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Abstract
The magnetooptical (MO) response of Ru/Py/Ta thin film stacks with 4, 8, and 17 nm thick
Nig;Fe 9 permalloy (Py) films on a SiO,/Si and a ZnO substrate was measured by vector
magnetooptical generalized ellipsometry. The MO response from VMOGE was modelled
using a 4 x 4 Mueller matrix algorithm. The wavelength-dependent, substrate-independent
and thickness-independent complex MO coupling constant (Q) of Py in the Ru/Py/Ta thin film
stacks was extracted by fitting Mueller matrix difference spectra in the spectral range from
300nm to 1000 nm. Although the composition-dependent saturation magnetization of Ni,Fe;_,
alloys (x = 0.0...1.0), e.g. of Nig;Fe9, is predictable from the two saturation magnetization
end points, the MO coupling constant of Ni,Fe;_, is not predictable from the two Q end
points. However, in a small alloy range (0.0 < x < 0.2 and 0.8 < x < 1.0) the composition-
dependent Q of NiFe,_, can be interpolated from a sufficiently high number of analyzed
Ni,Fe,_, alloys. The available complex MO coupling constants of six different Ni,Fe;_,
(x = 1.0 t0 0.0) alloys were used to interpolate MO response of binary Ni,Fe;_, alloys in the
range from x = 0.0 to x = 1.0.
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1. Introduction

In recent years, multilayers with magnetic materials have cap-
tivated ample interest in basic physics as well as in magnetic
sensor and magnetic data storage applications because of their
noticeable magnetooptical (MO) and magnetotransport prop-
erties [1-8]. Although the MO properties of nickel-iron based
alloys, e.g. permalloy (Py) (Nig;Fe9), have been extensively
studied experimentally with Kerr effect measurements [9, 10],
a detailed analysis of Kerr angle and the deconvolution of the
MO response of Py thin films in different multilayer stacks
on different substrates are hardly reported in the literature.
Although it has been vastly reported that surface roughness
[11] and film thickness [12, 13] can modify the magnetic prop-
erties of Ni—Fe based material, the influence of film thickness
and surface roughness on the MO response for this material is
also scarcely found in literature. This suggests that an exten-
sive study of the MO response for a similar multilayered stack
of different thickness is needed to explore the modification of
the MO properties with film thickness, surface roughness and
underlying substrate of Ni-Fe based material.

Spectroscopic ellipsometry techniques have developed
rapidly and were used to characterize reflected and trans-
mitted polarized light at an oblique angle of incidence in the
THz, infrared, visible, and UV spectral range from planar
single and multilayer systems [14-20]. The inherent draw-
back of spectral ellipsometry is the data analysis in case of
multilayer systems, which requires an optical model defined
by the optical constants and layer thickness of each layer of
the multilayer system [18]. According to the Onsager relation
[21], below the Curie temperature (7;), where a spontaneous
magnetization (M) appears, the off-diagonal elements of the
dielectric tensor,

Eij (—M,w) :€ji(M,w) (1)

are odd functions of magnetization M, i.e. the magnetization
induces optical anisotropy in a ferromagnet. Recently, spec-
troscopic ellipsometry has been applied extensively to study
optically anisotropic materials including planar [22, 23] and
sculptured [24] ferromagnetic layers. Since ellipsometry
analysis of anisotropic multilayer systems becomes rather dif-
ficult, a data analysis procedure referred to as 4 x 4 matrix
method [25] is generally employed to characterize the directly
measured 4 x 4 Mueller matrix (M) which is defined as

My My M3z My
My My My Moy

M= 2
M3 Mz Myz My 2)
My My Mgz My

It has to be noted that similar symbols (M and M) have been
conventionally chosen for magnetization (M) and the Mueller
matrix (M), respectively. Mueller matrix ellipsometry has a
well-recognized, significant advantage in case of depolarizing
materials: Depolarization may arise due to scattering of light
[26, 27], associated optics [28] and/or due to thermal effects.
When samples have a depolarization effect and only the 2 x 2
Jones matrix (J) is measured instead of the 4 x 4 Mueller
matrix (M), the totally polarized light used as a probe in

ellipsometry is transformed to partially polarized light so that
a measurement error is introduced. For example, the Jones
matrix in reflection is written as follows [18]

J— <" w7 pS) i
Tsp Tgs

where r,, and ry are the amplitude reflection coefficients
for p-polarized reflected/p-polarized incident and s-polar-
ized reflected/s-polarized incident light, respectively, and
where r,, and ry, are the amplitude reflection coefficients for
p-polarized reflected/s-polarized incident and s-polarized
reflected/p-polarized incident light, respectively. The funda-
mental ellipsometric parameters such as the complex reflec-
tance ratio (py,), the ratio of amplitude diminutions (/)
and the phase difference induced by the reflection (Ay,) are
defined as

