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Abstract: We present magnetic field induced modulation 
of the optical response of slit plasmonic metasurfaces fab-
ricated out of giant magnetoresistance/spintronic mate-
rials in the 2–17 μm spectral range of the spectrum. The 
modulation of the slit plasmonic modes is due to the mod-
ification of the electrical resistivity (and, in turn, of the 
optical constants) induced by the application of an exter-
nal magnetic field. This modulation is found to continu-
ously increase both with the slit concentration and with 
the slit resonance wavelength, with a prospective further 
increase for wavelengths of up to 60–80 μm. The direct 
fabrication and implementation of the modulation setup 
opens a competitive route for the development of active 
plasmonic metasurfaces in a wide spectral range.

Keywords: plasmonics; active metasurfaces; giant 
 magnetoresistance (GMR); spintronics; slits.

1   Introduction
The concept of metasurface has emerged as a new 
approach to manipulate light using smartly designed, 
two-dimensional arrangements of subwavelength optical 
building blocks (scatterers) [1–4]. The capability of these 
structures to interact with light is determined basically by 

the intrinsic optical properties of the scatterer constitu-
ent materials, their size, shape, and spatial distribution. 
Focusing on the properties of the scatterers, one of the 
aspects which greatly expand the perspectives for prac-
tical applications of metasurfaces is their active charac-
ter, based on the possibility to have in-hand additional 
degrees of freedom to control light via tunable or chang-
ing structures. This can be done for example by acting on 
the constituents material properties, as shown by several 
studies performed in the last years [5]. Different materials 
with great potential for active nanophotonic devices were 
already proposed and studied. For instance, magneto-
optical metals such as Fe, Co, or Ni [6, 7], and ferroelectric 
materials such as BaTiO3 [8, 9] and LiNbO3 [10] were shown 
to change their permittivity tensor under the application 
of an external magnetic and electric DC field, respectively. 
Phase-change materials as VO2 also exhibit a change in 
their optical response, namely an insulator-to-metal tran-
sition, which can be driven by either heating the sample 
or using external laser pump pulses [11]. This change in 
the permittivity can be exploited, among other uses, for 
increasing the sensitivity of optical sensors [12–15], creat-
ing switching mono/bi-directional devices [16, 17] or fabri-
cating other active infrared devices [18–20]. Recently, the 
family of the giant magnetoresistance (GMR) materials is 
incorporated into the list of active-control opportunities, 
demonstrating modulation of mid-infrared response in 
spintronic-plasmonic platforms using very low magnetic 
fields [21, 22]. This new approach exploits the spin char-
acter of the conduction electrons via the spin-dependent 
electron transport properties of GMR metallic multilayers 
[23–25], merging, as a result, spintronic and plasmonics. 
This is due to the change in the optical response induced 
by the magnetic field as a result of the change in electri-
cal resistivity (magnetorefractive effect or MRE) [26–27], 
which enables fast and contactless modulation of the 
optical properties of the spintronic material in the IR and 
longer wavelengths.

A key advantage of the GMR modulation mecha-
nism is its usable spectral range. As the magnetic field 
induced change of the resistivity (Figure 1A) is linked to 
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the conduction electrons, which are responsible for the 
optical properties of the GMR multilayer from the mid 
IR to nearly the DC limit, the same active material can 
potentially allow for a similar modulation mechanism 
in different spectral ranges (mid-far IR, THz, GHz…), by 
simply adapting the size and shape of the scatterers and 
their spatial distribution. In this work we experimentally 
demonstrate and theoretically confirm that plasmonic 
metasurfaces based on GMR magnetic multilayers show 
spintronic modulation of their optical properties in a very 
large spectral range, using very low magnetic fields, and 
with an increase of the optical modulation amplitude as 
we increase the wavelength. This opens an additional 
route for an active control of plasmonic platforms in a 

broad spectral range in the IR using materials and con-
cepts well known in spintronics and easily transferable to 
nanophotonics.

