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Abstract

In this work, we study the magnetic field modulation of the optical response of plasmonic-spintronic
metasurfaces. The responsible effect of this modulation is the Magneto-refractive effect (MRE), which ac-
counts for the magnetic field induced modification of the electrical resistivity that translates into a change
in the optical properties, making it possible to magnetically modulate the plasmon resonances from the
mid-infrared to the THz regime. First, we introduce concepts relevant to this work, such as Giant Magne-
toresistance (GMR) and Surface Plasmons, which are resonant collective oscillations of conduction electrons
that can be localized in the surface of a metallic nanoparticle or can propagate along a dielectric-metallic
interface. Then, we study the MRE exhibited by GMR systems, more specifically by a NigiFeig/Au GMR
multilayer. Finally, we present an analysis of the optical response of plasmonic metasurfaces fabricated out
of the previously mentioned GMR multilayers, using the Lumerical software for the photonic simulations.
We consider periodical structures such as nanoantenna- and hole-arrays, in order to demonstrate that meta-
surfaces made out of GMR multilayers can be utilized to develop active photonic platforms whose optical

response is controlled by an external magnetic field.

Resumen

En este trabajo, estudiamos la modulacién a través del campo magnético de la respuesta éptica de
metasuperficies plasménicas-espintrénicas. El efecto responsable de esta modulacién es el Efecto Magneto-
Refractivo (MRE), que explica la modificacién inducida por el campo magnético de la resistividad eléctrica,
que lleva asociado un cambio en las propiedades o6pticas, permitiendo asi modular magnéticamente las
resonancias plasménicas desde la regién del infrarrojo medio hasta el régimen de los terahercios. En primer
lugar, introducimos conceptos fundamentales del trabajo, como la Magnetoresistencia Gigante (GMR) y los
plasmones de superficie, que son oscilaciones colectivas resonantes de los electrones de conduccién que pueden
estar localizadas en la superficie de una nanoparticula metélica o se pueden propagar a lo largo de una interfaz
diélectrico-metal. Posteriormente, estudiamos el MRE que presentan sistemas con GMR, especificamente
por una multicapa de NigiFeig/Au con GMR. Por tltimo, presentamos un andlisis de la respuesta dptica
de metasuperficies plasménicas fabricadas a partir de las previamente mencionadas multicapas, usando el
software Lumerical para las simulaciones foténicas. Consideramos estructuras peridédicas como redes de
nanoantenas y agujeros, con el fin de demostrar que las metasuperficies hechas de multicapas de GMR
pueden ser utilizadas para desarrollar plataformas foténicas activas cuya respuesta éptica es controlada por

un campo magnético externo.

Laburpena

Lan honetan, eremu magnetikoaren bidezko erantzun optikoaren modulazioa aztertu dugu metagai-
nazal plasmoniko espintronikoetan. Modulazio honen eragilea Efektu Magneto-Errefraktiboa (MRE) da,
eremu magnetikoak eragindako erresistentzia elektrikoaren aldaketa azaltzen duena eta honen ondorioz-
ko propietate optikoen aldaketak azaltzen dituena. Erresonantzia plasmonikoen modulazio magnetikoa
infragorri ertainetik THz erregimenara posible egiten du efektu honek. Lehenik eta behin, lan honetan
funtsezkoak diren kontzeptuak aurkezten ditugu, hala nola Magneto Erresistentzia Erraldoia (GMR) eta
gainazaleko plasmoiak. Gainazaleko plasmoiak eroankortasuneko elektroien talde-oszilazio erresonantziak
dira, nanopartikula metalikoen gainazalean gerta daitezkeenak, edo dielektriko-metal gainazaleetan zehar
heda daitezkeenak. Ondoren, GMR sistema berezietan, zehazki, GMR Nigi;Fe1g/Au multigeruzetan, adie-
razten den MREa aztertu dugu. Azkenik, lehen aipatutako multigeruzekin fabrikatutako metagainazal
plasmonikoen erantzun optikoaren analisia egiten dugu, Lumerical softwarea erabiliz simulazio fotonikoak
egiteko. Nanoantena- eta zulo-sareak bezalako estruktura periodikoak aztertzen ditugu, GMR multigeruze-
kin egindako metagainazalek plataforma fotoniko aktiboak garatzeko erabil daitezkeela, eta haien erantzun

optikoa kanpoko eremu magnetikoaren bidez kontrolagarria dela erakusteko.
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1. Introduction and objectives

Plasmons are resonant collective oscilations of the conduction electrons excited by elec-
tromagnetic fields, which have played a key role in the development of different types of
optical sensing platforms. Plasmonic metasurfaces are nanostructured materials capable
of manipulating light (electromagnetic waves) from the visible to the microwave spectral
range using smartly designed, two-dimensional arrangements of subwavelength plasmonic
building blocks (scatterers) [1],[2],[3]. The capability of these structures to interact with
light is determined basically by the intrinsic optical properties of their constituent materi-
als, their size, shape, and spatial distribution [4]. Plasmonic resonant nanostructures have
the ability of localizing and enhancing electromagnetic fields, acting as optical nanoan-
tenna.

In order to increase the versatility of metasurfaces, active components have been in-
corporated in their design, which are materials whose optical response can be changed
by applying an external stimulus [5]. Recently, Giant Magnetoresistance (GMR) mul-
tilayers have been incorporated into the list of components for the fabrication of active
metasurfaces [6], [7]. These multilayers are fabricated by alternating ferromagnetic and
non-ferromagnetic layers of nanometrical thickness. The GMR, sketched in Figure 1(a), is
the most representative effect of spintronics. It stems from the dependence of the resistiv-
ity of a system on the relative orientation of the electron spin and the local magnetization,
so that the application of an external magnetic field decreases dramatically the resistivity.

GMR + MRE EM spectrum
10°% 106 1073 A [m]

Microwaves

«~H H=0 H— ﬁe'ﬂH- Near IR Middle IR Far IR
(a) (b)

Figure 1: (a) Schematic diagram of the magnetic-field H dependence of the resistivity p and optical
transmittance T of a GMR multilayer composed of alternating layers of non-ferromagnetic and ferro-
magnetic metals. In the abscence of a magnetic field, the magnetizations of the adjacent ferromagnetic
layers are antiparallel and the resistivity is much higher than in the presence of a magnetic field, when
the magnetizations of the contiguous ferromagnetic layers are parallel. This change in the resistivity
produces a change in the optical properties: Magneto-refractive effect (MRE). (b) The modulation of the
optical response of spintronic-plasmonic metasurfaces may be extended into mid-far IR spectral range.

This new approach of using GMR multilayers as the active component of plasmonic
metasurfaces combines both fields of spintronics and plasmonics, by exploiting the spin
character of the conduction electrons via the spin-dependent electron transport prop-
erties. These spintronic—plasmonic metasurfaces have the peculiarity that their optical
response can be modulated in the Mid and Far IR, fast and contactless, by applying a
very low magnetic field. This is a consequence of the Magneto-refractive effect (MRE)
[8], which accounts for the change in the optical constants of the GMR multilayer due
to the modification of the electrical resistivity induced by the magnetic field, therefore
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leading to a change of the diagonal elements of the dielectric tensor, which determines
the optical response. In conclusion, active photonic devices based on spintronic nanos-
tructures rely on the manipulation of the spin-dependent electronic and optical properties.

For the MRE effect to be efficiently transferred into an enhanced modulated-optical
response, structures showing plasmonic resonances (plasmonic metasurfaces) appear as
best-suited candidates [9]. Among some of the simplest examples of spintronic-plasmonic
metasurfaces we found the GMR multilayer systems composed of metallic rods or slits.
Some SEM (Scanning Electron Microscopy) images of these metasurfaces are shown in
Figure 2.

(d)

Figure 2: SEM images of different metasurfaces of GMR multilayers, obtained from [5] and [9]: (a) Hole
array, (b) Micro-antenna array, (c¢) Random rod array and (d) Random slit array.

