bg are equal to zero within their margin of error
in our measurements. From the field dependence of R we can
see that our experimental data are very precisely reproduced
by the fit to Eq. (5) everywhere, except for the immediate
vicinity of the coercive field, where the magneto-optical sig-
nal becomes very small and thus relatively noisy. Given that
the magneto-optical fit parameters exhibit a saturation type
of behavior, meaning that they are constant over a certain
magnetic field range, we can improve the accuracy of our
sample characterization by averaging the B; values over both
saturation regions. The field range that we utilized for this
averaging was chosen accordingly by being far away from the
coercive field and requiring R?-values to be larger than 0.97.

°
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FIG. 5. Applied-field H dependence of the measured magneto-
optical signal (full hysteresis loops) for six different sample
configurations, namely an interlayer Pt thickness of 0.2 nm and Co
layer thickness asymmetry a, equal to —0.28 (a), O (b), and 0.28 (c),
respectively, as well as an interlayer Pt thickness of 1.6 nm and Co
layer thickness asymmetry a, equal to —0.28 (d), O (e), and 0.28
(f), respectively. All magneto-optical signals are normalized to the
maximum value measured for each sample.

In Fig. 4 the utilized ranges for our averaging procedure for
this particular sample are indicated by the vertical dashed lines
with the data for high positive and negative fields entering our
further analysis.

To ensure that we reach a stable and saturated magne-
tization state for all samples, we have analyzed the field
dependence of the magneto-optical signal for all measure-
ments, meaning for all Pt thickness and a; values that we
investigated. Figure 5 shows several representative examples
of our measurements, in particular for structures with a thin
and a thick Pt interlayer and in both of these cases for g, values
that represent the minimum and maximum of the explored
parameter range, as well as @, = 0. As we can see from the
data, the hysteresis loops are rather conventional, and even
if we do observe a d and a; dependence of the coercivity
in Fig. 5, they exhibit clearly identifiable saturation ranges,
which we have utilized for the quantitative analysis of all our
MOKE-signals.

Because the transverse and polar MOKE-signals are zero
within their respective error bars, we will focus in the fol-
lowing on the longitudinal MOKE signal amplitude |&| and
its dependence on the sample structure, in particular its de-
pendence from the Co thickness asymmetry a;. To aid the
discussion of our many experimental results, we should how-
ever first estimate how |&| would change as a function of a,
if one were to assume a simple additive model for magneto-
optical effects in the thin-film limit. For this, we consider
that the MOKE signal generated by each Co layer increases
linearly with thickness. At the same time, each Co layer
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attenuates its own signal equivalent to half of its thickness
to mimic the attenuation effect that the top parts of the same
film have onto the signal generated by the bottom parts. In our
trilayer structure, the MOKE signal coming from the top Co
layer is only attenuated by itself. In contrast to that, the MOKE
signal coming from the bottom Co layer is not only attenuated
by itself, but also by the Pt interlayer and the top Co layer.
That is the reason why we expect the absolute contribution of
the magneto-optical response coming from the bottom layer
to be smaller than the one of the top layer for @, = O under
the simplified conditions that we assume here. Under these
assumptions, we find the total longitudinal MOKE amplitude
|&| to be given as

15)
a|l =lal, + |al; = lalg| | 1 —
|éx| 6|, el |Ol|o<2< 23cO)

h d 15)
“‘(1 - 25CO>(1 - $><1 - %)) ©

Herein |&|; represents the signal amplitude coming from
the bottom Co layer, while |@|, is related to the top Co layer,
|&|p is a constant magneto-optical factor, and §p¢ and é¢, are
defined as the information depth of the respective material,
which is proportional to the skin depth. By taking into con-
sideration that a, = “—2, 1 = 1, 4+ 1;, and neglecting terms of
third order in ¢ consistent with the overall thin-film assump-
tion, we can derive the |&| versus a, dependency that one