2   Experimental
The metasurfaces that we consider in this work consist 
of different arrays of randomly arranged slits (the ori-
entation of the slits is the same for all of them but their 
position within the array is random) fabricated on 70 nm 
thick Ni81Fe19/Au multilayers exhibiting 3.8% GMR [21, 28]. 
We used a random arrangement to avoid diffraction 
effects intrinsically linked to ordered structures and the 
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Figure 1: Modulation physical mechanism, selected resonant elements and experimental setup. 
(A) In a giant magnetoresistance multilayer the magnetizations of the ferromagnetic layers can be switched from antiparallel (AP) to parallel 
(P) configuration by the application of a magnetic field. This produces a change in the electrical resistivity (ρ) and, therefore, a change 
in the dielectric constant ε (εAP, εP). (B) A slit in a continuous multilayer has longitudinal (red) and transverse (black) plasmon resonant 
modes. The near electromagnetic field enhancement reveals the longitudinal magnetic dipolar pattern for the transverse polarization of the 
exciting electric field. (C) By focused ion beam patterning techniques it is possible to fabricate a wide variety of slit arrays in a single 1 cm2 
sample. We have fabricated several 200 μm × 200 μm slit disordered arrays in a Ni81Fe21/Au multilayer with varying slit length and areal 
concentration. (D) Slit arrays are measured in a FTIR-IR microscope setup with a ferrite electromagnet in the near vicinity of the sample. 
Reflectivity and magnetic modulation of the reflectivity are measured in 100 μm × 100 μm areas of each array.
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excitation of surface plasmon polaritons (propagating 
plasmons) mediated by the diffraction grating, and there-
fore to limit the spectral analysis to the localized optical 
response of the slits. The slits are characterized by reso-
nant modes that can be excited with light polarized either 
parallel or perpendicular to the slit long axis, the perpen-
dicular polarization mode (longitudinal mode) appearing 
at longer wavelengths than the parallel one (transverse 
mode) (Figure 1B). These longitudinal modes have a 
strong magnetic dipolar character, revealed by the near 
field distribution of the electromagnetic field at resonance 
(Figure 1B) [29, 30]. Moreover, the position of the perpen-
dicular polarization mode can be easily tuned by chang-
ing the length of the slit [30, 31], a property exploited in 
the present work to explore the modulation capabilities of 
these metasurfaces in the 2–17 μm spectral range.

The slits random pattern was created with an algo-
rithm that generated random positions for each indi-
vidual slit and then excluded those positions that were 
closer than a certain predefined distance in order to 
avoid interaction effects. The arrays were fabricated by 
direct focused ion beam (FIB) milling from a Ni81Fe19/
Au multilayer by simply removing the slit area off the 
continuous film. Following this method, a large variety 
of slit arrays with different sizes was easily and rapidly 
fabricated in a single step from a macroscopic single 
sample. In our case (Figure 1C), GMR Ni81Fe19/Au multi-
layers were grown on 1 × 1 cm2 CaF2 substrates and then 
several 200 × 200 μm2 slit arrays were patterned in the 
central part of the sample. Slits 0.3 μm wide and with 
lengths varying between 1 μm and 5 μm in steps of 1 μm 
were fabricated in this way. The slit concentration was 
also varied between 1.4% and 3.7% (percentage of total 
surface occupied by the slits). This allows carrying out a 
systematic study on the slit sizes and concentration in a 
single 1 × 1 cm2 multilayer with identical properties of the 
GMR material for all the arrays.

The optical characterization of the central 100 × 100 μm2 
area of each array was carried out using a Bruker Vertex 70 
FTIR spectrometer (Bruker Optik, Ettlingen, Germany) with 
a coupled Hyperion microscope equipped with a reflecting 
15 × Schwarzschild objective (Figure 1D). This objective has 
a 24  mm working distance and 0.4 numerical aperture. 
Light was polarized either along the long or short axis of 
the slits, referred to in the following as parallel and per-
pendicular polarization, respectively. The large working 
distance of the objective allows the insertion of the sample 
into a small ferrite electromagnet capable of applying a 
magnetic field large enough to observe the GMR effect in 
the material (detailed sketch shown in Figure 1D). As such, 
both reflectivity, and magnetic field induced changes in 

reflectivity for the different slit arrays were measured in the 
2–17 μm spectral range.