This enhanced optical response of plasmonic-spintronic metasurfaces can be extremely
useful for different applications. For instance, a plasmonic metasurface consisting of an
array of metallic rod antennas fabricated out of a GMR multilayer, like the one shown in
Figure 3(c), has been proposed to unambiguously identify molecules in the mid- and far-
infrared [10]. Molecules are deposited on top of rough metallic surfaces with the intention
of increasing the intensity of their specific vibration signal (Figure 3(c)) that allows us
to directly detect them. This process is known as Surface-Enhanced Infrared Absorption
(SEIRA) spectroscopy [11], [12]. This signal can be further increased by nanostructuring
the metallic surface or by using arrays of metallic antennas, as the ones shown in Figure 2.
In all these surfaces, plasmons are responsible for the electromagnetic field enhancement
at the position of the molecule, which results in the increase of the vibration signal. The
vibrational signals of most molecules are located in the mid-IR, as shown in Figure 3(a).

Their signal is enhanced if the plasmon resonance matches the molecular vibration, as
sketched in Figure 3(b).
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Figure 3: (a) Characteristic infrared vibrations of selected molecular species. (b,c) Principle of SEIRA:
Infrared vibrations of molecules located in the enhanced electromagnetic near-field of a plasmonic nanos-
tructure (nanoantenna) are enhanced if the plasmon (red) is resonantly matched to the molecular vibra-
tion (blue). All pictures obtained from [13].
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The main objective of this work is to study how GMR multilayers can be utilized to
develop an active photonic sensing platform, combining both plasmonics and spintronics,
and to understand the principles behind both disciplines. Furthermore, the following spe-
cific objectives are set:

- To gain insight into Surface Plasmons (SPs).

- To understand the working principles of the Giant Magnetoresistance (GMR).

- To familiarise with the photonic simulation software Lumerical.

- To comprehend the Magneto-refractive effect (MRE) and its role in GMR systems.
- To analyse the obtained results and draw conclusions from them.

- To learn about research methodology.

Based on these objectives, the work has been structured as follows:

In section 2, Surface Plasmons, the theoretical concepts to have a better understanding
of plasmonics and more precisely of the surface plasmons are introduced. Then, in section
3, Spintronic-plasmonic metasurfaces, the effect of the Giant Magnetoresistance is
properly explained and followed by the description of the Magneto-refractive effect and its
role in GMR multilayer systems. In section 4, Simulations of the optical response,
the Finite-difference time-domain (FDTD) method used by the Lumerical software used
to perform the simulations of the optical response is introduced, followed by the presen-
tation of the discussed results. Finally, section 5 contains the main conclusions of this
work.
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2. Surface Plasmons (SPs)

Surface plasmons (SPs) are coherent collective electron oscillations propagating along a
dielectric-metal interface [14], as sketched in Figure 4(a). They are classified as either
Surface Plasmon Polaritons (SPPs), Figure 4(a), or Localized Surface Plasmons (LSPs),
Figure 4(b). The latter are the result of the confinement of surface plasmon oscillations
in a nanoparticle, and can be considered as the stationary waves of the eletron cloud os-
cillations when a small spherical metallic nanoparticle is irradiated by light. On the other
hand, Surface Plasmon Polaritons (SPPs) are electromagnetic waves that exist at the
interface between a metal and a dielectric material, such as air or water. These electro-
magnetic surface waves arise via the coupling of the electromagnetic fields to oscillations
of the conductor’s electron plasma [15]. When light hits the metal-dielectric interface at
a certain angle, it excites the free electrons in the metal, and causes them to move in a
wave-like motion, creating an oscillation of the electric field that travels along the metal’s
surface. This wave is called a Surface Plasmon Polariton. In this work, and namely in
this whole section, we have mainly studied SPPs.

SPPs play a key role in the field of plasmonics, which studies the optical properties of
metals and other materials at the nanoscale. Since the excitation of SPPs allows to over-
come the diffraction limit by confining and enhancing the electromagnetic fields in space
regions smaller than the wavelength of exciting light, they offer a promising approach to
control and manipulate the propagation and dispersion of light at the nanometre scale.
Therefore, they are extremely useful for technologies like nanoscale optics and sensors,
and have potential applications in areas such as data storage and energy conversion [16].
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Figure 4: (a) Schematic diagram of a SPP propagating across the interface between a conductor and a
dielectric. (b) Schematic diagram of the oscillation of the conduction electrons of a metal nanoparticle,
i.e. the localized surface plasmon (LSP).

In order to understand the interaction of light with metal structures, and therefore
SPPs, we have to study the frequency dependence of the metal’s complex dielectric func-
tion, so we begin with a discussion of the fundamental optical properties of metals.
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2.1. Optical properties and dielectric function

The optical properties of metals can be described by a complex dielectric function that
depends on the frequency of exciting light [17]. The macroscopic polarization P, that
appears as a result of the induced individual dipole moments of all free electrons, is
given by the following equation, in which ¢, is the permittivity of vacuum, y. the electric
susceptibility and E the external electric field that oscillates with frequency w.

P(w) = 20 (@) E@W). (1)

The electric displacement D is then written as:

D(w) = ¢ ¢(w) E(w) = €9 E(w) + P(w). (2)

Combining both equations, we obtain the frequency-dependent dielectric function of the
metal:

e(w) =14 xe(w). (3)
The polarization P is easily obtained by solving the equation of motion of the electrons
under the influence of an external field and knowing that P = np = ner, where n

is the electron density, p their dipolar moment, e the electron charge and r the electron
displacement. Once the polarization is known, we can determine the value of the dielectric
function e(w) using equations (1) and (3).

2.1.1 Drude-Sommerfeld theory

The Drude-Sommerfeld model for the free-electron gas considers the following equation:

LO0%r . ,Or i
mﬁ—km]ﬂa:eEoe g (4)

where e is the charge, m* is the effective mass of the free electrons, I' is the damping
term, Eq is the amplitude of the applied electric field and w is the frequency of that same
field. The electron displacements induced by the external field are r(t) = roe~ ™!, and
applying equations (1) and (3), it is obtained:

w2

rude :1_—p )
EDrude () w? +ilw (5)

In this equation, the volume plasma frequency w, = y/ne?/(m*ey) is introduced. The
expression (5) can also be separated into real and imaginary parts as follows:

wg ) ng
5Drude(w) =1- W2 + 2 +ZW((.U2 + 1—12) (6)

We proceed to plot the previous equation (6) to obtain the graphical representation of the
dielectric function for gold, using w, = 13.8 x 10'® s™* and I" = 1.075 x 10™ s [17]. As
we can see in Figure 5, the real part of the dielectric function is negative. Consequently,

9
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this negative permittivity leads to a strong imaginary part of the refractive index, and
therefore light barely can penetrate a metal. The imaginary part of the dielectric constant
describes the dissipation of energy associated with the motion of electrons in the metal.

é"Drude

-356 1

Re(e) | 7
————Im(e)

40 . . . . . .
0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8

Wavelength A [um]

Figure 5: Real (solid blue line) and imaginary (dashed red line) part of the dielectric function for gold
according to the Drude—Sommerfeld free-electron model.

2.1.2 Lorentz theory

The Drude-Sommerfeld model studied is accurate enough to study the optical properties
of metals in the infrared regime. However, in the visible range it needs to be supplemented
by the response of bound electrons, since higher-energy photons can promote electrons
of lower-lying bands into the conduction band. This model, that incorporates interband
transitions through an additional spring term, is known as the Lorentz theory. The
equation of motion for bound electrons is then written as:
2
m*E +m*I or

5 5 + ar = eEge ™", (7)

where « is the spring constant of the potential that keeps the electron in place.

Following the same method used in the previous section, but in this case for the bound
electrons, we obtain the following result:

(8)

Frorents () = 1 (W —w?) —ilw

In this equation, wy = \/a/m* and @,, analogous to the volume plasma frequency w,, is
defined as w, = /ne?/(m*sy), with 1 being the density of bound electrons. As we did in
the Drude-Sommerfeld method, we can rewrite this expression (8) to separate it into real
and imaginary parts as follows:

02 (w — w?) 4 Iolw

L +1 .
(W —w?)?+ TMw? (Wi — w?)? + [Mw?

(9)

5Lorentz(w) =1+

10
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We represent equation (9) to show the contribution of bound electrons to the dielectric
function of gold, using @, = 45 x 10 s7', T' = 9 x 10" s7! and wy = 27c/\, with
A = 450 nm [17].

