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Abstract: We propose a novel approach to generate active mid IR plasmonic systems by 
incorporating giant magnetoresistance as the driving mechanism. The magnetic field induced 
change in resistivity in Ni81Fe19/Au multilayers directly affects the diagonal elements of the 
dielectric tensor of the system, mainly in the mid IR range, via the magnetorefractive effect. 
With magnetic fields as small as 50 Oe, we postulate the possibility to modulate the response 
of such continuous and patterned structures in a contactless, easy to implement fashion. The 
potential application impact of this modulation concept is analyzed. 
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1. Introduction
Physical phenomena as diverse as the vibrational transitions of many molecules, or the thermal 
emission of hot bodies, have in common the fact that their optical response take place totally 
or most importantly in the mid-infrared (say between 2 – 20 µm) region. These phenomena find 
a direct connection with our current life since they are used for the detection and quantification 
of chemical species like gases or liquid contaminants, organic compounds (biologic tissues, 
polymers, fuels, etc…), or for the remote detection and monitoring of heat sources. As a 
consequence, this directly translates into the interest in developing mid-IR emitters, detectors 
and in general mid-IR devices that can be utilized to detect or study these phenomena. 

In recent years, plasmonics has proven as a powerful tool to improve the performance of 
around or above mid-IR devices [1,2]. In this context, noble metals have played a very 
important role in the development of these systems, certainly due to their ability to sustain 
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(plasmon-like) optical resonances in structures such as perforated membranes, engraved 
metallic layers or arrays of metallic bars, resulting in plasmon enhanced light detection [3,4], 
plasmonic beam shaping [5], plasmonic thermal emitters [6,7], or plasmonic nanoantenas for 
vibrational spectroscopy [8,9]. In all these cases, the possibility of modulating the emission, 
propagation and/or detection of radiation in the Mid-IR and below constitutes a promising 
scenario to expand the limits of the currently used technologies. Now, to carry out this 
modulation one has to find physical mechanisms that make possible an external control of these 
optical resonances. Very recently, a route that allows external, fast and contactless actuation on 
plasmon resonances has been put forward by the inclusion of ferromagnetic components into 
noble metal layers and nanostructures, allowing a magnetic field control of the optical 
properties of the resulting magneto-plasmonic system [10]. Magneto-plasmonic structures have 
provided excellent results in the generation of active plasmonic platforms, yet up to now 
restricted to the visible and near-infrared ranges. In these structures it is possible to control the 
plasmon properties by applying an external magnetic field due to the magneto optical MO 
activity of the ferromagnet, which is directly related with the non-diagonal elements of its 
dielectric tensor (see Fig. 1(a), framed in red). 

Fig. 1. (a) Magneto Optic and Magneto Refractive effects (MOE and MRE) are related to the 
non-diagonal and the diagonal elements of the dielectric tensor (framed in red and blue), 
respectively. (b) When applied along the x axis the magnetic field modifies the wavevector of 
propagative plasmons via the MOE (c) In systems with GMR a magnetic field applied in the 
plane modifies the wavevector of propagative plasmons via the MRE. 

The Magneto Optic Effect (MOE) has a linear dependence with the magnetization, and has 
been used in continuous film structures to modulate the wave vector of propagative surface 
plasmon modes (SPP) [11] due to the magnetization reversal effect on the off diagonal elements 
on the dielectric tensor (Fig. 1(b)). This property has already found impact in the development 
of sensors and MO active devices [12,13], improving the performance of currently available 
non-MO counterparts, mainly due to the modulation character of the detection configuration, 
which narrows down dramatically the spectral shape of the MO modulated features in 
comparison to the optical ones. However, a drawback of the MOE on plasmons is that it 
weakens beyond the near IR, making therefore magnetoplasmonic systems unfeasible for the 
implementation of active devices in the mid-IR and longer wavelengths ranges. 