3)

psp = tan Wy, - et = 2
& @
U, = arctan |p;,| = arctan L (0° < by < 90°)
S§ (5)
Ay, = —arg (pyy) = —arg (ri,> (0° < Ay, < 360°).
Tss (6)

If incident, s-polarized light is used as a probe, the complex
Kerr angle (Px) is given by the relation

(I)K = \Ilsp + iAsp = 0[{ + an (7)

with Kerr rotation (fx) and Kerr ellipticity (7x). As seen from
equations (4)—(7), @ is related to off-diagonal elements of
the Jones matrix. Depolarization is an intrinsic error that is
present in the Jones matrix. This error in the Jones matrix
causes the Kerr angle and -ellipticity to be erroneous. Hence,
the extraction of the MO coupling constant by fitting the Kerr
angle and Kerr ellipticity comes out to be inaccurate. To avoid
this, the Mueller matrix elements have been fitted to extract
the MO coupling constants. Since the off-diagonal block
of the Mueller matrix represents the anisotropy of the film,
the differential off-diagonal elements (defined later in equa-
tion (13)) represent the anisotropy change in the sample due to
application of magnetic field, i.e. the change in MO response
of the film can be quantified by the differential Mueller matrix
elements. This allows us to choose two differential off-diag-
onal elements, namely AM 14 and AM,3, for fitting in order to
extract the MO coupling constant.

The aim of the manuscript is the factorization of the off-
diagonal MO dielectric tensor elements ¢;; into the MO cou-
pling Q of electromagnetic waves to a magnetizable material
and the magnetization M of the magnetizable material. We
tested this factorization of ¢; on six different multilayer-stack
samples with a magnetizable layer, namely Py, measured and
modelled MO effects in dependence on the material-specific,
wavelength dependent MO coupling Q and on the material-
specific and volume dependent magnetization M. This work
was motivated by a work from Buchmeier et al 10 years
back [29]. Buchmeier et al did not factorize their modelled
off-diagonal elements of the dielectric tensor K (=¢;) into
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Table 1. Extracted results from fitting of the XRR data. Film thickness and interface roughness for different samples are extracted from
XRR modeling keeping constant densities of Ru as 12.37 g cm 3, of Py as 8.6g cm™>, of Ta as 16.65g cm 3, of Si as 2.33 g cm ™3, and of

ZnO as 5.61 g cm >,

Thickness (nm)

Interface roughness (nm)

Sample Ru Py Ta Air/Ru Ru/Py Py/Ta Ta/Subs

Py, Si 2.59 £0.09 4.09 £0.08 233 £0.05 0.27 £0.07 0.22 £0.02 0.13 £0.02 0.09 £0.02
Pyg Si 2.44 +£0.07 8.30 £0.11 2.47 +£0.09 0.24 +0.07 0.07 £0.43 049 £0.11 0.39 £ 0.06
Pyi7 Si 2.50 £ 0.09 16.95 £+ 0.03 231 £0.28 0.39 £ 0.05 0.31 +0.12 0.78 £ 0.20 0.70 £ 0.09
Py, ZnO 2.45 +0.08 4.14 £ 0.09 2.40 £ 0.05 0.32 +0.06 0.36 £0.13 0.30 £ 0.08 0.17 £0.11
Pys ZnO 2.51 £0.08 834 £0.12 2.38 £0.09 0.34 +£0.05 0.25+0.14 0.49 +0.10 0.34 +0.07
Py17 ZnO 2.45 £ 0.07 17.03 £0.18 238 £0.17 0.37 £0.05 0.18 £0.17 0.67 £ 0.15 0.56 +0.09

a wavelength dependent factor Q and into a magnetic field
dependent factor M as we do. They reported the thickness
dependent off-diagonal elements K of the dielectric tensor ¢;;
of bcec Fe (001) films in a multilayer-stack sample [29]. To
study the thickness effect on MO response, we have grown
similar Ru/Py/Ta stacks of ultrathin Py films with a nominal
thickness of 5, 10 and 20nm fabricated in the same run on
a SiO,/Si substrate and on a ZnO substrate where Ta acts as
buffer layer and Ru as protection layer. XRR data showed
that correspondingly realized thickness of the Py films was
systematically slightly smaller, namely 4, 8, and 17nm. The
optical constants for all layers in the multilayered stacks were
determined from the dielectric polarization, which is strong in
the 1000 nm thick dielectric SiO, and quite weak in the metals
Ru, Py, and Ta as electric fields applied to metals lead to cur-
rent flows. Above the Curie temperature (7, = 853 K), the light
propagation in Py is similar to that in isotropic materials. We
have performed vector magneto-optical generalized ellipsom-
etry (VMOGE) [30] measurements for applied magnetic field
in all six directions (+X, +Y, +7). The maximum MO effect is
in polar geometry, i.e. for applied magnetic field along the +Z
direction. We have determined the MO dielectric tensor of Py
by analyzing the 2 x 2 and 4 x 4 Muller matrix data of all
multilayered Py samples in polar geometry up to an out-of-
plane external magnetic field of 0.4 T [30]. It should be noted
that, the Kerr rotation angle of typical Py layers is rather small
(0.057 deg @403 nm [31]) in comparison to CrBs (3.47 deg
@424 nm [32]) and to Bi-substituted YIG (1.36 deg @502 nm
[33]). The knowledge of the MO dielectric tensor of magnet-
izable layers in multilayers sample will make it possible to
model the complex Kerr angle data and Mueller matrix data
of given multilayer samples. A maximized Kerr microscopy
signal will help to analyze the dynamics of domain wall motion
in the magnetizable layers of a multilayer samples, e.g. in Py
layers which are widely used in magnetic memory stacks [34].
In this work we focus on the investigation of Py by VMOGE.
It should be noted that Py is also strongly investigated by Kerr
microscopy [30] and ferromagnetic resonance [35] measure-
ments. The obtained MO coupling constant was validated by
comparing literature data. Furthermore, the complex coupling
constants of binary NiFe,_, alloys have been interpolated in
the range 0 < x < 0.2 and 0.8 < x < 1.0. In the future, when
VMOGE experiments and analysis has been extended to the
THz, infrared, visible, and UV spectral ranges, the design