Lorentz

Re(e)
————Im(g) | |

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8
Wavelength A [um]

Figure 6: Contribution of bound electrons to the dielectric function of gold, according to the Lorentz
model. The solid blue line is the real part and the dashed red curve is the imaginary part of the dielectric
function associated with bound electrons.

In Figure 6 it can clearly be observed the resonant behavior of the imaginary part and
the dispersion-like behavior for the real part. Moreover, it can also be seen that interband
transitions become significant for wavelengths below 0.65 pm.

2.2. Dispersion relation of SPPs at a single interface

The dispersion relation of surface plasmon polaritons (SPPs) at a single interface is the
relationship between the frequency of the SPP and its wave vector. In order to describe
the properties of SPPs and to obtain the dispersion relation, we have to apply Maxwell’s
equations and the boundary conditions at the interface between a conductor and a dielec-
tric [15].

2.2.1 Wave equation

In the absence of external charge and current densities, we use the following equation
derived from Maxwell’s equations as starting point:

9°D
V X VXE:—M0W~ (10)

Considering € = (r) over distances on the order of one optical wavelength, the central
equation of electromagnetic wave theory is the following one:

5 e O°E
E- o5 =0. (11)

11
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Assuming a harmonic time dependence E(r,t) = E(r)e™™" of the electric field, and defin-
ing ko = ¢ as the wave vector of the propagating wave in vacuum, the equation transforms
into:

V°E + kjeE = 0. (12)

We assume that the waves propagate along the x-direction and show no spatial variation
in the y-direction (see axis in Figure 4(a)). Therefore, ¢ = £(z) and the propagating waves
can be described as E(x,y,2) = E(2)e"#®, where 8 = k, is the propagation constant of
the traveling wave. With these assumptions, the equation (12) transforms into:

O?E(2)

5.7 (ke — B*)E = 0. (13)

Obviously, there is an analogous equation for the magnetic field. The system of equation
obtained by applying Maxwell’s curl equations with the assumed field dependence is:

OE,

5 —iwpoH, (14)
ok, . .

B i, = o, (15)
iBE, = iwuoH, (16)
0H
a—zy = iweoeE, (17)

oH, . )

5 iBH, = —iwepe B, (18)
iBH, = —iweoeE,. (19)

This system allows two sets of solutions with different polarization properties of the prop-
agating waves. The first set is the transverse electric (TE or s) modes, with only H,, H,
and E, being nonzero, and the second set is the transverse magnetic (TM or p) modes,
where only E,, E, and H, are nonzero.

The most simple structure that sustains SPPs, shown in Figure 4(a), is the single in-
terface between a dielectric (z > 0) with positive real dielectric constant €5 and a metal
(z < 0) described by a dielectric function e (w), that has to fulfill Re[e;] < 0. Moreover,
as we want the propagating wave solutions to be confined to the interface, they have to
be written with evanescent decay in the z-direction.

For TE modes, the obtained solutions are:

For z < 0:
E,(z) = AjePreh= (20)
1 .
H,(2) = iA,——keP*eh? 21
(z2) =1 ™ 1% (21)
H.(z) = Alie’ﬂxeklz (22)
Wlo
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For z > 0:
E,(z) = AyePreher (23)
1 .
Hx<2) = —iAQ—kge’B’”e_kQZ (24)
Who
H.(z) = Agieiﬁxe’]m (25)
WHo

Continuity of F, and H, at the interface leads to the condition:

In order to fulfill Re[k;] > 0 and Re[ks] > 0 (evanescent field in z direction), the only
possible solution is A; = A; = 0. Therefore, no surface modes exist for TE polarization.
As we will demonstrate in the next steps, SPPs only exist for TM polarization.

For TM modes, the solutions are:

For z < 0:
H,(2) = Ae'frek= (27)
Eu(2) = —iAlw;OElklewxeklz (28)
E.(z) = —A1%0616wmeklz (29)
For z > 0:
H,(z) = Aye'Pmehez (30)
Bo(2) = idy w;@ e he2 (31)
E.(2) = —Ag%{)g?ewwe_’”z (32)

Continuity of H, and ¢;E, at the interface requires that A; = Ay and

k’Q E9
== 33
o (33)

Moreover, H, has to fulfill the corresponding wave equation for TM modes, that is analo-
gous to equation (13) for the electric field, considering only the y component of H. From
that, it is obtained:

k2 = % — kie (34)
k3 = 3% — kieo. (35)

13
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Combining these two equations with equation (33), we finally arrive to the dispersion
relation of SPPs propagating at a single interface between the dielectric and the metal,

that can be written as:
£1&2
= ko, | 7 36
6 0 &1 + €9 ( )

where (8 is the wave vector of the SPP, kj is the wave vector of the incident light in free
space, €1 is the dielectric constant of the metal, and &5 is the dielectric constant of the
dielectric material.

2.2.2 Dispersion relation

The dispersion relation, equation (36), shows that the wave vector of the SPP is directly
proportional to the frequency of the incident light and is dependent on the dielectric prop-
erties of the metal and the dielectric. It also shows that the SPP wave vector is larger than
the wave vector of the incident light in free space, i.e., the wavelength is shorter. The dis-
persion relation is important for understanding the behavior of SPPs at the interface and
for designing structures that can support SPPs with specific frequencies and wave vectors.

We discuss two descriptions for the metal: the pure Drudre-Sommerfeld dielectric func-
tion, given by equation (6), and the more realistic dielectric function that includes inter-
band transitions, given by the Lorentz model, written in equation (9). For both cases,
we neglect the damping of the surface wave in the x-direction, and therefore we only
consider the real part of €5. In Figure 7 we plot this dispersion relation for a metal, in
this case gold, with negligible damping, described by the real Drude dielectric function
for an gold-air (e5=1) interface. Both real and imaginary parts of the wave vector /3 are
shown, normalized to the plasma frequency w, and multiplied by the speed of light in
the vacuum, c. The frequency w is also normalized to w,. In Figure 8 we compare that
dispersion relation with the one obtained at a gold/silica (£9=2.25) interface.

light in air

Frequency w/w
o
= =
i
!

e
=

o
=~
T

e
[N

Re(3)| |
————1Im(3)
0.5 1 1.5 2 2.5 3 3.5 4
Wave vector ,;’icfu;p

o
o

Figure 7: Dispersion relation of SPPs at a gold/air interface according to the Drude-Sommerfeld free-
electron model. In this plot, the frequency w and the wave vector 8 are normalized to the plasma
frequency w,, and both the real (blue continuous curves) and the imaginary part (blue dashed curves) of
the wave vector are shown. The red line corresponds to the light line in air.

14
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Figure 8: Dispersion relation of SPPs at the interface between gold and air (blue curves) and silica (red
curves), according to the Drude-Sommerfeld free-electron model. In this plot, the frequency w and the
wave vector § are normalized to the plasma frequency w,,, and only the real part (continuous curves) of
the wave vector is shown. The dashed lines are the light lines in air and silica.

The real part of the wave vector 5 determines the SPP wavelength, while the imaginary
part accounts for the damping of the SPP as it propagates along the interface. For small
wave vectors corresponding to low frequencies, the SPP propagation constant is close
to ko at the light line (red line in Figure 7), w = ck. However, for large wave vectors,
the frequency of the SPPs approaches the characteristic surface plasmon frequency ws,,
that can be obtained by inserting the Drude-Sommerfeld equation (5) into the dispersion

equation (36).
Wy

\/1+52'

In Figures 7 and 8 we have studied the case of a gold/air (eo=1) interface, therefore the
equation (37) transforms into ws, = w,/v/2.

(37)

Wep =

Frequency w/w
e o
[s>] [a] -

o
~
T

Re(f)|
-———Im(3)

0.2

1 1.5 2 25 3 35 4
Wave vector ;fc/mp
Figure 9: Dispersion relation of SPPs at a gold/air interface, according to the Lorentz model. In this

plot, the frequency w and the wave vector 8 are normalized to the plasma frequency w,, and both the
real (continuous curves) and the imaginary part (dashed curves) of the wave vector are shown.
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Figure 9 shows the dispersion relation of SPPs propagating at a gold/air interface,
with the dielectric function of gold considering also the interband transitions. Compared
with the dispersion relation of completely undamped SPPs shown in Figure 7, it can be
seen that the bound SPPs approach now a maximum, finite wave vector at the surface
plasmon frequency wg, of the system.