The former statements in addition to the the reduction in intensity of plasmon resonances at 
long wavelengths due to the intrinsic overdamping in standard plasmonic metals, make 
appealing the search for alternative mechanisms that can allow plasmon resonance modulation 
and as a consequence narrowing down of the characteristic spectral features in this wavelength 
range. To achieve this goal, one can take advantage for example of the fact that a magnetic field 
can act, not only on the non-diagonal elements of the dielectric tensor of a ferromagnetic 
system, but also on the diagonal ones (Fig. 1(a), blue framed), and as a matter of fact in more 
than one way. A first example of these magnetic field induced diagonal effects is the 
dependence of the electron dispersion curves with the orientation of the magnetization, which 
is quadratic with the magnetization [14]. Much more interestingly, many ferromagnetic/non-
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ferromagnetic multilayered structures also exhibit strong magnetic field induced changes of the 
conductivity, the so called Giant Magneto Resistance (GMR), due to the different electrical 
conductivities characteristic of a parallel or antiparallel configuration of the individual 
ferromagnetic layer’s magnetizations [15,16]. This second magnetic field induced diagonal 
effect, known as magnetorefractive effect (MRE) [17], is also quadratic with the magnetization, 
and interestingly reaches sizable values in the mid-infrared and THz regimes. This phenomenon 
has actually been extensively used to characterize and carry out contactless tests in a wide 
variety of GMR systems and devices [18,19], employed for example in hard disk drives or in 
many other areas of our current life. 

It is obvious, therefore, that the MRE can be postulated as a promising counterpart to the 
MOE to magnetically modulate plasmon properties in the mid IR range. As shown in Fig. 1(c), 
exploiting the magnetic field control on the diagonal elements of the dielectric tensor in a 
multilayer exhibiting GMR (distinguishing between in-plane and out of plane due to the 2D 
nature of the system) it should be possible to modulate for example the propagation 
characteristics of surface plasmons in a similar fashion than with the MOE mechanism. To 
proof it, one has to select a model material system, most compatible with the current mid-IR 
plasmonics strategies, and at the same time exhibiting sizeable values of GMR. Only if this 
GMR is achievable at low magnetic fields this system may become a realistic candidate for an 
actual application. For these reasons, and even though there exist a large number of GMR 
systems at hand (the classic Co/Cu multilayer system for example), for the current proof of 
concept we have selected the Ni81Fe19/Au multilayer structure, due to its well-balanced 
characteristics in all the factors of relevance: relative large GMR values, of up to 12%, along 
with saturation magnetic fields as low as 50 Oe [20]. In addition, Au is an excellent plasmonic 
material from the optical range up to wavelengths of around some microns. 

With all this in mind, this work has been structured as follows: We first introduce the 
Ni81Fe19/Au multi-layered model system, the fabrication details and the main structural, 
magnetic and magnetotransport properties. The experimentally determined magnetic field 
dependent optical properties in the mid IR will be presented. Actually, and in spite of the large 
set of GMR systems whose magnetorefractive properties have been considered, no data on the 
IR optical and magnetooptical properties of this system have been published so far. Then, and 
after extracting the corresponding dielectric constants for this spectral range, a conceptual 
comparison of the plasmon modulation via MOE and MRE mechanisms will be developed, 
showing the better performance of the later for wavelengths above 4 microns. Finally, two 
proposals for the application of this magnetorefractive mid-IR plasmon modulation for systems 
exhibiting propagating and localized resonances will be foreseen. 

2. Results and discussion
The layers were grown on CaF2(111) single crystalline substrates. After transfer into the 
ultrahigh vacuum deposition system and outgas for 30 minutes at 150°C, a 2 nm Ti buffer layer 
was grown by electron beam evaporation. Then, 12 layers of Ni81Fe19 spaced by 11 layers of 
Au were deposited by magnetron sputtering from individual Ni81Fe19 and Au targets at an Ar 
pressure of 10−3 mbar. Typical thickness for Ni81Fe19 and Au individual layers are 2.9 and 2.4 
nm respectively, for which in our specific case the best GMR values were obtained. A final 5 
nm thick Au layer was deposited on top of the multilayer to prevent from oxidation. The 
substrate temperature was kept at 150°C during the whole process. 