would expect in this simple additive thin-film limit, namely

|&|(a;) = A + Ba, + Ca, 7

with

A =@ t|:1 d +t( 3d ! )] (8)
= | —_——_— —_ .
0 28p( 88codpt  28co

d
B=—|a|yt| — —t——/|, 9
%o [28pt 46coapj ©
c = —jaly L0 (10)
= — |0 . .
0" 8800t

Within this simple picture, one would expect a parabolic
|&| versus a; dependence, in which the coefficients are only
determined by the Pt interlayer thickness d, the information
depths of the materials, and the total Co thickness ¢. Further-
more, we should expect all derived parameters to decrease
monotonically with the Pt interlayer thickness. The thicker the
interlayer, the stronger the signal is attenuated with increas-
ing a, as represented by parameter B. As our approximation
shows, also parameters A and C should be decreasing slightly
with the Pt thickness, while the attenuation parameter B and
the second-order parameter C should be zero without any Pt
interlayer. With this in mind, we are now ready to discuss our
experimental results. Given the definition of the B;, we deter-
mined the longitudinal Kerr amplitude from our experimental
data via

B, — BBs

/B; — B}

@l = |B+ (11)
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FIG. 6. Experimentally determined longitudinal Kerr effect am-
plitude values |&| vs Co layer thickness asymmetry a, measured in
the positive (a) and negative (b) saturation regions that are defined
in Fig. 4. The symbols show experimental data with each color
representing a different Pt interlayer thickness that is defined in the
legend, while the solid lines of equal color represent least-squares fits
to Eq. (7). The error bars are only partially visible, because they are
smaller than the data symbols for most data points.

The resulting experimental datasets are displayed in
Figs. 6(a) and 6(b) as a function of a, for both saturation
conditions, which we defined exemplary in Fig. 4. The dif-
ferent colors of the data points correspond to samples with
different Pt interlayer thickness, and the respective lines rep-
resent least-squares fits of Eq. (7) to the datasets for constant
Pt thickness by using A, B, and C as free fit parameters. First,
we notice that the overall signal amplitude changes relevantly
with the Pt thickness. This is the most pronounced effect that
we observe in our data and it is independent from the Co thick-
ness asymmetry a,. Furthermore, this shift is nonmonotonous,
so that the datasets corresponding to the different Pt thick-
nesses move up and down in Fig. 6. Secondly, we detect
a modest change in |&@| with asymmetry a, for all samples.
While this variation is rather minor and mostly quadratic for
the pure Co sample, an additional linear contribution occurs
for increasing Pt thickness. We can also see by comparing
Figs. 6(a) and 6(b) that both datasets are consistent and show
the same sample behavior qualitatively and quantitatively. It is
furthermore important to notice that all datasets are extremely
well represented by Eq. (7), at least as long as one considers
A, B, and C to be free parameters. Thus, we can utilize these
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parameters for our further discussion and our attempt to devise
a fully quantitative model and complete understanding of all
our data.

The experimentally determined parameter values are
shown in Fig. 7 as a function of the Pt layer thickness d for
positive (dots) and negative (circles) saturation fields, respec-
tively. In contradiction to Eq. (10) of our qualitative model,
we find a nonvanishing positive C parameter describing the
quadratic a, dependency of the magneto-optical signal even
without a Pt interlayer being present in our samples, depicted
in Fig. 7(a). By adding Pt to the structure, this second-order
contribution does not change significantly, and accordingly
we cannot identify the experimentally observed quadratic a,
effect as being representative of a true quadratic asymmetry
effect. Instead, it must be related to still existing minor total
Co thickness variations in the sample, which will cause a total
signal variation and exhibit a quadratic characteristic. This
is consistent with the quadratic total thickness dependence
that we observed in Fig. 2(d), which is the result of a slight
nonlinearity of the wedge shape. The thickness variations are
very small, but our very sensitive GME measurements allow
us to detect them. The fact that C is nearly independent from
the Pt thickness now means that there is no noticeable true
quadratic thickness asymmetry effect in any of our samples,
and instead the perceived parabolic a, dependence is induced
by the slight parabolic ¢ dependence for all our samples.