In order to excite plasmons, the incident light must couple to surface charges. Graphi-
cally, this means that the light line has to be crossed by the dispersion curve of the SPP.
Although this already happens in the interval between wg, and w,, we want it to occur
where the absorption is not that big. Therefore, the goal is to excite plasmons in the
w < wsp range by modifying the line of the incident light. Consequently, the wave vector
component of the exciting light has to be increased over its free-space value. There is
a wide variety of methods to achieve this increase of the wave vector component. For
instance, the most simple one is creating evanescent waves at the interface between a
medium with refractive index n > 1, therefore the obtained light line is w = ck/n [17].
Some possible experimental arrangements are shown in Figure 10.

Metal SPP

I Air SPP I
Air Metal
Glass Glass
Laser Detector Laser Detector

(a) (b)

Figure 10: Experimental arrangements to excite surface plasmons. 10(a): Otto configuration. 10(b):
Kretschmann configuration.

In the Otto configuration [18], shown in Figure 10(a), the tail of an evanescent wave
at a glass/air interface is brought into contact with a metal/air interface that supports
SPPs. If the separation between the two interfaces is large enough, the evanescent wave
is only weakly influenced by the presence of the metal. By tuning the angle of incidence
of the totally reflected beam inside the prism, the resonance condition for excitation of
SPPs can be fulfilled. The excitation of a SPP will show up as a minimum in the reflected
light.

However, the Otto configuration proved to be experimentally inconvenient because of the
challenge of controlling the tiny air gap between the two interfaces. In 1971, Kretschmann
came up with an alternative method to excite SPPs that solved this problem [19]. In his
method, a prism deposited below a thin metal film is used in the full-internal reflection
regime, as it can be seen in Figure 10(b).
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To excite a surface plasmon at the metal/air interface an evanescent wave created at
the glass/metal interface has to penetrate through the metal layer.

Another possibility is to use a periodic structure (grating) [20]. Considering a dielec-
tric/metal interface that supports surface plasmons, if we periodically perturb the di-
electric surface, the surface mode between the dielectric and the metal will not be just
a single inhomogeneous plane wave but an infinite series of Floquet harmonics with the
wavenumbers ky, = k; + n%’, where n = +1,2,.. and D is the perturbation period. Prop-
erly selecting the period, it is possible to ensure that one of these harmonics is in phase
with the incident plane wave, i.e., k;, is equal to the tangential component of the wave
vector of the incident propagating plane wave.
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3. Spintronic-plasmonic metasurfaces

Spintronic-plasmonic metasurfaces are metallic or dielectric structures that combine the
properties of plasmons and electron spin to achieve unique optical and electronic proper-
ties, due to the Magneto-refractive effect (MRE), which is responsible for the variation in
the optical constants of a spintronic system caused by the change in the electrical resis-
tivity, that is induced by the magnetic field.

In a spintronic-plasmonic metasurface, the metallic structures are designed to support
Surface Plasmon Polaritons (SPPs) or Localized Surface Plasmons (LSPs) confined in
nanoparticles acting as nanoantennas at the metal-dielectric interface that we have stud-
ied in the previous chapter. These SPPs can interact with the spin properties of the
electrons, leading to spin-dependent optical properties. For example, by controlling the
magnetization direction of a ferromagnetic layer in a spintronic-plasmonic metasurface
with an external magnetic field, it is possible to tune the transmission of light.

3.1. Giant Magnetoresistance (GMR)

The Giant Magnetoresistance (GMR) is a quantum mechanical effect that occurs in thin
film structures composed of alternating ferromagnetic and non-magnetic layers. The effect
manifests as a significant change in the electrical resistance in the presence of a magnetic
field, depending on whether the magnetization of adjacent ferromagnetic layers are in a
parallel (P) or an antiparallel (AP) alignment, as it can be seen in Figure 11.

The direction of this magnetization can be controlled by applying an external magnetic
field H. In the absence of a magnetic field, the alignment of the magnetization of the ad-
jacent ferromagnetic layers is antiparallel and the electrical resistance much higher than
in the presence of a magnetic field, where the alignment of the ferromagnetic layers is
parallel and the resistance is relatively low [21].

. AP
Resistance
-—
—_—
Ferromagnetic
material
Non-magnetic
material
P P
-— —
- —_—
Magnetic
field H
«—H H=0 H—

Figure 11: Schematic representation of the magnetic field dependence of the resistance of a GMR
multilayer. The GMR multilayer is composed of alternating layers of non-ferromagnetic and ferromagnetic
metals. When the magnetization of the adjacent ferromagnetic layers is antiparallel (AP), the resistance
is much higher than when the magnetization of the ferromagnetic layers is parallel (P).
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The GMR was first reported for the Fe/Cr/Fe system in 1988, when the relative ori-
entation of the magnetization of the individual Fe layers switched from antiparallel to
parallel state by applying an external magnetic field and the electrical resistivity changed
considerably [22]. This change only occurred for specific Cr thickness, for which the ad-
jacent Fe layers are antiparallel. This antiparallel orientation of the magnetization of the
adjacent Fe layers can be switched to parallel orientation by the application of a large
enough external magnetic field.

The relative change of the resistivity is defined as follows:

op _ p(H) —p(no H) _ pp—par
p p(no H) pap

(38)

where pap is the resistivity of the antiparallel state, and therefore when there is no mag-
netic field applied, and pp is the resistivity of the parallel state, i.e., when there is an
external magnetic field applied. Alternative forms of this expression may use electrical
resistance instead of resistivity, and are sometimes normalized by pp rather than pap.

The change in the resistivity of the GMR systems can be understood considering that
the main scattering mechanisms are spin-conserving and that the electrical conductivity
is the sum of the conductivity of majority (spin up) and minority (spin down) electrons.
In Figure 12 a schematic representation shows the energy dependence of the Density
of States (DOS) for the parallel state (P), split into localized electrons (responsible for
the magnetization) and delocalized or conduction electrons (responsible for the electric
conductivity).

maijority spin minority spin
electrons E electrons
Delocalized ’ Delocalized
states states

Localized states Localized states

DOS

Figure 12: Schematic representation of the Density of States (DOS) of a GMR multilayer in the P state
for different types of electrons.

The DOS of the localized electrons is different for spin up and spin down electrons,
due to the exchange interaction. Besides, the localized states of the spin up electrons
are nearly all occupied, whereas the spin down localized states are partially occupied.
However, the DOS of the delocalized electrons is very similar for both spins. At the Fermi
energy, the scattering time of these conduction electrons depends on the number of states
available for scattering which, due to the occupation of the localized band, is different for
the spin up and spin down electrons.
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Consequently, for the P state we obtain a much higher conductivity (and therefore a
lower resistivity) for the spin up current than for the spin down current. On the other
hand, for the AP state the conduction electrons are indistinguishable, which results in
a symmetrization of the available scattering channels and, therefore, an increase of the
resistivity.

The main application of GMR multilayer structures is in magnetic field sensors, which
are used to read stored data in hard disk drives, by measuring the change in electrical
resistance of the GMR device in response to the magnetic field from the disk. GMR
systems have also been extensively used for biosensors, microelectromechanical systems
(MEMS) and other devices [23]. Moreover, they are used in magnetoresistive random-
access memory (MRAM) as cells that store one bit of information.

3.2. The Magneto-refractive effect (MRE)

The Magneto Optic (MO) effect is a phenomenon in which the optical properties of a
material are influenced by the presence of a magnetic field [24]. These phenomena were
first discovered by Michael Faraday in 1845 [25]. He noticed that the polarization of a lin-
early polarized light beam is rotated when it propagates parallel to an externally applied
magnetic field. This discovery initiated a research for materials showing optical cross
effects, in which the polarization or the intensity of the light beam can be manipulated
via external fields.