X-ray reflectometry measurements allowed a precise determination of the individual layers
thickness and interface roughness. Transverse MO Kerr hysteresis loops were recorded to 
confirm magnetization reversal process and magnetic fields needed to saturate the multi-layered 
structure. A green laser source and a magnetic field oscillating at 1 Hz with usually 50 averaged 
loops were used for this purpose. DC Magneto resistance measurements were performed using 
4 probes in line with typically 2 mA input current and enough magnetic field to fully saturate 
the samples. The multilayers were then characterized in the IR using a Bruker VERTEX 70 
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FTIR spectrometer equipped with a MCT photovoltaic detector and magnetic coils in the 
sample’s enclosure, generating sufficient magnetic field to saturate the structures. In order to 
determine the spectral response of localized surface plasmon resonances, numerical solution of 
the electromagnetic problem was obtained by using the COMSOL 5.2 software package. 

2.1 MRE in the Ni81Fe19/Au multilayers 

Figure 2(a) shows the magnetic field dependent change in DC electrical resistivity (ρ) 
normalized to its resistivity at zero field for a multilayer exhibiting GMR. As it can be observed, 
a quadratic behaviour with the magnetization and a relative change of resistance of 4.8% for 
magnetic fields as low as 50 Oe are obtained. Once the presence of GMR is confirmed, we 
proceeded with the optical characterization in the mid-IR range. In the inset to Fig. 2(b) we 
present the spectral dependence of the transmission at normal incidence for such structure. As 
it can be seen, the transmission, of the order of 10−3, gradually decreases as the wavelength 
increases as expected for the considered metallic structure. As previously explained, the high 
resistance state in remanence characteristic for the antiparallel magnetic alignment of the 
individual Ni81Fe19 layers turns into a low resistance state upon application of a magnetic field 
due to the parallel magnetic alignment of the layers. This change in resistance manifests mainly 
in the IR in the optical properties due to the MRE, as can be seen in Fig. 2(b), where we show 
the relative change in the transmission (ΔT/T, ΔT = T(Msat)-T(0)) at normal incidence induced 
by an applied magnetic field for two different Ni81Fe19/Au multilayers with different GMR 
values (4.8% and 0.5%). The magnetic field was applied in plane and the incident light was not 
polarized. As it can be observed, and unlike the spectral behaviour of the transmission, the 
value of ΔT/T increases as we increase the wavelength and shows a maximum at around 9 µm, 
slightly decreasing for larger wavelengths. Very clearly, the magnitude of ΔT/T is larger for the 
multilayer which has a higher value of GMR, indicating the relation between both effects. This 
is unambiguously corroborated when comparing the magnetic field dependence of ΔT 
integrated over the whole spectral range, defined as: 
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and the GMR curve. This is plotted in Fig. 2(a), showing a perfect overlap of the magnetic field 
dependencies of ΔT and the magnetoresistance (Δρ/ρ). 

Fig. 2. (a) Magnetic field dependent change in DC resistivity normalized to the zero field 
resistivity (continuous line) and the corresponding change in integrated change in IR 
transmission (symbols) for a Ni81Fe19/Au multilayer exhibiting GMR. (b) Spectral dependence 
of the relative change in transmission for two multilayers with 4.8 (black) and 0.5% (red) GMR 
respectively. The inset shows the spectral dependence of the transmission for the 4.8% GMR 
multilayer. (c) Spectral dependence of real and imaginary parts of the dielectric constant for the 
4.8% GMR multilayer. The inset shows the magnetic field induced change in these constants for 
the same multilayer. 
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2.2 Magnetic field dependence of the diagonal elements of the dielectric tensor 

With these results in hand, it is possible now to have an estimation of the diagonal elements of 
the dielectric tensor for the GMR multilayer as well as the changes in these diagonal elements 
induced by the applied magnetic field. For this, we assume that, since the thickness of the 
Ni81Fe19 and Au layers is much smaller that the wavelength of light, the optical properties of 
the multilayer can be described by an effective dielectric tensor, which depends on the relative 
orientation of the magnetization of the Ni81Fe19 layers: 

