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ABSTRACT: In this work, we experimentally demonstrate
magnetic modulation of mid-infrared (mid-IR) plasmon
resonances in microantenna and hole-array metamaterial
platforms made of Nig Fe o/Au multilayers. The responsible
mechanism is the magnetorefractive effect linked to the giant
magnetoresistance (GMR) present in this system. Nig,Fe,/
Au multilayers experience a modification in the electrical

resistivity upon the application of a small magnetic field. This directly translates into a change in the optical constants of the
multilayer, making it possible to magnetically modulate the plasmon resonances. Because GMR acts on conduction electrons,
the optical modulation occurs in the low energy, mid-IR range, even being possible to extend it to the THz range.
Electrodynamical calculations confirm the experimental observations. This approach improves by up to 2 orders of magnitude
previous attempts for mid-IR magnetic modulation, is potentially ultrafast due to the characteristic spintronics dynamics, and
establishes a roadmap for spintronically controlled devices in the whole mid-IR to THz band.
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Magnetic systems are characterized by a number of
properties that can be controlled by the application of a
magnetic field. For example, their interaction with light can be
easily manipulated in the visible and near infrared (IR) regimes
by exploiting the magneto-optical effect (MOE) responsible
for the magnetic dependence of the off-diagonal elements of
the dielectric tensor (by MOE, we refer to all possible
configurations of incidence and collection of light with
generality). This is the case for many ferromagnetic materials,
where the MOE is sizable and achievable at low magnetic
fields. Combining this effect with plasmon resonances has
recently allowed for a number of active magneto-plasmonic
platforms'~” where both magnetic and plasmonic function-
alities are strongly intertwined. Unfortunately, in these
plasmonic platforms, the MOE effect decreases in the IR and
beyond, where the optical properties of metals are mainly
dominated by conduction electrons. On the other hand, if
semiconductor instead of metallic platforms are considered,
surface magneto plasmons can be exploited for potential
applications at infrared frequencies, but this requires magnetic
field intensities of ~1 T, which can hinder many applications.8
An alternative way to magnetically act on the IR response of
ferromagnetic structures is to use the dependence of the DC
conductivity on the electron spin. This is the basis of spin
electronics or spintronics, a discipline of relatively short history
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but huge technological impact, and whose most representative
effect is the giant magnetoresistance (GMR).”' This
effect stems from the dependence of the resistivity of a system
on the relative orientation of the electron spin and the local
magnetization. A typical example is a metallic multilayer
composed of ferromagnetic layers (in our case Nig Feo)
separated by nonferromagnetic spacers (in our case Au)
(Figure 1, center). The electrical resistivity of the system is
different if the Nig Feyy layer magnetizations are oriented
parallel (pp) or antiparallel (p,p) (Figure la), and thus,
moderate magnetic fields are able to produce sizable changes in
resistivity,'' as shown in Figure la.

The spin-dependent electron transport properties of a
material are genuinely expressed in the GMR effect. However,
this dependency is also responsible for a broad-band change in
the polarizability via the so-called magnetorefractive effect
(MRE),">"* consisting of the change in the diagonal elements
of the dielectric tensor due to the magnetic field-induced
change in the electrical resistivity (Figure 1b) (see Supporting
Information). Actually, Nig,Fe;o/Au multilayers exhibit MRE
at very low fields and therefore are excellent candidates for
plasmon modulation in the mid-IR."* In addition, the magnetic
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Figure 1. A Nig Fe o/Au multilayer with specific Au spacer thickness exhibits magnetic field-controlled spintronic (GMR) and mid-IR (MRE)
optical properties, allowing plasmon modulation in hole and microantenna arrays. (a) An external magnetic field H reorients the individual Nig,Fe,q
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
Tpp correspond to the trasnmission when the Nig Fe,, layer magnetizations are oriented parallel or antiparallel, respectively). (c) Being directly
correlated, both GMR and MRE exhibit linked magnetic field dependence. (d, e) Metamaterial platforms capable of presenting propagating (d) and
localized (e) plasmons are easily obtained by fabricating hole and microantenna arrays out of multilayered continuous films. Because of the spin-
dependent scattering time of the electrons, the resistivity depends on the relative orientations of the spin of the electron and the ferromagnetic layer
magnetizations. (f) These resonant excitations are susceptible to magnetic modulation via MRE control of the material’s optical constants.

field dependence of GMR and MRE allows for an experimental
verification of their direct correlation (Figure 1c). For the
MRE effect to be efficiently transferred into an enhanced
modulated-optical response, structures showing plasmonic
resonances and thus exhibiting strong light—matter interaction
appear as best-suited candidates.