The Magneto-refractive effect (MRE) is a specific type of MO effect defined as the change
in the refractive index of a material, such as a GMR magnetic multilayer, in the presence
of a magnetic field due to the variations in the electrical resistivity and conductivity. In
fact, the MRE was discovered in GMR multilayers by Jacquet and Valet in 1995 [8]. They
found out that the change in the resistance as a consequence of the GMR directly im-
plied a change in the refractive index of the system, and that change was more evident in
spectral regions where interband transitions were absent (IR region). The spin dependent
conduction electron transport inherent to GMR manifests directly in the optical proper-
ties from the NIR all the way to the THz range, where the contribution to the optical
properties of conduction electrons dominate.

The MRE can be applied to optically probe, without the need of electrical contacts,
the magnetotransport properties of a number of materials systems and spintronic devices
in the infrared and optical ranges, as well as to get a deeper understanding of the spin
polarized electron properties of ferromagnets.

3.2.1 MRE in GMR systems

The Magneto-refractive effect plays a key role in GMR systems. It has recently been
demonstrated that metamaterial platforms based on GMR multilayers allow for mid-IR
modulation under very weak magnetic fields of around 3 mT. As explained before, and
also as it is schematically represented in Figure 13(a), when a magnetic field is applied
to a GMR multilayer, the magnetic moments of the ferromagnetic layer become aligned
with respect to those of the adjacent layers, leading to changes in the electrical resistance,
and therefore in the electrical conductivity.

20



Active photonic devices based on spintronic-plasmonic metasurfaces Angela Diez

However, in addition to these changes in the electrical resistance, and as it is shown
in Figure 13(b), the MRE also causes variations in the optical properties, because the
magnetic field can modify the refractive index of the ferromagnetic layer. Therefore, the
variation in the dielectric constant induced by the magnetic field can be determined by
measuring the reflection and transmission of light under a magnetic field. These changes
in the reflectivity (AR/R) and transmissivity (A7 /T') are due to changes in the real (Ae,)
and imaginary (Ae;) parts of the dielectric constant [26].

—71 —
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(a) (b)

Figure 13: Schematic representation of the connection between Spintronics and Plasmonics by the
MRE. (a) An external magnetic field H reorients the individual layer magnetizations from antiparallel to
parallel configurations, with the subsequent change in the electrical resistivity (GMR). (b) The magnetic
field-induced change in resistivity produces a change in the mid- and far-IR optical properties (MRE)
dominated by conduction electrons (Tp and Typ correspond to the light trasnmission when the layer
magnetizations are oriented parallel or antiparallel, respectively).

The optical response of the system can be described either by the dielectric tensor e(w)
(or complex refractive index, ¢ = (n + ik)?) or by the conductivity o(w). Both tensors
are related in the following way [22]:
o(w)

that is why the very same electron conduction mechanism is responsible for both the
electron transport and optical response. It has been proved that, despite the fact that
interband transitions may play a role, an accurate description of the MRE can be ob-
tained taking only into account the contributions of conduction electrons. Therefore, the
conductivity can be split into two parts, each one corresponding to one of the two spin
orientations.

When there is an external magnetic field applied, all the magnetic moments of the layers
are oriented parallel (Figure 14) and the conductivity can be written as the sum of the
two spin channels. Accordingly, the conductivity can be expressed as the addition of the
conductivity of the electrons whose spin is parallel to the total magnetization, o, (w), and
the conductivity of the electrons whose spin is antiparallel (-) to the total magnetization,
o_(w):

op(w) =0y (w) + o_(w). (40)
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Figure 14: Schematic representations of the spin dependent scattering processes in the multilayer.
Under the application of an external magnetic field H, the magnetizations M of the layers orient parallel
to each other. The blue dots represent the conduction electrons and the thin arrow of each electron refer
to its spin. In this situation, the scattering of the electrons with spin parallel to M (solid blue line) is
different to the scattering of the electrons with spin antiparallel to M (dotted blue line).

However, for antiparallel orientation of the magnetizations (Figure 15), since the elec-
trons of both spin channels are indistinguishable, the system behaves as a spinless con-
duction electron gas and the conductivity can be expressed as:

e? n

oap(w) = A iwr) (41)
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Figure 15: Schematic representations of the spin dependent scattering processes in the multilayer.
When no external magnetic field H is applied, the magnetizations M of the layers assumes an antiparallel
arrangement. The blue dots represent the conduction electrons and the thin arrow of each electron refer
to its spin. In this situation, the conduction electrons are indistinguishable and the scattering (both solid
and dotted blue lines) is the same for both electrons.

The conductivities o _(w) for the parallel state are described as:

62 ny —

_ = : 42
04, (w) (1 . Z'CL)TJD,) mj—,—’ ( )

where 7, = 1/I"; _ are the relaxation times of the spin channels and n, _/m* _ the
ratio between the electron densities and the effective mass of the conduction electrons.

It can easily be proved that:
4o (w)o_(w)

oi(w)+o_(w) (43)

oap(w) =
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Both key properties can be expressed in terms of two parameters v and (3 :

@) =115 (44)
n

= 45
mi . 2m*(1+a) (45)

where 7y is the relaxation time, n the total conduction electron density and m* the
electron effective mass. In these equations, f reflects the asymmetry in the relaxation
times and « represents the variation in the electron densities and effective masses for the
two spin states.

The dielectric constant of the GMR multilayer is determined by the electron conduc-
tivity. Applying the equation (39) and using the previously obtained equations for both
op(w) and o4p(w), the effective dielectric functions for the parallel and antiparallel states
can be written in the following way:

=122 (525) (rsi=s) * (25) (r=iy=s)] 0

cap(w) =1+ ZO:T% <r0(1 n ;ﬁ) - m) ’ (47)

where w,, is the plasmon frequency (w? = e*n/m*) and Iy = 1/7.

In the P state, the two terms between brackets in equation (46) reflect the contribution
of the two spin channels, which have different damping factors, (1 + ) and I5(1 — 3).
On the contrary, in the AP state, since the spin up and down are indistinguishable, the
equation (47) describes a spin-less conduction electron system with an effective damping
factor of I.;y = IH(1 + o). This last equation is also used to describe structures that
show no GMR effect. In that case, both a and 3 are zero, and for that reason the damping
factor is simply I,y = Io. Therefore, € 4p(w) can be used to obtain the effective dielectric
permittivity at H = 0.

The effective dielectric tensor [8] that describes the optical behaviour of the whole system
of the GMR multilayer under the application of a magnetic field is written in the following
way:

eg(w) 0 0 ep(w) 0 0
g = 0 eg(w) 0 = 0 eplw) 0 : (48)
0 0 Eno H(w) 0 0 €Ap(w)

where g is the dielectric function when a magnetic field is applied and therefore the
GMR multilayers are in parallel state, ep, and ¢, g is the dielectric constant when there
is no applied magnetic field and the GMR multilayers are in antiparallel state, € 4p.
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In almost all the GMR systems the strength of the magnetic field needed to change
the relative orientation of the magnetization of the ferromagnetic layers (from AP to P
states) is in the range of KOe (1 KOe=0.1 T). However, in the Nig;Fejg/Au multilayer
system, MRE can be obtained at very low magnetic fields (a few tens of Oe). Hencefor-
ward, the modelled system is going to be a thick film of the Nig;Fejq/Au multilayer on
a CaFy substrate surrounded by air, as shown in Figure 16(a). The difference in the Au
thicknesses of the multilayers results in different values of the GMR, such as 4% GMR
for 2.3 nm thick Au layers and 0.8% GMR for 3.3 nm thick Au layers.

In Figure 16(b) we present the curves of the calculated dielectric permittivity, €4p, for
a system of Nig;Fejg/Au multilayers for different values of Au thicknesses, and therefore
different values of GMR, achieved by changing the values of the plasmon frequency and
the damping factor (wp, I.sr). More precisely, the selected values of Au thickness to plot
are 1.9 nm (0% GMR), 2.3 nm (4% GMR) and 3.3 nm (0.8% GMR), which have (wp, Itff)
values of (5.3 eV, 70 meV), (5.5 eV, 75 meV) and (5.8 eV, 75 meV) respectively, obtained
from [26].
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Figure 16: (a) Schematic representation of the GMR, system of NigiFej9/Au multilayers on a CaFy
substrate embedded in air. (b) Spectra of the real (continuous line) and imaginary (dashed line) parts of
the effective dielectric permittivity, e4p, calculated for three multilayers with different Au thicknesses,
and therefore different values of (wp, [efys).