For parallel (P): 

/ /

/ /

0 0
0 0
0 0

P

P

P

ε
ε
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 (2) 

and for antiparallel (AP): 
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/ /
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AP
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being ε ||
P,AP, ε⊥P,AP the effective dielectric constants in the plane and perpendicular to the plane, 

respectively. At normal incidence only the in-plane components of the dielectric tensor, ε ||
P,AP, 

contribute to the optical properties. On the other hand, in this spectral range the main 
contribution to the dielectric constants comes from the conduction electrons, which, due to the 
dependence of the relaxation time of the electrons with the relative orientation of the spin of 
the electron and the magnetization of the multilayer, is different for the P, and AP states. To 
have a complete description, and as has also been observed in other metallic multilayer systems 
[21], interband transitions need also to be taken into account, whose contribution also depends 
on the magnetic sate of the multilayer. After this consideration, and adjusting the conduction 
electron contribution of the AP and P magnetic states to reproduce the magnetoresistance 
values, we can estimate the ε ||

P and ε ||
AP dielectric constants of the multilayer using the 

experimental T and ΔT/T spectra. In Fig. 2(c) we present respectively the spectral dependence 
of the resulting real and imaginary parts of the dielectric constants (averaged for their parallel 
and antiparallel components) and the difference between the parallel and antiparallel 
components for the sample with 4,8% GMR (inset). These results show a clear metallic 
character and that the difference between ε ||

P and ε ||
AP increases as we increase the wavelength. 

2.3 Mid IR plasmon modulation using the MRE 

Let us now evaluate the magnitude of the magnetic field induced changes in the plasmon 
properties caused by the MRE. We first analyse its effect on the magnetic modulation of the 
wave vector of a SPP mode and compare it with that obtained using the MOE. The changes in 
the wavevector of a surface plasmon mode propagating at the vacuum /multilayer interface 
induced by the changes in the relative orientation of the magnetization of the layers can be 
written as: 

/ /
/ /

/ /
MR MR

k f f
k

ε ε
ε ε

⊥
⊥

⊥

∆ ∆∆
= + (4) 

where fRM||, and fMR⊥ are parameters which depend only on the optical properties of the 
material: 
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with ε || = (ε ||
P + ε ||

AP)/2, ε⊥ = (ε⊥P + ε⊥AP)/2 and Δε || = (ε ||
P - ε ||

AP), Δε⊥ = (ε⊥P - ε⊥AP). 
In the far infrared range the main contribution to the optical properties comes from the 

conduction electrons, and the difference between ε || and ε⊥ is related to the difference in the 
scattering time of the conduction electrons. In our structures, due to the thickness of the Au and 
Ni81Fe19 layers and the contribution of the interfaces to the scattering, the in-plane and 
perpendicular scattering times should be very similar [22,23], therefore ε || ≈ε⊥. Moreover, in 
the infrared range ||MR MRf f ⊥  and expression (4) can be simplified to: 
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On the other hand [Fig. 1(b)], a magnetic field applied in the plane of the multilayer and 
perpendicular to the propagation direction of the SPP mode also changes its wavevector as: 

MO
MO x

k f M
k

ε
ε

∆
= (7) 

here, εMO is the non-diagonal element of the dielectric tensor and fMO a parameter which 
depends only on the optical properties of the material, 

2(1 )MOf ε
ε

=
−

(8) 

Fig. 3. (a) Magnetic field modulation of surface plasmon wavevector as a function of the 
wavelength driven by the MOE (red) and by the MRE (black). (b) MO (red) and MR (black) 
modulation parameters fMO and fMR. (c) Relative change in the optical properties of a 4.8% GMR 
multilayer due to the MOE (red) and to the MRE (black). 