The B-parameter results in Fig. 7(b) exhibit a zero value
without Pt interlayer and follow a decreasing trend with grow-
ing Pt interlayer thickness, qualitatively consistent with the
predicted falloff in Eq. (9) and thus, they seem to be represen-
tative of the extinction caused by the Pt interlayer. Parameter
A, which represents the MOKE amplitude for the symmetric
case, shows a complicated behavior and specifically is not de-
creasing in a monotonous fashion as one would have expected
from Eq. (8). While we find a general decline of A with Pt
thickness, we observe a superimposed upward shift of the data
in the thickness range in between 0.6 and 1.0 nm Pt thickness,
in contrast to our qualitative expectations according to Eq. (8).

To properly verify the above observations based upon our
qualitative model, we calculated the quantitative response of
our structures by an exact classical model of magneto-optical
effects by using the transfer-matrix approach of Schubert [43].
For this, we did not only take the Co and Pt layers into
consideration, but also the Si substrate, as well as the Cr
and SiO; layers. Hereby, we developed a sequence of model
assumptions of increasing refinement to achieve a full quanti-
tative description of our experimental results. Each of these
models consists of the full layer stack of our samples, but
only the Co/Pt/Co trilayer structure was modified in its optical
and magneto-optical properties according to the schematics
displayed in Fig. 7(d). Furthermore, these models also took
into account the already-mentioned small Co layer thickness
variations along the length of the wedge that led to nonvanish-
ing C-parameter values even in the case without Pt interlayer.
The specific formalism for our simulations is described in the
Appendix, which also provides information about all optical
constants we used and which were identical for all materials
in all of our models, as given in Table I, except for Pt, which
we had to vary as will be discussed in the following. In our
computations the full reflection matrix is obtained for each

$ 2 == =Model 1 = = =Model 2 ——Model 3

@

Model 2 Model 1

Model 3

FIG. 7. Pt thickness d dependence of the Co thickness asym-
metry a, effects onto the magneto-optical signal, represented by a
quadratic term C (a), a linear term B (b), and a constant term A
(c), according to Eq. (7). The measured data are shown for both
saturation regions S1 (positive) and S2 (negative), which were de-
fined in Fig. 4, while the lines represent results of calculations for
the three optical models displayed in (d). While the optical models
encompass the entire sample structure shown in Fig. 2(a), only the
central Co/Pt/Co trilayer portion is shown in (d), given that only this
portion is varied in between the models. Model 1 uses bulk optical
constants only, model 2 considers the Pt interlayer to be anomalously
absorptive, and model 3 furthermore introduces magneto-optically
active interface layers of finite thickness (0.3 nm) upon reaching a Pt
layer thickness threshold of 0.7 nm. All optical and magneto-optical
parameters utilized in the model calculations are listed in Table 1.
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TABLE I. Optical and magneto-optical parameters that have
been applied to perform quantitative computations according to the
full stack in Fig. 2(a) and varying parameters of the models as
illustrated in Fig. 6(d).

Refractive Extinction Voigt
Material index n constant k parameter
Cr 3.1357 3.3171
Co 2.5658 3.4725 0.033-0.018 i
Co/Pt interface 0.46794 16.44 0.129 - 0.070 i
Pt high k 0.46794 16.44
Pt 0.46794 6.1548
SiO, 1.4636 0.0016569
Si 3.8787 0.019221

model and underlying specific geometry, and subsequently
values for |&| vs a, are extracted in order to determine the
magneto-optical response of the structure and compute pa-
rameters A, B, and C for a comparison with our experimental
data. In addition, the previously calibrated thicknesses of the
layers are included in all computations as well as an incident
angle of 45° for the 635-nm wavelength light to mimic the
exact geometry of our experimental setup.