The MRE-induced changes (or magnetic modulation) of the dielectric constant are
given by the difference:
Ae = ep(w) —eap(w), (49)

which depends, not only on w, and I, but also on the spin related parameters (a, /).

First, we graphically represent in Figure 17 this difference for the 2.3 nm Au (4% GMR)
and 3.3 nm Au (0.8% GMR) samples, which, according to [26], correspond to the theoret-
ical values of (wp, Iy, a, B) of (5,5 eV, 0.75 meV, -0.05, 0.245) and (5.8 eV, 75 meV, -0.03,
0.119), respectively. Then, we graphically represent the same equation (49) in Figure 18
for w,=5.5 eV, I'\=75 meV, and for different values of («, §) that give a value of GMR
of 4%: (0,0.197), (-0.025,0.221) and (-0.05,0.245).
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Figure 17: Magnetic modulation of the dielectric constants, Ae, (continuous lines: real part; dashed
lines: imaginary part) for two multilayers. The pink lines represent the multilayer with 0.8% GMR (3.3
nm Au), and the blue lines represent a multilayer with 4% GMR (2.3 nm Au).

In Figure 16(b) we present the effective permittivity for the same Nig; Fejg/Au multi-
layers. As it can be observed the effective dielectric constants are very similar. However,
it is noticeable in Figure 17 that the magnetic modulation of the effective dielectric con-
stant for the two GMR multilayers is very different. In particular, the intensity of such
modulation increases as we increase the GMR value of the multilayer.
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Figure 18: Magnetic modulation of the dielectric constants, Ae = ep —e 4p (continuous lines: real part;
dashed lines: imaginary part) for three multilayers with 4% GMR with different values of (a, 3).

As it shown in both Figures 17 and 18, in the 2 to 4-5 pm spectral range the mod-
ifications of the dielectric constants are small. On the other hand, above 5 pm the real
part increases, whereas the imaginary part becomes negative and its absolute value shows
a monotonic increase with wavelength. Moreover, it can also be observed in Figure 18
that the spectral dependence of the MRE induced changes depends strongly on the values
of (a, B), and therefore on the spin asymmetry of the relaxation time and the different
electron concentration.
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The magneto-refractive effect causes a change in the transmission and the reflection of
light when the magnetization directions of the ferromagnetic layers are changed from an
antiparallel to a parallel configuration, i.e., when we apply an external magnetic field [27].
This results in a relative transmission change (or modulation of the transmissivity) of:

AT Tp—Tap
T — Tap

(50)

The equation for the relative reflection change is analogous to the equation (50) for the
transmission.

The analytic expression of the transmission, i.e. the ratio of the transmitted and in-
cident power, can be retrieved by calculating the electromagnetic field on a plane placed
below the CaFy surface and integrating the time-averaged Poynting vector on it [9]:

o Ja3Be{E < H} @ dA
_ 7 ,

(51)

where A is the area of the plane, P the power of the incident radiation over the same area,
n the plane-normal unitary vector, E and H the electric and magnetic field recorded on
the plane, respectively. There are different approaches to obtain the analytical expression
of the transmission for thin metal films, given in the Fresnel equations for transmission
and reflection of the electromagnetic fields at the interfaces [28], [29], [30], but we calcu-
late them numerically, as described in next section.

The experimental measurement of the MRE involves a simple reflection or transmission
measurement of the IR light from the surface of a GMR multilayer, applying magnetic
fields of different strength. Transmission measurements are also possible provided that
the total thickness of the sample allows the transmission of the light [31]. The equation
(50) described before to define the relative change in the transmission and its analogous
for the reflection can be used to obtain the numerical value of the MRE. Moreover, this
equation is similar to the equation (38) used to obtain the value of the GMR:

R(H) —R(no H) RP—RAP

100 = ————— x 100. 52
R(no H) 8 Rap 8 (52)

MRE% =
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4. Simulations of the optical response

In this section, we present the results of the simulations of the optical response of metasur-
faces based on GMR multilayers of Nig;Fejg/Au to develop an active photonic platform.
In order to simulate the system, we use the software for photonoc simulations called
Lumerical [32], that predicts how light behaves within complex structures by applying
the Finite-difference time-domain (FDTD) method.

4.1. Finite-difference time-domain (FDTD) method

The finite-difference time-domain (FDTD) method is a numerical analysis technique used
for finding approximate solutions to the associated system of differential equations in or-
der to obtain the electromagnetic field. This method is a direct solution of Maxwell’s
time-dependent curl equations [33], and it is purely based on the Yee Algorithm, intro-
duced by Yee in 1966 [34]. Since it is a time-domain method, FDTD solutions can cover
a wide frequency range with a single simulation run.

Using Maxwell’s equations as starting point, this is the system of six coupled scalar
equations obtained [35]:

o % aaEy SO r ot om) (55)
% é :83? _ aajiz —(J,+0E,) (57)

where E and H are the electric and the magnetic field, J and M are the electrical current
density and the magnetic current density (or magnetization), ¢ and p are the electrical
permittivity and magnetic permeability, and o and ¢* are the electric conductivity and
the equivalent magnetic loss. This system of partial differential equations forms the ba-
sis of the FDTD numerical algorithm for electromagnetic wave interactions with general
three-dimensional objects.

The Yee algorithm, which is the basis of the FDTD method, solves for both electric
and magnetic fields in time ¢ and space (x,y, z) using the coupled Maxwell’s curl equa-
tions rather than solving for the electric field alone (or the magnetic field alone) with a
wave equation. In order to do this, the algorithm uses a leapfrog arrangement.
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All of the E computations in the modeled space are completed and stored in memory
for a particular time point using previously stored H data. Then, all of the H computa-
tions in the space are completed and stored in memory using the E data just computed.
The cycle begins again with the recomputation of the E components based on the newly
obtained H. This process continues until time stepping is concluded. Using both E and
H information, the solution is more robust than using either E or H alone. As it can
be seen in Figure 19, each E-component is surrounded by four H-components, and each
H-component is surrounded by four E-components.

(i.j.k) H

y

X

Figure 19: Position of the electric and magnetic field vector components about a cubic unit cell of the
Yee space lattice.

Following this approach, we consider a uniform and rectangular lattice, where any
function u of space and time, evaluated at a discrete point in the grid and at a discrete
point in time, can be written as u;, = u(iAz, jAy, kAz, nAt), with Az, Ay, Az being
the lattice space increments in the x, ¥, 2 coordinate directions, At is the time increment,
and ¢, j, k,n are integers.

According to the Yee algorithm, the following equation is the first partial space derivative
of u in the x direction, evaluated at the fixed time nAt:

ou™ . ul? = .
Zv]vk /L+1/27]7k Z_1/27j7k 2
= O|(Az)]. 59
e R o)A (59)

The expression of the first partial space derivatives of u in the y and z directions are
analogous to the previous one obtained for the x direction. The +1/2 increment in the
i subscript (x coordinate) of u denotes a space finite difference over +Ax/2, because the
components of the electric and the magnetic field in this algorithm are interleaved in the
space lattice at intervals of Ax/2.

Yee’s expression for the first time partial derivative of u evaluated at the fixed space
point (i, 7, k) is:

oum un+1/2 ., n=1/2
5 = A relar). (60)
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The 4+1/2 increment in the n superscript (time coordinate) of u denotes a time finite
difference over £At/2; so that the components of the electric and the magnetic field are in-
terleaved in time at intervals of At/2 for purposes of implementing the leapfrog algorithm.

Once we define the geometry of the system and some of its properties such as conductiv-
ity, permeability and the dielectric function, and once the initial conditions are set, the
values of the electric and magnetic fields can be obtained at any point of the space using
both of the expressions above and the system of six differential equations.

In conclusion, the FDTD method is an extremely intuitive and easy method to solve
Maxwell’s equations. In fact, they can be easily solved given the initial conditions and
knowing the dielectric function of the system. However, the modeled space still has to be
discretized and this can lead to long computational time.