of planar multilayer stacks with a strong MO response by
stacking an optimized sequence of magnetic, nonmagnetic
metal, semiconductor, and dielectric layers and by using an
optimized polarization state of incident and reflected light in
the corresponding spectral range is envisioned.

2. Samples

A set of Ta (3nm)/NigFe o/Ru (3 nm) planar stacks with 4nm,
8nm, and 17 nm nominal thickness of the Nig;Fe 9 (Py) layers
has been prepared by means of DC magnetron sputtering
and using an industrial UHV system (base pressure below
2 x 1078 mbar). The system is equipped with sputtering tar-
gets of 300mm diameter. The thickness homogeneity, veri-
fied by optical methods was better than 2% over a diameter
of 200 mm. Sputtering of Ta, Py and Ru was carried out at a
pressure of 5 x 1072 mbar in 6N Ar. During sputtering of the
Py layer an in-plane magnetic field of 5 mT was applied to
induce a well-defined deposition induced anisotropy axis with
an anisotropy field Hy of 0.5 mT (~0.4 kA m~ ") [36-38].

In order to explore the underlying substrate effect on MO
coupling constant, the same planar stack has been deposited
on two different substrates, thermally oxidized Si and ZnO.
The deposition was performed on a 6” thermally oxidized Si/
SiO, (1000nm) wafer with a 1 x 1cm? square ZnO substrate
located in the center of the 6” Si/SiO, substrates.

The 3nm thick Ta buffer layer serves as a seed layer to
induce a growth of the Py with a pronounced (11 1) texture
and guaranties a well-defined magnetic softness. The 3nm
thick Ru layer on top of the stack serves as a protection layer
to prevent oxidation of the underlying Py layer.

3. Experiments

3.1. Structural and magnetic properties of the Py layer
on Si/SiO, and ZnO

The use of x-ray diffraction (XRD) confirmed the expected
(111) texture. X-ray reflectivity (XRR) was used to deter-
mine the thickness of the individual layers and the interfacial
roughness within the stack. For the simulation of the XRR
data (see figure 1 and table 1), fixed densities of the different
layer materials (see caption in table 1) within the multilayer
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Figure 1. XRR patterns of 17nm (cyan symbols), 8 nm (magenta symbols), 4 nm (yellow symbols) thin Py films with a 3nm thick Ru
protection layer and a 3nm thick Ta adhesion layer (a) on a 1000 nm SiO,/Si substrate and (b) on a ZnO substrate. The solid lines in

respective color show the fitting of corresponding data.
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Figure 2. Experimental and fitted ) and A plot for 4nm, 8 nm and 17 nm Py samples on (a) and (b) SiO,/Si and ((c) and (d)) on ZnO. The
perfect fitting of the experimental data discards the presence of any scattering effect at the SiO,/Si interface.

stack were used. Since the thickness of the SiO, layer amounts
to 1000nm, the SiO,/Si interface cannot be resolved from
XRR data.

As seen from the XRR results (table 1), all values are iden-
tical for both substrates within the measurement error. Due to
thickness roughness of the thicker Py films, the simulated value

for the Py/Ta and Ta/Substrate interface roughness increases
with increasing Py thickness starting at 0.10 £ 0.04 nm for Si/
SiO; and 0.25 £+ 0.10nm and increases to 0.8 + 0.2nm (Si/
Si0;) and 0.6 + 0.15nm for ZnO.

Kerr loop tracer magnetometry (not shown) was used to
verify the softness of the films. A well-established easy axis
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Figure 3. Modeled complex on-diagonal elements of the MO
dielectric tensor ¢; of Py which is the same for all six samples. The
material-specific on-diagonal elements ¢;; are independent of the Py
thickness and underlying substrate. To be noted, Re(g;;) is dispersive
and Im(g;) is absorptive. Layer thicknesses extracted from XRR
(table 1) have been used as fixed parameters. Errors (red error bars)
in the on-diagonal dielectric tensor (6(¢;;)) are given at 300 nm,
500nm, 700 nm, and 900 nm.