Here, we demonstrate light modulation via GMR in two
different metasurfaces composed by the repetition of magneto-
refractive metallic units (substructured in nonferromagnetic-
ferromagnetic layers) in square-lattice arrays. The optical
properties of these metamaterials combine the magneto-
refractive response of the units (supporting highly confined
plasmons at mid-IR wavelengths) with the metamaterial
response of the array producing diffraction. We consider two
canonical structures: an array of holes enabling extraordinary
optical transmission (EOT) (magnetorefractive response given
by the layered film surrounding the hole units, Figure 1d)">'°
and an array of dipole-like optical antennas (magnetorefractive
response given by the layered structure forming the antenna
itself, Figure le).!77"? Remarkably, as will be shown in this
paper, the mid-IR plasmon response associated with these
spintronic metamaterial platforms (depicted in Figure 1f)
experiences large intensity modulation under the application of
a very small magnetic field.

B RESULTS AND DISCUSSION

For the hole array platform, two Nig;Fe o/Au multilayers with
3.8% and 0% GMR, respectively, were deposited and then
perforated using ultraviolet lithography or focused ion beam
milling. For tuning the GMR in this system, it is necessary to
have atomic level control of the Au spacer thickness because
variations of just 0.5 nm can make GMR drop from a sizable
value to zero."" In this work, this control is achieved by exact
calibration of the different materials sources and cross checking
with X-ray techniques (see Supporting Information section 1).
In this way, identical squared arrays of holes with 2.7 pum
diameter and S ym period supporting propagating plasmons in
the 3—10 pum spectral range were created.

Mid-IR transmission spectra are obtained for p polarization,
as depicted in Figure 2a (see Supporting Information section 6
for s polarization) for both 3.8% and 0% GMR multilayered
hole arrays. The transmission spectra in the absence of
magnetic field are presented in Figure 2b (upper left), where
both types of MLs show almost identical transmission.

This effect can be understood due to the similarity of the
hole patterns with only a small difference in the Au content
between both structures. The observed peaks correspond to
the excitation of propagating plasmons in the ML—air and
ML—substrate interfaces (see the corresponding induced
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Figure 2. Propagating plasmons in hole array spintronic platforms are modulated by a small external magnetic field. (a) Excitation configuration for
p-polarized transmission and magnetic modulation. (b) Experimental and theoretical transmissions show excitation of propagating resonant modes
at the multilayer—substrate and —air interfaces, both with characteristic dispersion. Experimental transmission at normal incidence for identical
platforms fabricated out of a 3.8% (red curve) and a 0% (black curve) GMR multilayer are indistinguishable. The corresponding magnetic
modulation of the transmission shows clear derivative-like features corresponding with the excited modes. The experimental comparison of the
MRE (dark blue) and MOE (light blue) demonstrates that the former is dominant in this spectral range. All the spectra at different angles are
vertically shifted for clarity. (c) Theoretically determined fields for the modes excited at the multilayer—substrate (at A = 7 ym) and —air (at 1 =$
um) interfaces. (d) Magnetic field dependence of the difference between the transmission when the sample is saturated in the positive direction,
T(M,,,), and the transmission at the value of the magnetic field, T(H): 6T = 6T(H) = T(M,,) — T(H) (to increase the signal-to-noise ratio, we
present this difference summed at different wavelengths). Solid symbols: the magnetic field goes from positive to negative values; open symbols: the
magnetic field goes from negative to positive values. The shape and magnetic field behavior are identical to the corresponding GMR curve (see

Figure S3a), confirming the spintronic origin of the mid-IR modulation and its persistence upon the microfabrication process.

plasmonic near-field patterns calculated in Figure 2c). The
dispersion of the plasmon-polariton peaks can be traced by
varying the angle of incidence (0°, 20°, and 40°). A detailed
analysis of these peaks is contained in Supporting Information
section 7. Theoretical transmission spectra (Figure 2b (upper
right)) nicely reproduce the position, intensity, and dispersion
of the EOT peaks. We can now explore the MRE in each of the
configurations by analyzing the modification of the trans-
mission associated with differences in plasmon excitation. To
this end, we apply a weak magnetic field, producing either high
(0 Oe) or low (30 Oe) platform resistivity, respectively. The
change in transmission, normalized to the transmission at
magnetic saturation (low resistivity state), for the spintronic
metamaterial at different incidence angles is shown in Figure
2b (lower left). Note that each feature observed in the
transmission spectra and corresponding to the excitation of a
plasmonic mode finds its counterpart in the magnetic-
modulated spectra in a derivative-like fashion, indicative of a
magnetic fleld-induced modulation of the transmission
features. This modulation lies in the magnetic field control
of the plasmon wavevector via modification of the refractive
index and as a consequence of its excitation conditions. Further
evidence of the magnetorefractive origin of the observed
modulation can be drawn by simply characterizing in a similar
fashion the ML with no GMR. As shown in Figure 2b (lower
left), the corresponding black curve shows no modulation in
this ML where GMR, and therefore MRE, are absent. To
confirm this mechanism, we perform numerical electro-
dynamical calculations (Figure 2b (lower right)) that
reproduce all of the experimental trends. A possible source
for the minor qualitative discrepancies, mainly in terms of