3   Results and discussion
First we study the dependence of the reflectivity and its 
magnetic field modulation on the concentration of slits. In 
Figure 2A we show atomic force microscopy (AFM) images 
of three different samples, all of them slits of length 2 μm 
and width 0.3 μm, but fabricated with slit concentrations 
of 2.1%, 2.9%, and 3.7% in area. The random arrange-
ment and gradual reduction of the average inter-slit dis-
tance as concentration increases can be clearly observed. 
In Figure  2B we present the corresponding experimental 
reflectivity spectra. For perpendicular polarization of the 
incident light (see Figure 1B) a clear dip is observed in the 
reflectivity spectrum, related to the excitation of the longi-
tudinal mode of the slits. The intensity of the resonance dip 
increases with slit concentration, due to the increase in the 
number of resonant elements. Additionally, a very small 
blue shift of the resonance is observed with increasing 
slit concentration, suggesting a very small inter-slit inter-
action in this range of concentrations. In contrast, when 
incident light is polarized parallel to the slits, the reflec-
tivity spectrum is featureless, with a monotonous decrease 
of the reflectivity as the wavelength is decreased (for 
clarity only the 2.1% spectrum is shown in the figure). The 
absence of any feature in the spectrum in such a situation 
is related to the width of the slit (w = 0.3 μm) which locates 
the spectral position of the transversal mode of the slit in 
a range not available in our experimental setup. The cor-
responding simulated spectra are also shown in Figure 2B. 
These concentration-dependent simulations of reflectivity 
(R) were performed with the use of COMSOL Multiphysics 
– COMSOL Server (Stockholm, Sweden) [32], and consid-
ering a distribution of slits to recreate the concentration 
of the measured samples (see Supporting Information 
for further details). As it can be observed, the agreement 
between theory and experiments is good, with somehow 
narrower and more intense dips obtained theoretically. 
As the magnetic modulation is concerned, in Figure  2C 
we show the normalized magnetic field induced reflectiv-
ity changes ΔR/R, where ΔR is the difference in reflectivity 
between the high and low electrical resistivity states and R 
the reflectivity at zero field, as shown in Figure 1A. Like the 
reflectivity, the magnetic modulation also depends on the 
light polarization: for parallel polarization of the light 
the spectra of all the samples consist of a broad dip (only 
the 2.1% spectrum is shown for clarity). On the other hand, 
for perpendicular polarization of the incident light, we 
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observe a spectral structure with a derivative-like shape, 
which is linked to the modulation of the longitudinal slit 
mode, superimposed to the broad dip. The broad modula-
tion dip for both polarizations is simply associated with the 

MRE for the Ni81Fe19/Au multilayer, whereas the derivative-
like shape is associated with the magnetic modulation of 
the slit resonance, clearly indicating the antenna enhanc-
ing effect in the measured ΔR/R. As it can be observed, the 
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Figure 2: Dependence of the reflectivity and its magnetic field modulation on the concentration of slits. 
(A) Atomic force microscopy images of the fabricated arrays for three different slits concentrations: 2.1% (red line), 2.9% (black line), and 
3.7% (green line). The length of the slits is 2 microns. The electromagnetic field maps calculated for the sample of 3.7% slit concentration are 
shown on the right side. (B) Experimental (left) and theoretical (right) reflectivity (R) for the three slits arrays, for light polarized perpendicular 
(full lines) and parallel to the slit long axis (dotted line), respectively. (C) Magnetic modulation of the reflectivity (ΔR/R) for the three slits 
arrays of different concentrations, for perpendicularly polarized light (full lines) and parallelly polarized (dotted line), respectively.
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amplitude of this derivative-like feature is also concentra-
tion dependent, increasing as the concentration increases. 
Like in the R spectra, there is also a very small blue-shift 
as the slit concentration increases. Theoretical results 
are again in qualitative agreement with the experiments, 
though narrower and more intense features are obtained. 
The calculated near field maps for the different slit concen-
trations show very similar field enhancement patterns at 
resonance (right side of Figure 2A displays fields for 3.7% 
concentration). This confirms the small effect, for these 
concentrations, of interactions among close slits, which 
basically behave as independent resonant elements.