(Hc < 0.02 mT), and hard axis (Hx = 0.5 mT) was found as
usual for soft NiFe films. By using SQUID magnetometry,
the magnetization was determined to 105 4 15 emu g~ ' for
Py7Si and Py7 ZnO. Saturation magnetization for perpend-
icular orientation was obtained at pyoH = 1.3 T.

3.2. Spectral ellipsometry

The layer thickness and surface roughness, extracted from the
XRR measurements, are used as fixed parameters for model-
ling the spectroscopic ellipsometry data (for detailed discus-
sions, see section 3.3) for all samples (using CompleteEASE
software), to find out the optical constant and hence dielectric
constant of each layer (figure 2) in all samples. We have used
a combination of one Drude (describing free electrons) and
three Tauc—Lorentz (describing interband transitions) oscilla-
tors to parameterize the optical constant of the Py layer for
each sample. The presence of any scattering effect at the SiO/
Si interface is discarded by a perfect fitting of the experimental
data for all samples on the SiO,/Si substrate (figures 2(a) and
(b)). Observed oscillations in spectroscopic ellipsometry plot
as well as MO plots of samples on SiO,/Si are thickness fringes
which arise due to the 1000 nm thick SiO, layer. A sharp peak,
representing the optical transition of ZnO, is visible at 3.3eV
[39] in the v plot on the ZnO substrate (figure 2(c)).

Figures 3 and 4 shows that the obtained on-diagonal ele-
ments of the complex dielectric constant and complex MO
conductivity of the Py layer is material-specific and thick-
ness-independent. The plasma frequency calculated from the
Drude oscillator parameter is found to be 12.00eV which is
almost similar to the reported value by TikuiSis et al [40].
Furthermore, the value is consistent with the constituents Ni
(7-15.92eV) [41-43] and Fe (10-12eV) [42]. On-diagonal
permittivity spectra (figure 3) show a typical metallic behavior
which is analogous to that of pure Ni, Fe and other closely

related metal films like Cu [40-44]. The strong peak around
1.5eV of the Re(e;) spectra can be compared to the 1.4eV
shoulder of the Ni spectra which arises due to a transition
between the W and K points in the Brillouin Zone. In another
report, Smith ef al reported that this peak arises in pure Ni due
to spin—orbit spitting. This peak may be attributed to two trans-
itions in k-space vicinity namely, a temperature dependent
b-transition (minority spin band to final states above Ef) and a
temperature independent b’-transition (between bands 5 — 6
for both spins) [45]. The shift (from 1.4eV toward 1.5eV) in
this peak can be attributed to the presence of Fe in Py. The
weak peak at 2.3eV is referred as a temperature-dependent
c-transition between the bands 2 — 5 (minority spin band to
final states above Ep). The peak around 2.5eV in the same
spectra can be identified as arising from transition Xy [44].
This peak can also be found in Fe spectra, corresponding to a
transition in the zone face (direction K and points P) [40, 42].
The optical response of a material within magnetic field can
be described equivalently by the on-diagonal elements of the
MO conductivity tensor, which are related to the on-diagonal
elements of the MO dielectric tensor as follows [46]:
ZW(l — & ii)

P Sl 2 8
O-ll 47_[_ ( )

Using equation (8), the modeled dispersive (real) and absorp-
tive (imaginary) parts of the on-diagonal elements of the
dielectric tensor (see figure 3) were further used to calculate
the dispersive (imaginary) and absorptive (real) parts of the on-
diagonal elements of the MO conductivity tensor (figures 4(a)
and (b)). Later, we will introduce the off-diagonal elements of
the magneto-optical conductivity tensor to describe the optical
response of a material with magnetic field, named ‘magneto-
optical response’.

3.3. Vector magneto-optical generalized ellipsometry
(VMOGE)

The 4 x 4 Mueller matrix has been measured in a 3D magn-
etic field setup by a vector magneto-optical generalized ellip-
someter (VMOGE) which combines a rotating compensator
ellipsometer RC2 from J.A. Woollam Co., Inc., USA. with a
custom-built 0.4 T octupole magnet sample stage. VMOGE
allows to access both the 2 x 2 Jones matrix (equation (3))
and the complete 4 x 4 Mueller matrix (equation (2)) in a
magnetic field up to 0.4 T of arbitrary direction and in the
spectral range from 300 to 1000nm (with spectral resolution
of 1nm). The VMOGE experimental coordinate system is
defined as follows: the x- and y-axis are aligned parallel and
perpendicular to the plane of incidence, respectively, and both
axes lie in the sample surface plane. The z-axis is normal to
the sample surface and points into the sample. Three VMOGE
configurations, longitudinal (L), transverse (7), and polar
(P) are conventionally defined according to the direction of
applied magnetic field vector H = (H,, H,, H;) with respect
to the plane of incidence and the sample surface plane. For H
within the Cartesian coordinate system of the VMOGE setup,
the MO properties of the ultrathin Py layer are described by
the following MO dielectric tensor eM©:
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Figure 4. Calculated (a) real and imaginary (b) on-diagonal elements of the MO conductivity tensor o1; of Py which is the same for all
six samples. The material-specific on-diagonal elements of conductivity tensor o}, are independent of the Py thickness and underlying
substrate. (a) and (b) Circles in respective color show the corresponding plot for fcc Ni and squares in respective color show the
corresponding plot for bce Fe [47]. In contrast to figure 3, here Im(oy;) is dispersive and Re(o;;) is absorptive.