intensity and width of spectral features, is obviously due to the
intrinsic structural defects inherent to the actual fabricated
samples (interface or surface roughness or morphological
imperfections) not considered in the calculations. Further
confirmation of the magnetoresistive origin of this mechanism
can be traced by representing the magnetic field dependence of
the magnetic modulation. The resulting data are plotted on
Figure 2d, showing identical shape to that of the corresponding
GMR curve of the holed membrane (Figure S3a).
Furthermore, this spintronic metamaterial platform allows
for a direct comparison of the magnitude of both MRE and
MOE under the very same experimental conditions for the
mid-IR spectral range. For off-normal incidence, both MRE
and MOE appear as a change in the transmission, ATyog/T:
(T(Msat) - T(_Msat))/(T(Msat) + T(_Msat))) ATMRE/T
(T(Mg,) — T(0))/T(0) (comparison at normal incidence is
not possible because the MOE with this magnetic config-
uration is zero at normal incidence).”” We show this
comparison for a 40° incidence angle in Figure 2b (lower
left), where the MOE (light blue curve) is clearly much weaker
than the MRE (dark blue) in this spectral range.
Complementary to the modulation of surface plasmon
polaritons, we also explore the possibility of obtaining mid-IR
modulation from localized excitations in microparticles. To
that end, we fabricate a platform consisting of a set of dipole-
like optical antennas supporting localized surface plasmons.
Similar to the previous architecture, Nig Fe o/Au continuous
multilayers, in this case with 4% GMR, are patterned by
electron beam lithography and Ar ion etching. The resulting
structures are square arrays (2.6 pm period) of optical
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Figure 3. Localized plasmons in microantenna array spintronic platforms are modulated by a small external magnetic field. (a) Excitation
configuration for p-polarized transmission and magnetic modulation. (b) Experimental (left panels) and theoretical (right panels) transmissions
(upper panels) show excitation of localized mode along the long axis of the antennas. The corresponding magnetic modulation of the transmission
(lower panels) shows clear derivative-like shape of the excited mode. (c) Theoretically determined fields for the excited microantenna mode (at 4
=6 pum). (d) Magnetic field dependence of the difference between the transmission when the sample is saturated in the positive direction, T(M,,,),
and the transmission at the value of the magnetic field, T(H): 6T = §T(H) = (T(M,,,) — T(H)) (to increase the signal-to-noise ratio, we present
this difference summed at different wavelengths). Solid symbols: the magnetic field goes from positive to negative values; open symbols: the
magnetic field goes from negative to positive values. The shape and magnetic field behavior is identical to a typical GMR curve, confirming the

spintronic origin of the mid-IR modulation and its persistence upon the microfabrication process.

antennas with in-plane dimensions of 2 X 0.3 ym and 60 nm
thick (see SEM image in Figure le).

With incident light polarized parallel to the long axis (Figure
3a), the transmission through the array of dipolar antennas
shows a clear dip at a wavelength of ~6 um (Figure 3b (upper
left)), which indicates the excitation of an electric dipolar
resonance along the long rod axis. The localized dipolar
pattern induced in the antennas is shown in Figure 3c. When
the incident light is polarized along the short axis, no spectral
features are observed in this spectral range. Numerical results
that consider the main geometrical features of the antenna
array reproduce accurately the properties of the plasmon
excitation, as shown in Figure 3b (upper right).

We explore now the magnetic modulation of these localized
plasmon resonances with the use of the same experimental
setup. To allow for full magnetic saturation of the rods, the
magnetic field is applied onto the rod plane and along the long
antennas axis as determined by transverse MOE loops using a
green laser. The magnetic-modulated transmission spectrum
for light polarized along the long antennas axis across the array
showing a 4% ML GMR is shown in Figure 3b (lower left).
The dip-like aspect of the transmission becomes a derivative-
like feature. In this case, the MRE-induced change in the
refractive index of the material produces a slight shift in the
energy of the localized plasmon mode in the ML antenna, and
as a consequence, a derivative shape in the AT/T spectrum is
apparent. Similar to the hole-array platform, having access to
the experimentally measured optical constants for the high and
low electrical resistivity states allows for obtaining a theoretical
estimation of the expected magnetic modulation, as shown in
Figure 3b (lower right), showing excellent agreement with
experiments.