In our first approach, shown in Fig. 7(d), we simulate the
full structure with magneto-optical constants known from lit-
erature [44—46] and a bulk Co reference sample. These results,
representing model 1, are depicted in Figs. 7(a)-7(c) as blue
dashed lines. Due to the earlier discussed small thickness
variation within each double-wedged sample, the C parameter
for all models appears upward shifted by a supplementary
constant if compared to a perfect sample with truly constant
t. Hence, C is the sum of two parts C = C; + C,, with C;
being the real asymmetry-induced effect that is quadratic in a;,
while the second part C; is caused by the position-dependent
total thickness 7. As discussed earlier, the data show an almost
constant C value that is dominated by the thickness variation,
whereas the classical true quadratic a, effect is very small in
comparison. Also, we see that our experimental data and the
model results for C are in very good agreement, so that we
cannot detect any quadratic a, effect that would have to be
ascribed to a quantum-mechanical effect based on the mod-
ification of magneto-optical properties due to the thickness
asymmetry of the bilayer stacking. In contrast to model 1
explaining the data for C, we can see from Fig. 7(b) that this
model cannot explain the observed linear asymmetry term,
characterized by parameter B, and its Pt thickness depen-
dence. The model predicted Pt extinction that leads to the
linear |&| vs a; dependence is far smaller than what we observe
experimentally. Furthermore, this simple model 1 does not
reproduce the rather complex and nonmonotonous A vs d
behavior that we observe experimentally, which can be seen
from a comparison of our data with the model results in
Fig. 7(c). Thus, to quantitatively describe our results, we have
to modify our model to incorporate modifications of optical
properties that are representative of the effect of multilayer
stacking in our sample and cannot be accommodated by clas-
sical local optics of bulk materials with conventional optical
material constants.

Specifically, it is the conventional optical extinction of Pt
that cannot explain the strong drop of the B parameter as
the Pt thickness increases. Consequently, according to the
classical picture of Eq. (9) the signal attenuation length of
Pt has to be much smaller than for bulk Pt, which in other
words means that the optical damping constant k represent-
ing the imaginary part of the complex index of refraction
N = n + ik appears to be anomalously high in our structures.
Correspondingly, we adapted a new version of our model,
identified as model 2 in Fig. 7(d), to our experimental findings
to be able to mimic the attenuation of the magneto-optical
response in our samples by means of an anomalously large
extinction coefficient kp, = 16.44 for our Pt interlayer films.
By assuming this artificially high kp;, which is equivalent to a
skin depth of only 6 nm in contrast to the literature value of
16 nm for A = 635 nm in accordance with the standard bulk
kpe = 6.15 [44], model 2 achieves a much better agreement
with our data as can be seen by the dashed black lines in Fig. 7.
In particular, the experimentally observed strong decrease of
B with d is now much better described by model 2 and in
good agreement with the experimental data. Also, the C vs d
dependence that was already well described by model 1 is not
relevantly altered by model 2, so that it can describe overall
the experimental data for B and C very well. Model 2, how-
ever, does not properly describe the A vs d dependence that
we find experimentally, even if the agreement up to 0.6-nm
thickness is actually very good. Specifically, the nonmono-
tonic upward shift of the data in the range in between 0.6 and
1.0 nm Pt thickness cannot be reproduced by our classical
equivalency picture of making Pt highly absorptive, and a
further refinement of our model assumptions is needed. The
observed experimental behavior can, however, be understood
in a rather straightforward manner, if one recalls that in Co/Pt
multilayer structures, the ferromagnetic spin polarization of
Co leads to a relevant proximity-induced spin polarization in
the Pt interface layer, whereas Pt layers further away from the
interface do not exhibit any relevant spin polarization, a fact
that has been experimentally demonstrated and theoretically
confirmed [47]. This proximity-induced spin polarization in
the Pt layer adjacent to the Co can now generate a relevant
enhancement of the total magneto-optical activity, because
the Pt spin polarization in conjunction with the strong spin-
orbit coupling of Pt will lead to an additional magneto-optical
activity of a Co/Pt interface [48].