MO Exx  Exy Exz Exx *inMz *iQyMy
€ = |&w &y &z = iQ.M, Eyy —iQM, | ,
Ex &z &z leMy iQM, €z
)

where the on-diagonal terms ej, ii =xx, yy, zz of MO
dielectric tensor of Py are equal, representing the square of
the complex refractive index. The off-diagonal, nonsymmetric
terms €;, (I, j = x, y, z) are assumed to depend on the mag-
netization vector M = (M, My, M) and on the complex MO
coupling constant Q = (Qy, Oy, Q) [22, 23]. It is important to
clarify that there exist different sign conventions to describe
the MO dielectric tensor. According to optics convention of
optical constants [18], the MO coupling constant is defined as
0 = Re(Q) — iIm(Q). If the magnetization M of the investi-
gated samples is parallel to the magnetic field H (i.e. M || H),
for P-VMOGE with H = (0, 0, H,), it holds that M = (0, 0,
M). Please note that the MO coupling constant is different
from the Voigt constant also commonly denoted with Q but
defined as ey, = iQe,, [48].

The MO response can be described equivalently by the
off-diagonal elements of the MO conductivity tensor, which
are related to the off-diagonal elements of the MO dielectric
tensor as follows [22, 46]

iUJEij

4’
ojj is calculated from the spin-polarized bandstructure and
used to investigate the microscopic origin of the MO effects as
a combined action of spin—orbit coupling and net spin-polar-
ization [41]. In order to remove offset effects in the large field

range, we have modeled MO difference spectra, which are
defined for the components of complex Kerr angle as follows:

Abx = bk (—H;) — 0k (+H;) (11)

gij =

(10)

Ang =k (—H;) —nk (+H) . (12)

We measured the MO response of similar Ru/Py/Ta stacks
on a Si0,/Si substrate and a ZnO substrate using 2 x 2 Jones
matrix and 4 x 4 Mueller matrix ellipsometry in a 0.4 T octu-
pole magnet [30] at 300—1000 nm wavelength range. To obtain
optimized MO and optical response, we have chosen 45°
as angle of incidence of polarized light during the VMOGE
measurements. The experimental data was modeled using the
optical constants of each layer of the multilayer system as
obtained from fitting of the spectroscopic ellipsometric data.

Figures 8 and 9 show all Mueller matrix elements for the
Py 7 samples (thickest in the series) on SiO,/Si and ZnO sub-
strate, respectively. The difference in MO response is seen to
be maximum for four Mueller matrix elements, namely M4,
My, My3 and M3,, when a magnetic field of 0.4 T is applied
along the +z direction for the Py samples on both substrates.
Physically, M4 (—My;) represents circular dichroism (CD)
and M3 (—M3;) represents circular birefringence (CB) of a
depolarizing sample [49]. These results also confirm the pres-
ence of both, exchange splitting and spin—orbit interaction for
Py in the external magnetic field [45]. Distinct differentiable
Magneto-optic responses (M4, My, M»3 and M3,) are found
in the lower energy region below 3.0eV, which is typical for
Drude behavior. The most significant MO active electron
transitions occur between the 3d and unpolarized 4s band. [40]

A better match between experimental and modeled MO
data in the spectral range from 300nm to 1000nm can only
be found if the 4 x 4 Mueller matrix is measured and mod-
eled. As we have concluded from the previous plots (figures 5
and 6), the following Mueller matrix elements M;; are strongly
dependent on the magnetization of the Py thin films: M4, M>3,
M3y, My;. Using the analogue of Kerr angle difference spectra
(equations (11) and (12)), we define the Mueller matrix ele-
ment difference spectrum (AM;;) of a given Mueller matrix
element M;; as follows:

AM;; = My (—H,) — M;; (+H,) . (13)
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Figure 5. All Mueller matrix element plot of Py;7 on SiO,/Si substrate for applied magnetic field in all six directions (£X, £Y, +Z) and at
zero magnetic field condition (see top-left corner table in this plot). From this plot one can conclude that M4, M4, M>3 and M3, shows the
maximum MO effect along the +z magnetic field direction, which constrain us to consider these four elements for further calculations of

the MO coupling constant.