In Fig. 3(a) we present the wavelength dependence of |Δk/k | for the two cases (Mx = 1). 
These curves were obtained using the dielectric constants shown in Fig. 2(c). For the non-
diagonal element of the effective dielectric tensor of the multilayer, ε(Ni81Fe19/Au)MO, we have 
assumed that it is proportional to the amount of Ni81Fe19 in the multilayer. ε(Ni81Fe19)MO was 
obtained from the far infrared values of Fe and Ni given in [24] and taking into account the 
relative amount of Fe and Ni in the alloy (ε(Ni81Fe19)MO = 0.81*ε(Ni)MO + 0.19*ε(Fe)MO). As 
it can be observed, as we increase the wavelength, the magnetic field modulation of the surface 
plasmon wavevector due to the magnetorefractive effect (black curve) is larger than when it is 
due to the non-diagonal element of the dielectric tensor (red curve). One of the reasons of this 
behaviour is the difference between |fMR| and |fMO|, which reflects the relative strength between 
these two effects. The wavelength dependence of the modulus of these two parameters is 
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presented in Fig. 3(b) and clearly show that, as far as the magnetic modulation of the 
wavevector in concerned, the MRE (black curve) is always more effective than the MOE (red 
curve). Moreover, the relative change of the optical properties, induced by the 
magnetorefractive effect, |Δε/ε|, shown in Fig. 3(c) as a black curve, increases as we increase 
the wavelength, whereas a very small dependence with the wavelength is observed for the MOE 
constant |εMO/ε| (red curve), resulting in the global wavelength dependence of |Δk/k | given in 
Fig. 3(a). 

3 Potential applications 
3.1 Propagative waves 

The possibility of using the magnetorefractive effect as a way to modulate the surface plasmon 
properties opens the door to new developments such as: magnetic modulation of the wavelength 
and/or of the intensity of the transmission bands in extraordinary optical transmission (EOT) 
metallic gratings used for plasmonic enhanced mid-IR light detectors, or magnetic modulation 
of the propagation properties in plasmonic waveguides and/or plasmonic lenses used in 
quantum cascade lasers (QCLs). As an example, we consider a system resembling the basic 
structure of a hybrid plasmonic waveguide: a high refractive index layer separated from a metal 
surface by a low refractive index spacer [25] [Fig. 4(a)] for which we present the reflectivity 
curves as a function of the wavelength [Fig. 4(b)]. 

Fig. 4. (a) Magnetic modulation in hybrid-plasmonic waveguides can be achieved in a 
configuration where a GMR multilayer is separated from a high refractive index prism by a low 
refractive index spacer. (b) Clear magnetic field induced (red to black) shift of the reflectivity at 
the cut-off of the waveguide mode. The inset show the spectral dependence of the reflectivity. 
(c) Sensitivity of the reflectivity of this structure to a change in the refractive index of the spacer 
of 10−5. The position of this minimum in R can be tuned with the spacer thickness (inset). (d)
Comparative sensitivity to the same change in refractive index of the magnetic field modulated
reflectivity, at the adequate incidence angle, showing a sharp, derivative-like line shape.
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In our case we use a Si prism, a 15.1 microns thick n = 1.4 spacer layer, and a thick 
Ni81Fe19/Au multilayer with the properties shown in the previous section corresponding to a 
4,8% GMR. In this structure, the minimum of the reflectivity occurs at the cut-off frequency of 
the waveguide mode [26,27] and, as it can be observed in the Fig., the cut-off frequency can be 
modulated by the magnetic field. Moreover, due to the strong localization of the light inside the 
spacer, the minimum of the reflectivity is very sensitive to the optical properties of the spacer 
and, in particular, to the optical properties near the metallic surface. Therefore, this 
configuration could be used for gas sensing applications, by just substituting the spacer layer 
by a gas cell. For example, in Fig. 4(c) we present the reflectivity curves for 19.5 microns thick 
spacer layer for n = 1 and n = 1.00001. As it can be observed, the minimum of the reflectivity 
is very sensitive to the optical properties of the spacer, with a clear redshift for an increase of n 
as small as 10−5. On the other hand, in Fig. 4(d) we also present the magnetic field induced 
change of the reflectivity, ΔR/R, due to the magnetorefractive effect of the Ni81Fe19/Au 
multilayer. As it is clearly seen, due to the derivative like character of this magnitude, the ΔR/R 
curve is much sharper than the reflectivity curve, overcoming intrinsic broadening issues for 
noble metals in this spectral region, and being as a consequence even more sensitive to changes 
in the refractive index than the reflectance. Therefore, the magnetorefractive effect could be 
used to increase the sensitivity of sensors in the far infrared range, in a similar way as does the 
MOE effect in the visible range (MOSPR sensor) [12]. Moreover, due to the dependence of the 
spectral position of the minimum with the thickness of the spacer (see right inset of Fig. 4(c)) 
we can tune the position of the minimum to match it with molecular absorption bands, which 
will further increase the sensitivity to this particular molecule in this proposed platform. 