In order to mimic the Pt-thickness induced enhancement
of the magneto-optical response around 0.7-nm Pt thickness,
which leads to the nonmonotonous behavior of A in Fig. 7(c),
we need to include the above-mentioned magnetic proximity
effect in our model, which is associated with the Co/Pt-
interfaces. Thus, in model 3 we introduce two Co/Pt interface
regions between the ferromagnetic Co layers and the Pt in-
terlayer, and we assume these interface regions to produce
a substantially enhanced magneto-optical contribution, once
the quantum-mechanically determined electronic states at the
interfaces are fully formed, which we consider to occur at
a Pt thickness of 0.7 nm. Given local variations of the Pt
interlayer thickness, we assume that the additional interface
magneto-optical activity Q is not a truly abrupt function of
the average layer thickness, but a slightly smeared out step
function in the thickness range of 0.4 — 1.0 nm. Nonetheless,
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the data in Fig. 7(c) demonstrate that the onset is sharp with
no Co/Pt interface signal truly apparent at 0.6 nm Pt thickness,
while being fully established for 1.0 nm, i.e., length scales that
are quite typical for quantum-well states in metallic materials.

Furthermore, model 3 assumes that only a 0.3-nm-thick
interface region contributes to the interface signal, while
additionally added Pt does not produce any further magneto-
optical signal response, consistent with prior observations
that the proximity-induced spin polarization and associated
enhanced spin-orbit coupling effects are limited to the Pt
interface layer only [24,47]. We also keep the assumption of
model 2 that the entire Pt layer exhibits an anomalously high
extinction coefficient of kp, = 16.44. The resulting values of
A, B, and C vs d for model 3 are shown as red lines in
Fig. 7. As intended, model 3 is now able to reproduce the
nonmonotonic behavior of A vs d, because the added interface
region signal occurs in the thickness range of 0.4 — 1.0 nm
and is superimposed onto the general decline of the overall
magneto-optical signal as d increases. The introduction of
the interfacial regions by means of model 3 has virtually
no impact on C, depicted in Fig. 7(a), so that model 3 also
explains the C vs d behavior with good quantitative accuracy.
The B vs d dependency for model 3 in Fig. 7(b) shows a
visible modification in comparison to model 2. However, the
simulated curve for model 3 is in very good agreement with
our experimental data for the chosen material parameters,
which were indeed selected to optimize the match of model
3 to our experimental data for all of our extracted parameters,
i.e., the entirety of our A, B, and C vs d data.

Overall, we can describe our experimental results using a
classical description, and for that we needed to add two mod-
ifications to the classical local optics description with bulk
materials constants. One is the additional magneto-optical
signal of Co/Pt interfaces, which is an unsurprising modifi-
cation given that the proximity to ferromagnetic Co results
in the occurrence of static spin polarization in Pt interface
atoms that combined with the large spin-orbit coupling of Pt
produces an added magneto-optical interface signal once the
interfaces and their quantum-mechanical interface states are
formed. This leads to the observed Pt thickness dependence
of A and is an effect that has nothing to do with the Co layer
thickness asymmetry a;. From the C vs d dependence that we
observe experimentally, we have to deduce that there is no
significant quadratic a, effect in our samples, which would
be the magneto-optical equivalent of the asymmetry-induced
changes in the simple QM picture of the double-well potential
of Fig. 1(c). While the observed values of C are significantly
different from zero, they are small and more importantly, they
do not show any relevant dependency from d, so that even for
d = 0, which is formally a simple Co film and not a trilayer
structure, C is not zero due to very small, but detectable thick-
ness variations along the elongated sample axis. However, we
do observe a very strong linear signal dependence from a, in
our structures, which we did not expect. This linear a, effect
does show the proper d dependence by vanishing for d = 0,
which is the simple Co film geometry. Upon increasing d, this
linear g, effect, represented by B, becomes large very quickly,
which is inconsistent with a classical optical picture using
conventional materials constants for Pt and Co. Formally, we
are able to reconcile our experimental results with a classical