4.2. Results and discussion

We perform full electrodynamical calculations of the optical transmissivity and reflectivity
of the plasmonic platform made of Nig;Fejg/Au GMR multilayers on top of a substrate of
CaFy shown in Figure 16(a) by adopting the FDTD method implemented in the Lumer-
ical software. In order to do that, we define the GMR multilayer as a material with
diagonal anisotropy whose permittivity has both real and imaginary parts and is given
by the dielectric tensor introduced in equation (48). We fully describe that tensor by
implementing all the previously obtained data for ep and €4p in section 3.2.1.

The simulated structures are the following ones: an infinite GMR multilayer (Figure
20(a)) and two plasmonic plastforms with periodic structures, one of them with nanoan-
tenna arrays made out of the GMR multilayer (Figure 20(b)), and the other one with an
ordered array of holes fabricated in the GMR multilayer (Figure 20(c)).

Polarization
of E
incident field

Polarization
ofH
incident field

.c#ﬁ_‘
Incident

Propagation field

direction

(d)

Figure 20: NigiFei9/Au GMR multilayer (pink layer) on top of a CaFy substrate (light blue layer),
simulated in the Lumerical software. The orange square represents the selected box in which the FDTD is
applied. The yellow lines are the monitors that measure the transmissivity and reflectivity. The simulated
cases are: (a) infinite multilayer, (b) arrays of nannoantennas made of the multilayer and (c¢) arrays of
microholes in the multilayer. (d) Configuration of the source: the purple arrow represents the propagation
direction of the light, and the green and blue arrow represent the polarization of the magnetic and electric
field, respectively.
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4.2.1 Infinite GMR multilayer

First, we consider the easiest case to simulate: an infinite GMR multilayer without any
type of periodic structure added on it, such as rods, slits or holes, shown in Figure 20(a).
We choose to define the material by implementing the obtained values for a multilayer
of 4% GMR (Au thickness of 2.3 nm) and a multilayer of 0.8% GMR (Au thickness of
3.3 nm). Previously, we have plotted the magnetic modulation of the permitivity of both
multilayers in Figure 17.

In Figure 21 we present the reflection and transmission spectra at normal incidence for
the two GMR multilayer systems with different thickness of the Au layer that results
in a difference of the GMR values (4% for 2.3 nm Au, 0.8% for 3.3 nm). As it can be
observed, for both structures the transmissivity decreases as we increase the wavelength,
with a smaller transmission as the total thickness of the structure increases. On the other
hand, we observe an increase of the intensity of the reflectivity for higher wavelengths,
and, within the different samples, it raises as we increase the amount of Au.
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Figure 21: Transmissivity (a) and reflectivity (b) at normal incidence of two infinite NigiFei9/Au
multilayers with different Au thicknesses, and therefore different values of GMR. The pink lines represent
the multilayer with 0.8% GMR (3.3 nm Au), and the blue lines represent a multilayer with 4% GMR (2.3
nm Au).

In Figure 22 we show the magnetic field modulation of the transmissivity and the
reflectivity for the two multilayers with different GMR values. The curves correspond
to the difference of the transmittance or reflectance between the parallel and antiparallel
magnetic states of the sample and normalized to the value without magnetic field ap-
plied, as it is stated in the equation (50) for the transmission and analogously for the
reflection. As it can be observed in the figure, the modulated transmission spectra AT /T
show a broad band whose peak position and intensity depend on the GMR value. On
the other hand, the magnetic modulation of the reflection shows a negative peak whose
position and intensity also depend on the GMR value. Notice that, as explained in section
2.2.2, plasmons are not excited for the conditions of the simulations of the infinite GMR
multilayers.
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Figure 22: Magnetic modulation of transmission (a) and reflection (b) spectra of light at normal
incidence for two infinite Nig;Fei9/Au multilayers with different Au thicknesses, and therefore different
values of GMR. The pink lines represent the multilayer with 0.8% GMR (3.3 nm Au), and the blue lines
represent a multilayer with 4% GMR (2.3 nm Au).

4.2.2 Plasmonic metasurfaces: periodical structures

Based on Nig;Fejg/Au multilayers, magnetic field control of the mid IR response in a
variety of metastructures has recently been demonstrated, with predicted perspectives
of continuous increased modulation for longer wavelengths [4], [9], as suggested by the
increasing trend of the MRE effect, i.e., Ae modulation, represented in Figure 17, far into
the IR. Different aspects have actually been considered, such as the magnetic modulation
of propagating and localized plasmons, or how the shape and size of the nanostructures
affect their performance. In this section we briefly study two types of arrays added on
the GMR multilayer: nanoantennas made out of the GMR multilayer (Figure 20(b)) and
microholes fabricated in the GMR multilayer (Figure 20(c)).

In Figure 23(a) we represent the first simulated system, consisting of an ordered array of
rectangular prism antennas [26], with antennas concentration of 2% and prism dimensions
of 2x0.05 x 0.05 pm? located on top of a CaF, substrate with refractive index ngap, = 1.4
and a surface of 6 x 5 pm?. The antenna material is the Nig; Fe;9/Au multilayer with a
GMR value of 4%. In Figure 20(b) we represent the electric field enhancement around
the antenna at plasmonic resonance. In this case, localized plasmons at the antenna act
as oscillating dipoles.

Figure 23: (a) Diagram of a metamaterial platform capable of presenting localized plasmons, obtained
by fabricating microantenna arrays out of multilayered continuous films. (b) Resonant excitations of
the localized plasmons, susceptible to magnetic modulation via MRE control of the material’s optical
constants. (Both pictures obtained from [9]).
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We present the calculated transmissivity at normal incidence, with the incident light
polarized along the long axis of the antennas, for three multilayers with different values
of spin asymmetry of the relaxation time and electron concentration. Therefore, we con-
sider different pairs of values of o and 3 in the expressions (46) and (47) of ep and (47),
respectively, of e4p that go into the dielectric tensor of equation (48). The simulated
values of (a, 3), all of which give a value of 4% GMR, are: (0,0.197), (-0.025,0.221) and
(-0.05,0.245).

As it is shown in Figure 24(a), the transmissivity is virtually identical for the three pair
of values, showing a dip around 7.5 pm that corresponds to the electric dipolar plasmonic
resonance of the antenna. However, although all three structures have the same GMR
value, the MRE induced changes in the optical properties are completely different. This is
obvious in Figure 24(b), where the shape of the magnetic modulated transmission spectra
strongly depends on the values of a and (3, due to the sensitivity of the modulation of the
transmissivity to the spin asymmetry of the relaxation time and electron concentration.
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Figure 24: Simulated spectra of the transmissivity (a) and its magnetic modulation (b) at normal
incidence for light polarized parallel to the long axis of the antenna of an array of GMR antennas
fabricated out of the NigiFej9/Au multilayers for different values of (v, 3).

We continue the analysis of the array of nanoantennas by selecting one of the previ-
ously simulated multilayers, in this case we choose the Nig;Fejg/Au multilayer with 4%
GMR whose parameters are («, 5)=(-0.05,0.245), and we perform the simulation when
the incident light is polarized parallel to the long axis of the antenna prism and polarized
parallel to the short axis (hence perpendicular to the long axis).

With the incident light polarized parallel to the long axis, the transmissivity shows a
clear dip (continuous line in Figure 25(a)), which indicates the excitation of an electric
dipolar resonance along the long rod axis. However, when the incident light is polarized
along the short axis (dashed line in Figure 25(a)), no spectral features are observed in
this spectral range. In Figure 25(b) we present the corresponding magnetic modulation
of the transmissivity of these localized plasmon resonances, and we can clearly see that
the dip-like aspect of the transmissivity of the excited mode now becomes derivative-like
shape. This derivative shape is a consequence of the MRE, which produces a slight shift
in the energy of the localized plasmon mode in the antenna due to the change in the
refractive index of the material.
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Figure 25: Simulated spectra of the transmittance (a) and its magnetic modulation (b) at normal
incidence of an array of GMR antennas fabricated out of the Nig; Fe19/Au multilayers for light polarized
parallel (continuous line) and perpendicular (dashed line) to the long axis of the antenna prism.

To finalize the study of the antennas, we compare the transmissivity and its magnetic
modulation for different lengths of the nanoantennas (1 um, 2 pm and 3 pm), but with the
same 2% concentration. Therefore, we simulate three different cases: 12 nanoantennas of
length L=1 pm, 6 nanoantennas of L=2 pm and 4 nanoantennas of L=3 pm.