3.2 Nanoantennas 

Fig. 5. Resonant nanoantennas. (a) Left: Sketch of the considered system and parameters used 
to calculate by Finite Elements the depolarization factor Lx . The studied particle, which 
dimensions a and b, and permittivity η lies on a substrate of dielectric constant εsub. The 
simulation volume is much larger than the particle size (b<< l2 and a<<l3). Right: calculated Lx 
as a function of axial ratio for two different substrates. (b) Calculated imaginary parts of the 
dielectric tensor of the rod layer for different axial ratios and two substrates. 

Magnetorefractive effect can also be applied on the modulation of localized resonances of 
optical antennas. As an example, we analyse the effect that the switch from AP to P magnetic 
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states in the Ni81Fe19/Au multilayer exhibiting 4.8% GMR has on the optical properties of rods 
made of this material and deposited on top of a substrate [Fig. 5(a)]. Worth to mention, internal 
demagnetizing fields and magnetostatic interactions may modify the effective GMR values 
when patterning the layer stack down to micrometer-nanometer size antennas. As these effects 
depend on the specific antenna dimensions and strength of the interlayer coupling responsible 
for the AP state, in our simulations we have opted to simply consider the optical constants for 
the AP and P states of our model materials system. 

Oppositely to the case of a propagative plasmon, the model for a localized plasmon is 
properly defined when dimensions of the rods are smaller than the wavelength of the incident 
light, i.e. the quasistatic approximation. In this regime, effective medium models can be fully 
applied to determine the electromagnetic response of the system. In the particular case of high 
dilution, or when the rods do not interact via multipolar terms, effective models can be 
expanded in a Taylor series and share the same expression for <εx> given by 
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ε φ
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= + − + 





(9) 

Where ε ||(Ni81Fe19/Au) is the experimentally determined in-plane effective dielectric 
constant of the Ni81Fe19/Au layers, φ the volume concentration of the rods and Lx the effective 
depolarization factor along the rod axis, which takes into account, not only the shape of the 
rods, but also the effect of the substrate. For any other geometry ellipsoidal shape, Lx should 
be obtained by means of an integral equation [28–30]. In principle, the presence of a third 
medium (air, metallic rod and dielectric substrate) makes the two media effective dielectric 
constant model (Eq. (9)) invalid. However, according to the geometry of Fig. 5(a) the particle 
and the substrate interact creating image charges, which can be identified as a virtual particle 
embedded into the substrate. 

To estimate the effective depolarization factor, we have the so-called “Spectral 
Representation Function” procedure [31–34] (SRF or g(α)). This method gives an exact value 
of the effective dielectric constant if we have accurate geometric information about the 
geometry of the system, given by the SRF which can be understood as a distribution function 
of all the depolarization factors of the particles contained in the system. Actually, Eq. (9) is the 
effective dielectric constant of a composite whose spectral representation function is a Dirac’s 
delta. One of the important properties of this function is that, if we have a method to determine 
<εx>, the SRF can be analytically calculated by the Stieltjes inversion formula [30]: 