5nm Co 4
Pt thickness d

O Experiment
Model 1
Model 2

d (nm)

FIG. 8. Experimentally determined longitudinal Kerr effect am-
plitude values |&| vs Pt interlayer thickness d for a Co/Pt/Co trilayer
structure with thick Co layers (the trilayer structure is schematically
shown as an inset). The symbols show experimental data, while
the dashed lines show the results of classical optics calculations,
assuming conventional Pt properties (blue, consistent with the ma-
terial constants of model 1) as well as highly absorptive Pt (black,
consistent with the material constants of model 2).

optics picture, but we have to assume an anomalously high
optical damping in Pt. However, this does not necessarily
mean that we observe a structure-induced modification of
local optical properties. It is just as possible that we observe
directly a linear a, effect that has a collective and nonlocal
QM origin and is associated with the reduced symmetry of the
structure once g, deviates from zero. To be able to distinguish
these two interpretations, we have also investigated a series of
samples, in which the Co layer thickness was far larger, so
that QW states should not impact their properties and thus
any a, dependence ought to disappear. On the other hand,
these thicker film structures have the same Co/Pt interface
structures, not just nominally, but also in terms of their real
structure, because these samples were fabricated in the exact
same way. Thus, an interface-induced local property modifi-
cation should occur in such structures as well.

Figure 8 shows the experimentally determined total longi-
tudinal MOKE amplitude |@| for Co/Pt/Co trilayer structures
with thick Co films as a function of the Pt interlayer thickness
d in comparison to the theoretically expected results assuming
conventional Pt properties as well as highly absorptive Pt
parameters. As we can see from the data alone, the signal de-
creases over a rather wide Pt thickness range and it is also fully
compatible with model predictions using literature values for
the material constants of Pt. In contrast, the highly absorp-
tive Pt that allowed us to model the thin trilayer structures
in Fig. 7 does not at all describe the observed experimental
behavior in Fig. 8, but would have led to a far more rapid
|&| vs d falloff. Thus, the interface-induced modification of
optical properties can be excluded as an explanation for our
observations, because it should have shown up in both types
of structures, given that the relevant atomistic interfaces are
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identical. The difference, though, is the Co film thickness
and thus the expected relevance of QW states in very thin
Co/Pt/Co trilayers. Therefore, our results in Fig. 7 and the
contrast to the observations in Fig. 8 indicate a quantum-
mechanical modification of the magneto-optical properties for
sufficiently thin Co/Pt/Co trilayer structures as the result of
their specific stacking structure, representing a genuine non-
local stacking-asymmetry effect that is linear in ;.

IV. CONCLUSIONS

In our study we have grown Co/Pt/Co sandwich structures
with varying Co and Pt thicknesses to investigate the influence
of thickness modulations in ferromagnetic multilayers and
their associated QW-state modifications onto magneto-optical
signal amplitudes. For this, we designed and fabricated an
inverted double-wedge structure, so that within a series of a
few samples, the parameter space of Pt interlayer thickness
d and Co layer thickness asymmetry a, could be robustly
and reproducibly explored. Furthermore, we utilized GME to
allow for extremely precise absolute MOKE measurements.
In addition, we devised a series of optical models that allowed
us to achieve a detailed quantitative analysis and interpretation
of our data.