Using the extracted off-diagonal elements of the dielectric
tensor of Py in the multilayer structures, we performed a
point-by-point fit with the Mueller matrix element difference
data AMy4 and AMy; (figure 7) by the 4 x 4 transfer matrix
method (since 1AMyl and IAM3,| are similar to |IAM 4l and
|AM;3l, respectively).

Figure 8 shows the measured and modelled complex Kerr
angle difference spectra of 4nm, 8nm and 17nm thick Py
layers in the Ru/Py/Ta stack on SiO,/Si substrate (figures
8(a)—(c)) and on the ZnO substrate (figures 8(d)—(f)). The
complex Kerr angle data have been modeled using the 2 x 2
Jones matrix approach and the extracted thickness-inde-
pendent and wavelength-dependent dielectric tensor (figure 2).
Due to the intrinsic measurement error (discussed in sec-
tion 1) of the 2 x 2 Jones matrix in case of depolarization
and anisotropy effects, no unique solution for the extracted
oft-diagonal dielectric tensor elements of Py (figure 9(b)) can
be found. That causes the mismatch between measured and
modeled Kerr angle in the spectral range between 300 nm and
400nm (figure 8). Thickness fringes are fitted well with the
ellipsometric angles ¢ and A (figure 2). From that, we can
conclude that there is no density gradient in the SiO, layer and
there is no scattering present at the SiO,/Si interface which
would degrade the thickness fringes.

4. Discussion of MO response

The off-diagonal dielectric tensor is plotted with error bars
in figure 9(a). In contrast to the on-diagonal dielectric part,
for the off-diagonal dielectric tensor Re(ej,) is absorptive
and Im(eyy) is dispersive. From the fitting of the difference
spectra, the wavelength-dependent MO coupling constant (Q)
of the Py layer in the multilayer stack on SiO,/Si substrate
and on ZnO substrate has been calculated. Similar Q values
have been found for all samples within the error range (figure
9(b)). The zero crossing position, which relates physically to
the width of the d-band [50, 51], has been found at 2.03eV
for both, imaginary part of the off-diagonal dielectric con-
stant and the real part of the MO coupling constant. We have
also compared the obtained result with reported values and
found excellent agreement [22, 52]. The obtained Q()\) has
been validated for different thicknesses of Py in the same mul-
tilayer stack on both, SiO,/Si and ZnO substrate to confirm
the thickness independency of the MO coupling constant. As
expected and demonstrated in figure 8 the modelled MO cou-
pling constant of Py depends on the wavelength but not on the
structure of the multilayer sample and also not on the thick-
ness of Py layer. The goodness of fit, defined by MSE [53],
amounts to 0.817 considering the total weightage of AM 4 and
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Figure 6. All Mueller matrix element plot of Py;7 on ZnO substrate for applied magnetic field in all six directions (£X, +Y, £Z) and no
magnetic field condition (see top-left corner table in this plot). From this plot one can conclude that M4, M4, M»3 and M3, shows the
maximum MO effect along £z magnetic field direction which compel us to consider these four elements for further calculation of MO

coupling constant.

AM,3. There is no surface roughness dependence found on
Q(\). From this result we can conclude that the MO coupling
constant Q(\) of a given material in a planar stack is inde-
pendent of thickness [20], surface roughness and underlying
substrate. Furthermore, we can comment that Q()\) does not
depend on interface roughness and it is a bulk parameter. By
compiling our result with other reported data [19, 52, 54, 55],
the variation of saturation magnetization with Ni concentra-
tion in NiFe;_, alloys is plotted in figure 10(c). Our result
falls onto a linear interpolation curve of the literature data,
from which one can conclude that the saturation magneti-
zation can be linearly interpolated for any composition of a
binary Ni—Fe alloy. Figures 10(d) and (e) shows the variation
of Re(Q) and Im(Q) with Ni concentration in Ni,Fe;_, alloys
at three different wavelengths (400nm, 600 nm and 800 nm).
From these plots one can see that the variation of Re(Q)
increases with an increment of Ni concentration for higher
wavelength (800nm). Same variation in Im(Q) is visible at
higher wavelength (800nm). This suggests a good increment
of the MO response at higher wavelengths, leading to the con-
clusion that at higher wavelength highly concentrated Ni-rich
Ni,Fe;_, material will be a better suited for MO sensor as
compared to their low concentration counterpart. This results
also implies that the complex MO coupling constant Q) can be

interpolated when a sufficiently large number of Ni-Fe binary
sample data is available.