( ) ( )
0

, ,1
lim Im 1x m

mV δ

ε α δ ε
α

π ε→
= −

 
 
 

(10) 

Where εm is the dielectric constant of the external medium (in this case, εm = 1), 
<εx>(α,δ,εm) is the effective value of the dielectric constant calculated in the region shown in 
Fig. 5a, δ is a small value to avoid singularities in the complex variables and α is a parameter 
given by: 
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(11) 

In Eq. (11), α is a continuous variable which runs from 0 to 1, so that the resulting magnitude 
η and plays the role of a dielectric constant and varies from -∞ to 0. In order to estimate the 
value of the effective dielectric constant <εx> we have employed Finite Element software 
(COMSOL). We have introduced the geometry as it appears in Fig. 5(a) but we have substituted 
the rod by a virtual material, with dielectric constant η(α,δ) ranging from -∞ to 0, in a very 
similar way as the same property of a plasmonic metal. The COMSOL results were employed 
to determine the imaginary part of the average depolarization factor along the applied field 
(E0x), so that the effective dielectric constant is determined by: 
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This value is usually very low with the exception of some resonances which makes very 
simple to find the main depolarization factors. The value of αmax at which the largest resonance 
occurs (which is several orders of magnitude larger than the second) corresponds to the main 
depolarization factor αmax = Lx. The depolarization factor obtained in such way (which depends 
on the particle geometry and on the dielectric constant of the substrate) can be employed to find 
the particle surface plasmon resonance using Eq. (9). The resulting effective depolarization 
factor for rods with a square section deposited on top of a CaF2 and Si substrate, respectively, 
are presented in Fig. 5(a) as a function of the axial ratio (ratio between the long (b) and short 
axis (a) of the rod b/a). As it can be observed the effective depolarization factor decreases as 
we increase the axial ratio. On the other hand, the effect of the substrate is clearly seen: the 
depolarization factor decreases as we increase the refractive index of the substrate. In Fig. 5(b) 
we present the imaginary part of the effective dielectric constant along the direction of the 
applied field. We have assumed a 10% rod concentration. Each curve stands for rod lengths 
from 0.5 to 1.5 microns deposited on top of CaF2 and Si substrates (the rod section is 50x50nm2, 
and the axial ratio varies from 10 to 30). This effective dielectric constant shows a peak 
corresponding to the resonance of the rods. As expected, the frequency of the resonance 
decreases as we increase the length of the rod, and for the same rod length the resonance is 
located at lower energy when the rods are deposited on top of a Si substrate than when they are 
deposited on top of a CaF2 substrate. Moreover, as the peak shifts toward lower energy it 
broadens and its intensity also increases due to the increase of the losses of the Ni81Fe19/Au 
layers. 

With this materials system established, in Fig. 6(a) we present the transmission spectra for 
the same rods layers shown in Fig. 5(b) deposited on top of CaF2 or Si substrates. As it can be 
seen, the spectra show a broad feature in the region of the rod resonances shifting towards 
longer wavelengths as the length of the rod increases, and being more pronounced for the Si 
substrate. 

Fig. 6. Magnetic modulation of localized resonances: (a) Calculated transmittances for layers of 
rods of different aspect ratios over two substrates normalized to the transmission of the substrate. 
(b) Magnetic modulation of the transmittance for the structures shown in (a), with a clear 
derivative-like feature whose position and magnitude strongly depends on the rod aspect ratio. 
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In addition, the corresponding magnetic field modulation effects are shown in Fig. 6(b), 
where we present the relative variation of transmittance under the effect of the magnetic field 
(named as ΔT/T) due to the change from AP to P state. In contrast with the broad 
transmittance spectra, due to the overdamped nature of the dielectric constant of the bars at 
these wavelengths, the magnetic modulation of the transmittance [Fig. 6(b)] presents very well 
defined maxima and minima for any aspect ratio, with a zero crossing at a wavelength which 
approximately coincides with the resonance of the rods. All these features exhibit redshift 
behaviours with increasing aspect ratios similarly to the transmittance spectra. Worth to 
mention, the magnetic modulation of the transmittance increases notably for longer axial ratios. 
A similar behavior has also been proposed for arrays of nanorods made from Co/Cu GMR 
multilayers calculated using FDTD [35]. 