Upon increasing the Pt interlayer thickness of the ferro-
magnetic sandwich structure, we observe a relevant enhance-
ment of the magneto-optical response of the multilayer in
the Pt thickness range in between 0.6 and 1.0 nm, which is
explained by the formation of magneto-optically active inter-
faces. This is a well-known effect for Co/Pt interfaces and it
is associated with the proximity-induced spin polarization of
Pt in conjunction with its strong spin-orbit coupling [47], and
the previously observed thickness dependence of this interface
state and signal formation matches our observation here.

More relevantly, our experimental results show unambigu-
ously that there are indeed clear signal modifications as the
Co/Pt/Co layer structure is made asymmetric. However, the
signal modification did not have the type of quadratic behav-
ior that we anticipated according to the simple QM picture
of Fig. 1(c), and the modifications were also significantly
smaller than what one could have expected to find based on
the earlier observations by Tomita er al. [36]. Nonetheless,
we did observe a very significant linear asymmetry effect,
whose origin is more difficult to understand. By means of
modeling, we could map our experimental findings onto a
classical equivalency model of having an extremely absorp-
tive Pt layer in our Co/Pt/Co trilayer structure, but such an
interface-induced local optical property modification is not
the true origin of the observed behavior. We could demon-
strate this clearly by analyzing the magneto-optical properties
of thicker trilayer structures that contain the same interface
configurations, but which did not show any anomalous be-
havior, and instead were fully compatible with conventional
optical properties for Pt. From these comparative studies, we
concluded that for sufficiently thin Co/Pt/Co trilayers there
is an actual linear a; effect that has a collective and nonlocal
QM origin and is associated with the reduced symmetry of the
structure once a, deviates from zero. It would be valuable to
investigate the occurrence of such linear asymmetry effects
for other material systems. Moreover, it would be relevant

to develop a theoretical understanding of how the lack of
symmetry generates this directional effect, which appears to
be somewhat analogous to the way the Dzyaloshinskii-Moriya
interaction impacts exchange coupling and associated magne-
tization states in systems with reduced symmetry, including
asymmetric multilayer structures [49,50]. Such an additional
spin-orbit mechanism or channel would be prohibited in sym-
metric structures, but should be active in nonsymmetric ones,
such as our a; # 0 samples. Moreover, it could lead to an
inequality of states that would otherwise be equivalent in their
properties if this mechanism were absent. For this, a review of
the underlying theoretical concepts of magneto-optical effects
in the presence of asymmetric layer and magnetization struc-
tures would be important and will hopefully be triggered by
our experimental observations.
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APPENDIX

We performed our simulations by defining the dielectric
tensor for each layer in our structure and applying the transfer
matrix approach for homogeneous media [43]. In this ap-
proach, the electromagnetic response is calculated through the
partial transfer matrices 7}, by the in-plane field vector

o)
Ye+d) =exp(iZ8d)y@ =T,¥ (). (Al
with z being the Cartesian coordinate related to the depth of
the sample, d the layer thickness, w the angular frequency, ¢

the vacuum velocity of light, and A the wave transfer matrix.
The complete transfer matrix of the multilayer is defined as

N
T = 'E(]‘[ T,,.,-(d))Tf,

j=1

(A2)

with T; and T being the incident and exit matrix, respectively,
and 7, ; representing the partial transfer matrix of each media
layer j, which can be expressed by a finite Taylor expansion.
Finally, the parameters of the finite series expansion are cal-
culated by the eigenvalues of the matrix A
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with k, the component of the incident wave vector parallel to
the surface of the sample in the plane of incidence and ¢;; the
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dielectric tensor elements defined by

€0 m;Qey  myQe
€ = | —m;Q¢ €0 myQeq (A4)
—my,Qey  —m, Qe €0

Here the magneto-optical coupling constant Q is defined as
0 = Q, —iQ; [43,51]. Furthermore, we obtain the 2 x 2

reflection matrix R by converting the 4 x 4 transfer matrix
in the following way:

~ ~ - Ty T —Tu T
F a+y TN\ Ti3—Ti3 T,
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T T3 —Tis Ty,
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