The error bars in the extracted MO coupling constant
(6(Q)) are given at 300nm, 500nm, 700 nm and 900 nm. The
error (6(Q)) has been determined by neglecting the error in
the magnetization measurements, as follows: 8(Q) = 8(¢)/M.
The error of the dielectric tensor (6(¢)) has been determined
by modelling the off-diagonal elements of the dielectric
tensor at maximum possible Mueller matrix difference
(Emaxr = Ema(AMM + (6(AMM))) and the minimum possible
Mueller matrix difference (epin = Emin(AMM — (6(AMM))),
not by the mean value of the Mueller matrix element and
calculated data (see also error bars in figure 7). The error of
the off-diagonal elements of the dielectric tensor is given by
0(e) = lemax —

Figures 11(a) and (b) shows the calculated real and imagi-
nary part of the off-diagonal elements of the MO conductivity
tensor plotted as a function of wavelength for Py material,
which has been extracted from the difference spectra at an
applied magnetic field of 0.4 T. Each plot is compared with the
respective contribution of fcc Ni and bec Fe [47]. According
to Delin et al [47], breaking of time-reversal symmetry in the
lattice structure of Py, under the application of external magn-
etic field during a MO measurement with the magnetic field

8m1n|.
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Figure 7. Experimental (faded thin line) and modeled (dark thick line) Mueller matrix element difference spectra (equations (13)) (a)—(c)
AM, 4 and (d)—(f) AM>3 on SiO,/Si substrate and (g)—(1) AM14 and (j)—(1) AM>;3 of the 4nm, 8 nm, 17 nm thick Py layer in the Ru/Py/Ta
stack on ZnO substrate. The Mueller matrix difference spectrum has been recorded as a function of wavelength at 45° angle of incidence
and a magnetic field of 0.4 T in the 4 X 4 matrix algorithm. Errors (red error bars) in the Mueller matrix difference data (6(AMM)) are

given at 300nm, 500 nm, 700 nm and 900 nm.

applied perpendicular (z-direction) to the plane of light polari-
zation (x-y plane), causes magneto-optic effects due to which
the system reacts differently to photons with helicity —1 (spin
is antiparallel to momentum) in comparison to photons with
helicity +1 (spin is parallel to momentum). Furthermore, those
authors have stated that the real part of the on-diagonal MO
conductivity tensor (figure 3) is physically related to ordinary
optical absorption, whereas the imaginary part of the off-diag-
onal MO conductivity tensor (figure 10) is physically related
to MO absorption. The amount of MO absorption is directly
proportional to the difference in absorption of left and right
circularly spin polarized light. Its sign is associated with the
spin polarization of the states responsible for interband trans-
itions. The zero crossing position is found at 2.03 eV (same as

in figure 9), shifted from 5.0eV for pure Ni [40]. This implies
a shift of the d-band to higher energies. The energy shifts in
the d-band vigorously rely on the lattice spacing and atomic
coordination number. Permalloy lattice spacing (~3.546 A)
[58], which is 1% higher than that of pure Ni, 24% higher than
that of pure Fe [40], 7% higher than that of Ta and 31% higher
than that of Ru, may cause lattice mismatches at the Py/Ta and
Ru/Py interfaces and may lead to red-shift in zero crossing
position. A thickness dependency of the zero crossing posi-
tion is not observed for our samples. The maximum MO off-
diagonal conductivity below 3.0eV energy confirms a typical
Drude behavior [40] that we have already found earlier by the
presence of a Drude oscillator in our fitting model. The disper-
sion of the MO conductivity of Py is mainly due to the strong
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Figure 10. Dependence of MO and magnetization property of Ni—Fe based alloys with Ni concentration in the range from 0 to 100%.
Above 30% Ni concentration, the crystalline structure of Ni—Fe alloy changes from bcc to fce [56, 57]. (a) Real and (b) imaginary part of
complex MO coupling constant (Q()\)) as obtained from the fitting (MSE = 0.817) of experimental differential Mueller matrix (AM,4 and
AM,;3) spectra of Py, Si, Pyg Si, and Py 7 Si (figures 7(a)—(f)) and of Py, ZnO, Pyg ZnO, and Py;7 ZnO (figures 7(g)—(1)). MO coupling
constant was (Q(\)) found to be independent of thickness and underlying substrate. Literature values [19, 52] are also compared with the
obtained results. Note that, Re(Q()\)) is absorptive and Im(Q())) is dispersive. (c) Saturation magnetization of Ni,Fe;_, with variation of Ni
concentration (%). This plot shows that the saturation magnetization can be linearly interpolated from the two saturation magnetization end
points. (d) Real and (e) imaginary part of complex MO coupling constant at 400 nm, 600 nm and 800 nm versus Ni concentration (%). The
MO coupling constant Q of Ni,Fe,_, needs a nonlinear interpolation between the two Q end points. Therefore, even in a small alloy range
the composition dependent Q of Ni,Fe,_, can be only be interpolated if a sufficiently large number of Q values of analyzed Ni,Fe;_, alloys

is available. The dashed lines in (c)—(e) are for eye-guiding.