Finally, confirmation of the magnetoresistive origin of this
effect can also be traced in this case by observing the
modulated response as a function of the applied magnetic field.
This quantity is shown in Figure 3d, which also resembles the
functional dependence of the GMR effect and the observable
hysteresis. In our case, it is not possible to directly measure the
GMR of the antennas as it would require applying electrical
contacts. However, and in addition to the obtained typical
GMR shape shown in Figure 3d, MOE hysteresis loops
measured for the antennas in the visible region (Figure S4)
demonstrate the enhancement of the saturation fields as a
continuous film is patterned down to an antenna array with
saturation field values similar to those in Figure 3d. All this
strongly points to the fact that GMR characteristics of the
original ML material are still present in the antennas after
patterning.

As mentioned, the physical mechanism responsible for this
modulation is the magnetic field control of the complex
refractive index of the spintronic multilayers via the MRE. The
modulation of mid-IR plasmon resonances is then exper-
imentally determined and theoretically confirmed through
magnetic modulation measurements of the transmission of
both hole- and antenna-array platforms. In both cases, the
correlation between the plasmon-related transmission features
and the modulation transmission ones is obvious. Interestingly,
maxima in the modulation transmission occur for minima in
the transmission in antenna-arrays and for high-slope regions
in the hole-arrays. This difference is very likely due to the
different nature of the excited resonances: on one hand with
surface plasmon polaritons indirectly dependent on refractive
index changes via their wavevector, and localized plasmons on
the other hand directly dependent on the refractive index. In
both cases, irrespective of happening at a minimum or an
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intermediate transmission region, the signal-to-noise obtained
in the modulation of the response is large and of extremely
good quality, thus opening the path to broad-band optical
engineering applications controlled by magnetic fields.

As magnetic-metallic multilayers show the same underlying
physics responsible for the magnetotransport properties
discussed here also in the THz range,”" it is expected that a
similar dependence of the optical properties on the magnetic
field could be found at this frequency range; thus, our
metamaterial structures could set the basis for future
modulation of THz response by magnetic fields.

To summarize, using multilayered platforms based on
spintronic metamaterials, we have shown that it is possible
to significantly modulate plasmon resonances in the mid-IR by
simply applying low-intensity external magnetic fields. The
modulation is sizable and with excellent signal-to-noise ratio,
and the material platforms as well as the experimental setup are
of simple realization. Besides its impact in the mid-IR regime,
this modulation mechanism, based on the GMR-driven control
of optical properties, occurs in a low-energy electromagnetic
range and therefore could easily be extended to the THz,
where efficient devices for dynamic light manipulation and
modulation are still lacking. Even more, ultrahigh modulation
speeds are in principle expected as a result of the high-
frequency dynamics of the magnetization reversal involved in
the GMR. This approach beats previous attempts for MIR
magnetic modulation. For example, in comparison to
graphene,”” our approach has a figure of merit (modulation
per magnetic field unit) of up to 2 orders of magnitude larger,
thus establishing a roadmap for spintronically controlled
devices in the whole MIR to THz band.

B MATERIALS AND METHODS

Deposition, Characterization, and Fabrication. The
multilayers were grown on CaF, (111) substrates at 150 °C. A
3 nm Ti buffer layer grown by electron beam evaporation was
followed by nine layers of Nig Fe g spaced by eight layers of
Au, both deposited by magnetron sputtering from individual
Nig,Fe g and Au targets. Typical individual layer thicknesses
are 2.9 nm for Nig,Fe;y and between 1.9 and 3.3 nm for Au.
Finally, a 5 nm Au capping layer was deposited. X-ray
diffraction and reflectometry measurements were performed in
a multipurpose four-circles diffractometer with Cu Ka
radiation. Transverse magneto-optic Kerr effect (MOKE)
hysteresis loops were recorded using a laser source (4 = 532
nm) and an electromagnet with sufficient magnetic field to
saturate the structures in the field plane. DC magnetoresistance
was measured at room temperature using four in-line probes
with 2 mA input current and two magnetic coils with enough
magnetic field to saturate the samples. Spectral IR character-
ization was performed in a Bruker VERTEX 70 FTIR
spectrometer with a mercury cadmium telluride (MCT)
photovoltaic detector and magnetic coils in the samples
enclosure, generating sufficient magnetic field to saturate most
of the structures. As the thickness of the Nig Fe o and Au layers
are much smaller than the wavelength of light, the multilayer
can be considered as an effective medium. This effective
dielectric constant of the multilayer for the two magnetic states
was obtained from transmission and reflectivity measurements.
Combined use of ultraviolet (UV), electron beam, and focused
ion beam lithography and Ar ion etching was employed to
fabricate the different platforms.

Numerical Simulations. The optical transmissions (T)
and differential transmissions (AT/T) presented in this work
were obtained via electrodynamic calculations by means of the
COMSOL Mutiphysics software.”* The geometry of the
systems, as well as the illumination condition and the material
permittivities, were all inferred from the experimental setup
and characterization. A comprehensive description of all the
simulation details is provided in the Supporting Information.
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Description of the structural, magnetic, morphological,
and optical characterizations of the continuous films and
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