4. Advantages of a magnetic modulation technique
Almost all of the IR spectroscopies are nowadays done by FTIR (Fourier Transform IR) instead 
of dispersive gratings. While gratings allow implementing a modulation experimental set-up, 
in spectrophotometers based on Fourier Transformation is not straightforward. In this sense, 
the magnetoresistive modulation of the plasmonic material can be used to improve the 
traditional measurement method in comparison with standard, not modulated, FTIR platforms. 

Customary, IR spectra are recorded by measuring an empty background spectrum prior to 
the sample data, so that it is necessary to manipulate the sample and its environment, with the 
consequent change in measurement conditions. Therefore, usually this process requires three 
measurements (we will call them Se, S0, and SB, i.e: empty, sample without field, and sample 
under magnetic field respectively) and is actually one of the main sources of experimental error 
in IR spectroscopy, especially if the signal is small so that long times are required to improve 
signal to noise ratios. Instead, we propose to eliminate the Se measurement. By doing that, 
sample and background spectra can be taken without manipulating the experimental setup, and 
consequently the reproducibility of the measurement largely improves. In the presented 
measurement setup, the variation of the permittivity due to the magnetic modulation introduces 
enough contrast to obtain a signal difference large enough to be measured. Actually, the 
obtained signal in Fig. 6(b) is given by: 

0

0 0

1B BT T TT
T T T

−∆
= = −  (13) 

where TB = SB/Se and T0 = S0/Se. 
Under the new presented experimental procedure, with only two measurements, we take the 

reference spectrum with the sample mounted on the sample holder but in absence of magnetic 
field (S0). Without any manipulation of the sample and the environment, the magnetic field is 
applied to take the second spectrum (SB). The commercial FTIR spectrophotometers customary 
do the quotient of both set of data to produce a transmission spectrum. In this case, this function 
is just: 

0 0

1B BS T T
S T T

∆
= = + (14) 

This procedure has several advantages. In the first place, even when the total transmittance 
is very low, the magnitude ΔT/T could be measurable but more importantly, because S0 and SB 
can be taken nearly consecutively, thermal variation of the experimental setup can be 
disregarded, so that, multiple ΔT/T spectra can be taken and accumulated in a nearly indefinite 
way, in order to increase the signal to noise ratio. Besides, the position of the rod’s resonance 
depends on the dielectric environment around the rod. Therefore, the modification of this 
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dielectric environment, because of, for example, the absorption of molecules, also induces a 
change in both T and ΔT/T; but, due to the derivate like character of ΔT/T, this magnitude is 
more sensitive to these absorption events than T, giving rise to a better sensing capability. 

5. Conclusions
We have presented a novel route to achieve mid IR plasmon modulation by using the 
magnetorefractive effect as the driving mechanism. This is due to the change of optical 
constants in the mid IR range experienced by multilayers exhibiting giant magnetoresistance 
upon switching between the two available high and low electrical resistivity states. The 
plasmonic magnetorefractive transducer consists of a Ni81Fe19/Au multilayer thin film 
structure which exhibits a 4.8% change in electric resistivity using magnetic fields as low as 50 
Oe. With this, we envision promising applications in platforms using propagating and localized 
resonances, with sharp magnetic field induced resonances that make it possible, by instance, 
high refractive index sensitivity changes. In addition, the magnetic field external actuation and 
the purely optical nature of the measurement make this proposed modulation method a 
contactless and easy to implement alternative to modulation approaches that require patterning 
and electrical contacts. Finally, the implementation of magnetic modulation in a standard FTIR 
platform allows for an important improvement in the signal to noise ratio and reproducibility 
of the measurements, due to the modulation character of the measurement, and to minimize the 
number of successive sample manipulations for signal and background acquisitions, which can 
be of interest in the community using FTIR systems. 
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