electron interband transitions between the d-bands of fcc Ni
and of bcc Fe [59]. Furthermore, the contribution in the MO
conductivity spectra has no visible influence as the transition
between the majority states is very small. A broad feature in
the imaginary part of the off-diagonal elements of the MO
conductivity spectra is observed for both samples (green solid
lines in figure 10) at 1.64eV (754 nm), which is related to the
disordered ferromagnetic NizFe peak. A similar peak has been
observed by Nakajima et al at 1.5eV for Ni [50] and by Singh
at 1.7eV for Fe [60]. Singh suggested that that this peak in
Fe arises due to delocalized transitions from sufficiently large
regions in the proximity of N points. Kulkova et al reported
that the peak arises from a smoother shape of the minority-
spin density of states (DOS) above the Fermi level in NizFe
in comparison to fcc Ni (open circles in figure 11) and bce
Fe (open squares in figure 11) [59]. Disorder in Py causes a
decrease in amplitude of both, real and imaginary parts of the
off-diagonal elements of the MO conductivity tensor of Py
with respect to that of individual element (fcc Ni and bec Fe).

1

To summarize, there is agreement for the experimental and
modelled angles Afk and An, obtained from the 2 x 2 Jones
matrix method in the spectral range between 300nm and
1000nm (figure 8) and between experimental and modelled
AM 4 and AM,; elements from the 4 x 4 Mueller matrix in
the whole spectral range from 300 nm to 1000 nm (figure 7). A
slight mismatch in the lower spectral range can be related with
depolarization effects, which introduce an error if only the
2 x 2 Jones matrix, J, is analyzed. Using VMOGE measure-
ments under magnetization values at 0.4 T, we have extracted
the MO coupling constant Q(\) by modeling the dielectric
tensor (equation (9)). Zero crossing positions were found at
2.03eV form both, Q and from the off-diagonal conductivity
spectra. The shift of the d-band to higher energies may causes
shifting down of zero crossing energy at a lower value than
pure Ni (5eV) [40]. This red shift may further be attributed
to a probable lattice mismatch at the Ru/Py and Py/Ta inter-
faces. The energy shifts in the d-band vigorously rely on lat-
tice spacing and the atomic coordination number. The broad
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Figure 11. Calculated (a) real and (b) imaginary part of complex off-diagonal elements of the MO conductivity matrix of Py of all six
samples using the same complex off-diagonal elements of the dielectric tensor of Py of all six samples (figure 9(a)). Circles and squares in
respective (blue and green) color show the corresponding (real and imaginary) conductivity data of fcc Ni and of bece Fe, respectively [47].
Note that in contrast to figure 3, here, Re(o,) is dispersive and Im(o,) is absorptive.

peak at 754nm (1.64eV), found in the imaginary part of the
MO conductivity spectra, is attributed to delocalized trans-
itions from a sufficiently large region in the proximity of the
N points and disordered ferromagnetic NisFe interband trans-
itions and smoother minority-spin DOS above Ef as disorder
in NisFe reduces the local magnetic moment. Figures 10(a)
and (b) shows the extracted Q()\) dependency in agreement
with the reported data. Furthermore, from figures 10(c)—(e)
one can conclude that the saturation magnetization can be
interpolated for any binary Ni—Fe alloy, though Q(\) can only
be interpolated when the MO coupling constants for large
enough Ni,Fe;_, samples are accessible. Interpolated values
of the magnetization saturation and Q()\) for a particular
Ni,Fe;_, alloy can be used to realize the wavelength depend-
ence of the MO conductivity for that particular Ni—Fe alloy.

5. Conclusions and outlook

We have investigated the MO response of Py layers in same
Ru/Py/Ta stacks on a SiO,/Si substrate and on a ZnO sub-
strate. XRD results reveal textured Py thin film growth on
both substrates. The wavelength-dependent and material-
specific MO coupling constant of a magnetizable thin film
in a stack is independent of the thickness and of the under-
lying substrate. Furthermore, the interface roughness of the
magnetic layer in the stack does not affect the extracted MO
coupling constant. This finding allows for a different focus in
the MO sensor development as compared to the focus in the
TMR and GMR sensor development where interface rough-
ness may be detrimental. Lattice mismatch at Ru/Py and Py/
Ta interfaces may cause red-shift in the zero crossing position
in Py compared to that of pure Ni. In summary, this study
shows that the MO coupling constant of a magnetizable thin
film in a stack is wavelength-dependent and material-specific.
Therefore, the MO coupling constant is a bulk parameter
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that cannot be linearly interpolated to binary Ni—-Fe com-
pounds. Finally, with the known MO coupling constant of
a NiFe,_, thin films of a given chemical compositions the
MO response of multilayer stacks containing corresponding
Py layers can be predicted for different substrates and dif-
ferent Py thicknesses. The MO coupling constant does not
depend on interface roughness. The complex MO coupling
constant of NiFe; . is found to be interoperable only for a
large enough number of analyzed Ni,Fe,_, alloys. The above
results strongly suggest Ni,Fe;_, thin films are potential can-
didates for MO sensors where the MO response is enhanced
by controlling the MO contrast using Ni,Fe;_, layers with
different compositions.
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