We next studied the dependence of the modulation on 
slit length. To this goal, a second series of slit arrays with 
slit concentration of 2.1% were fabricated, a concentration 
chosen to minimize the inter-slit interaction. In Figure 3A 
we show representative AFM images of this series. The 
complete set of optical experimental measurements and 
corresponding theoretical calculations for this series are 
displayed in Figure 3B,C, only for the perpendicular polari-
zation of the incident light (results for the parallel polari-
zation yield a featureless response, similar to the dotted 
curves in Figure 2B,C). Experimentally, neat reflectivity dips 
are observed for all slit lengths, with those corresponding 
to shorter slits appearing at lower wavelengths (Figure 3B, 
left). The positions of these dips are well described by 
effective antenna theory [30, 33–35] and correspond to the 
mode n = 1. Moreover, the intensity of the dip gradually 
increases with slit length. These results are similar to those 
found in individual [30] and ordered arrays of slits [31] in 
an Au film. The side peaks which appear for the samples of 
L = 3 μm, 4 μm, and 5 μm in the calculated spectra, and can 
be barely distinguished in the experimental spectra for the 
longest slit, correspond to the n = 3 mode, but are not rel-
evant for the present study. The corresponding measured 
magnetic modulation of the reflectivity for all slit lengths is 
shown in Figure 3C (left). As it can be seen, for all but the 1 
μm long slits (which presents a broad modulation MRE like 
response), systematic derivative-like features are observed 
at the spectral position where the resonance peaks occur 
in the reflectivity spectra. These features appear convo-
luted with the broad modulation MRE band. Besides, the 
amplitude of these derivative-like features (IMR) increases 
as the slit length is increased. As the selected concentra-
tion corresponds to an almost absent inter-slit interac-
tion, this allows us to greatly simplify the theoretical part 
and consider a single slit. As it is observed in Figure 3B, 
the calculated slit length-dependent reflectivity is very 
similar to the experiment, with slightly narrower and more 
intense features as compared to the experiments. On the 
other hand, the calculated magnetic modulation spectra 

(Figure  3C) are qualitatively very similar to the experi-
ments, but with larger amplitude [36].

This second set of results confirms that it is possible to 
control the intensity and spectral position of the magnetic 
modulation of the slit resonance via the slit length. The 
dependence of the resonance on the slit length is clearly 
summarized in Figure 4A. It is well known from plasmonic 
antenna theory [33–35] that the resonance wavelength is 
related to the antenna length by the scaling law L ≈ nλeff/2, 
where λeff is an effective wavelength, L the antenna length, 
n = 1, 2, 3 the mode order. From the resonance wavelength 
vs. slit length dependence (for the n = 1 dipolar mode) sum-
marized in Figure 4A, and considering the linear fit of the 
experimental results shown for the sample set studied, 
λeff/λ ≈ 0.79, i.e. there is a 21% reduction of the resonance 
wavelength, which is in very good agreement with experi-
ments performed in the infrared with lithographically fabri-
cated solid antennas [37, 38]. This proves that the Babinet’s 
principle is fulfilled in the antenna length scaling law.