L=1pm|[ | L=1pm
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L=3 ym 151 L=3 ym

2 3 4 5 6 7 8 9 10 2 3 4 5 6 7 8 9 10
Wavelength A [um] Wavelength A [um]
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Figure 26: Simulated spectra of the transmissivity (a) and its magnetic modulation (b) at normal
incidence, for light polarized parallel to the long axis of the antenna prism of an array of antennas
fabricated out of the NigiFei9/Au multilayer with 4% GMR for three different rod lengths: L=1 pm
(pink line), L=2 pm (red line) and L=3 pm (blue line).

In Figure 26(a) we can clearly observe in the transmission spectrum the profound dips
that correspond to the the excitation of the plasmon resonances localized at the rods. As
we increase the length of the antenna, the position of the resonances shift towards longer
wavelengths, red-shifts, and the dip is more pronounced. In Figure 26(b) we represent
the magnetic modulation of the transmission for the same rod arrays. These spectra also
show a derivative like features at the position of the rod resonances, mentioned above.
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The last plasmonic-spintronic metasurface studied in this work is an ordered array of
circular holes of radius R=1 pm fabricated in the Nig;Fej9/Au multilayer located on top
of the CaFy substrate [9], shown in Figure 27(a). The simulation conditions are depicted
in Figure 20(c).

(a) (b)

Figure 27: (a) Diagram of a metamaterial platform capable of presenting propagating plasmons, ob-
tained by fabricating hole arrays out of multilayered continuous films. (b) Electric field enhancement
around the holes due to the propagating plasmons, susceptible to magnetic modulation via MRE control
of the material’s optical constants. (Both pictures obtained from [9]).

We consider two different samples of the multilayer, both of the hole arrays patterned
with a 5 pm periodicity. Both samples have different Au thicknesses, and hence different
values of GMR: The first sample is the multilayer with 4% GMR (2.3 nm Au thickness),
and the other sample has 0.8% GMR (3.3 nm Au thickness). Both multilayers are the
same ones we simulated in the case of the infinite GMR multilayers.
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Figure 28: Simulated spectra of the transmissivity (a) and its magnetic modulation (b), at normal
incidence for an ordered array of circular micrometric holes fabricated on NigiFeq9/Au multilayers with
4% GMR (blue lines) or with 0.8% GMR (pink lines).

In Figure 28(a) we present transmission spectra for these two samples, with well-
defined peaks known to be associated to the excitation of propagating plasmons (SPPs)
at the air-multilayer and multilayer-substrate interfaces. As both samples have the same
periodicity (and just an slightly different amount of Au thickness) the transmission spectra
is basically the same for both of them. In Figure 28(b) we show the magnetic field
modulation of the transmission for both structures. In the multilayer with 4% GMR,
again derivative-like features are observed in the spectral positions corresponding to the
resonances. However, no feature whatsoever is observed in the multilayer with barely
any GMR (0.8% GMR). For that reason, it can clearly be concluded that the GMR is
the underlying mechanism behind this magnetic modulation, specifically the MRE that
changes the optical constants of the GMR multilayer due to this spintronic effect.
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5. Conclusions

In the present work, we have studied how Spintronics and Photonics interact in the com-
mon space offered by the Magneto-refractive effect (MRE), making it possible to develop
active photonic systems utilizing spintronic mechanisms. We have first introduced some
main concepts of Plasmonics, such as Localized Surface Plasmons (LSPs) and Surface
Plasmon Polaritons (SPPs), but we have focused on the last ones. After giving a proper
definition of SPPs and discussing some of the fundamental optical properties of metals,
we have defined and graphically represented their dispersion relation at a single interface,
as well as indicated different experimental arrangements to excite them.

Then, we have explained the main spintronic phenomenon capable of efficiently affect-
ing the optical properties of different photonic platforms: the Giant Magnetoresistance
(GMR). Due to this effect, when a magnetic field is applied to a GMR multilayer, the
magnetizations of the ferromagnetic layers go from being antialigned with respect to the
adjacent layers to being aligned, leading to changes in the electrical conductivity.

We have followed the explanation of the GMR with an analysis of the MRE proper-
ties in the GMR multilayers. First, we have defined the conductivity o, and the related
permittivity e, for both parallel and antiparallel orientations of the ferromagnetic layers.
Since the permittivity is directly related to the complex refractive index, that variation in
conductivity also generates a variation in the optical properties of the system, such as the
transmission and the reflection. Therefore, when there is no magnetic field applied, the
effective dielectric response of the system is given just by the permittivity in the antipar-
allel configuration, e 4p. However, when there is an applied magnetic field, the dielectric
constant that defines the system is given by a tensor whose diagonal components are €p,
ep and e4p.

We have studied the case of a Nig;Fejg/Au GMR multilayer on a CaF, substrate and
analysed some of its optical properties for different cases. We have represented the
effective dielectric constant (e4p), the magnetic modulation of the dielectric constant
(Ae = ep —eap), the transmissivity T, the reflectivity R and the magnetic modulation of
both properties (AT/T and AR/R) for different values of Au thicknesses (and therefore
different values of the GMR). From those simulations, we have concluded that, despite the
fact that the effective dielectric constants are very similar for the different GMR values
of the multilayer, the intensity of the magnetic modulation of those constants increases
as we increase the GMR value. Furthermore, the transmissivity increases as the GMR
value is increased, whereas the reflectance decreases. Analogously, the modulated T and
R show a peak position and intensity that completely depends on the GMR value. For
the sample with a higher GMR value, the peak of the transmissivity is higher, hence lower
in the reflectivity.

Moreover, we have shown that the magnetic modulation of the dielectric constant depends
strongly on the values of a and 3, which are parameters that appear in the equations that
define ep and €4p and reflect the spin asymmetry in the electron concentration and in
the relaxation times, respectively.
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Finally, we have presented some of the current approaches to achieve active photonic
platforms. We have studied two different types of spintronic-plasmonic metasurfaces: an
array of nanoantennas made out of the GMR multilayer and an ordered array of mi-
croholes fabricated in the GMR multilayer. For the case of the nanoantennas, we have
simulated the array for different cases, with the purpose of comparing the transmissivity
T and its magnetic modulation AT /T when some properties of the system, such as the
length of the antennas, change. Firstly, after comparing 7" and AT'/T for different values
of (c, B) we have learnt that the magnetic modulation of the transmissivity relies totally
on the spin asymmetry of the relaxation time and electron concentration. Then, we have
obtained AT /T when the incident light is parallel to the long axis of the prism antenna
and parallel to the short axis (i.e. perpendicular to the long axis), and we have compared
both cases, concluding that the excitation of the electric dipolar resonances can only be
observed when the incident light is parallel to the long axis. Finally, we have studied
T and its magnetic modulation again but for different lengths of the antennas, and we
have clearly observed that the position of the plasmons’ resonance shifts towards longer
wavelengths.

For the case of the microholes, we have simulated the array for two different thicknesses
of Au, and therefore two different values of the GMR: one of the multilayers with an Au
thickness of 2.3 nm, hence 4% GMR, and the other one with an Au thickness of 3.3 nm,
hence 0.8% GMR. From those representations, we have proved that the GMR is the main
responsible effect for the magnetic modulation of the optical properties. All the men-
tioned simulations have been done with the photonic simulation software Lumerical, that
applies the Finite-difference time-domain (FDTD) method to predict how light behaves
within complex structures.

Regardless of all the particular conclusions obtained throughout this work, there is still
much research that needs to be done about the overlap between Spintronics and Photon-
ics, such as exploring spintronic platforms capable of exhibiting large MRE values while
maintaining low working magnetic fields. For this improvement of the performance of
MRE based photonic platforms, it would be necessary to study the huge diversity of spin-
tronic materials, not only GMR multilayers, and to examine the use of metamaterials to
maximize the electromagnetic field at the position of the spintronic component. The next
step to test the sensing abilities of the studied metasurfaces would be to cover them with
molecules, with a characteristic refractive index and study the variations in the magnetic
field modulation of the optical properties, following reference [10].
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