In Figure 4B we plot the experimental (dots) and 
theoretical (squares) modulation amplitudes obtained 
for the different slit lengths, and therefore for different 
wavelengths. As observed, the modulation amplitude 
is basically zero for 4 μm wavelength (1 μm long slits) 
and gradually increases towards the far IR. This spectral 
dependence can be compared with the predicted spectral 
dependence of the modulation of the dielectric constant 
for these GMR multilayers [28]. This dependence is also 
shown as a continuous line in Figure 4B, with excel-
lent agreement with the magnetic modulation of the slit 
resonance both in relative intensities and wavelength 
dependence over all the considered spectral range. This 
is a strong evidence of the modulation of the multilayers 
dielectric constant as the physical mechanism responsible 
for the modulation of the slit resonances, a mechanism 
that sets on in the mid IR, and appears less effective in 
the near IR and below. Thus, for the latter higher energy 
range, the classical magnetoplasmonic effect [39] that 
takes advantage of the magnetic modulation of the mag-
neto-optical tensor components, instead of the optical 
constants, would be best suited for achieving an effective 
magnetoplasmonic modulation. Interestingly enough, 
the magnetic modulation of the dielectric constant of 
the system presented in this work can be extrapolated 
in the spectrum up to wavelengths of 90 μm (inset to 
Figure 4B), finding a continuous increase for longer wave-
length, and approaching the GMR value limit at around 
60–80 μm. For this particular sample, grown by sputter-
ing, the GMR value is 3.8%, and it is limited by the pres-
ence of portions of the sample where the permalloy layers 
are ferromagnetically coupled, and do not contribute to 
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the magnetoresistance. It shown that these regions can 
be reduced if the multilayer is grown by molecular beam 
epitaxy, reaching values of GMR at room temperature of 
12%, very near of the theoretical estimation of 20% for 
the Py/Au system [25]. Exploring other materials systems 

with larger GMR values while maintaining low saturation 
magnetic fields is obviously a following step to take. This 
constitutes an exploratory roadmap on the feasibility of 
magnetic modulation of plasmonic metasurfaces towards 
the THz range. As it is based on a purely spintronic 
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Figure 3: Dependence of the reflectivity and its magnetic field modulation on the slit length. 
(A) Representative atomic force microscopy images of the slit arrays fabricated by FIB in a single 1 × 1 cm2 Ni81Fe21/Au GMR multilayer for 
different slit lengths: black line 1 micron, red line 2 microns, green line 3 microns, blue line 4 microns, cyan line 5 microns. All the arrays 
have the same areal slit concentration (2.1% of the total area). (B) Experimental (left) and theoretical (right) reflectivity of the arrays. Light 
incidence is normal to the slits and with polarization perpendicular to the slit long axis. (C) Magnetic modulation of the reflectivity for the 
different arrays. IMR represents the modulation intensity of the slit resonance.
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mechanism, the modulation speeds are expected to be 
very fast and no electrical contacts are required. Here we 
have explored the use of a simple resonant scatterer, a 
slit, but obviously other shapes, distributions, and even 
different spintronic materials can be considered, widely 
extending the possibilities of this concept.

4   Conclusion
In this work we have fabricated a two-dimensional array of 
randomly distributed slits in a GMR Ni81Fe19/Au multilayer 

with different slit lengths. The structures present optical 
resonances whose positions depend on the slit length. 
Due to the MRE of the multilayers, we are able to modu-
late these resonances with very low magnetic fields, 
and to explore the spectral dependence of this magnetic 
modulation. We have found a continuous increase of the 
modulation of the electromagnetic response with both the 
slit concentration and the slit length. As the increase of 
slit length leads to a red-shift of the plasmon peak posi-
tion at which the modulation takes on, this turns into an 
increase in the magnetic modulation when the spectral 
position of this modulation shifts towards the IR, which 
is predicted to increase even further for longer wave-
lengths. This result strongly suggests that GMR building 
blocks can be used to design active metasurfaces cover-
ing different spectral regions (mid-far IR, THz, GHz…), by 
simply adapting the size and shape of the building blocks 
and their spatial distribution. Besides, due to the intrinsic 
nature of the physical mechanism, a high speed modula-
tion is expected without the needs of electrical contacts or 
complex designs.
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