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ABSTRACT

We present experimental and theoretical results of the molecular sensing performance of a novel platform based on magnetic modulation of
surface-enhanced infrared absorption spectroscopy. For this, we study the effect that molecular infrared vibrations of a PMMA layer have
on the optical and magneto-refractive response of spintronic antennas. Specifically, a periodic array of rods is fabricated from
giant-magneto-resistance Au/Nig; Fe;o metallic multilayers, and the effect of depositing a layer of PMMA on top of the array is investigated
from both experimental and theoretical points of view. We find that the relative changes induced by the infrared vibrations of PMMA on
the magneto-refractive signal are larger than the relative changes induced on the optical transmission. This result indicates that the
magneto-refractive response is more sensitive to the excitation of molecular vibrations than the optical response and fosters the development
of a novel type of an infrared sensing technique based on spintronic antennas: Magneto-Refractive Surface-Enhanced Infrared Absorption
(SEIRA) Spectroscopy.

© 2021 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0036385
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1. INTRODUCTION

Plasmons have played a key role in the development of
different types of optical sensing platforms. In the visible and near-
infrared spectral range, Surface Plasmon Resonance (SPR) sensors
or Localized Surface Plasmon Resonance (LSPR) sensors have
exploited the sensitivity of plasmon resonances to changes of the
refractive index in the regions near the metal surfaces.'”* Even
though gold is commonly employed in these sensors, other types of
metals, such as those of ferromagnetic nature, have also been used.
The benefit of using ferromagnetic metals, in addition or substitut-
ing gold, is that they provide the system with Magneto Optical

plasmonic sensors with increased sensitivity. In the visible and
near-infrared spectral range, the specificity of SPR or LSPR sensors
to detect a particular molecule is determined by the functionaliza-
tion of the surface. On the other hand, in the mid- and far-infrared,
molecules show specific vibration bands that can be used to identify
them, giving rise to a different type of sensing approach where
plasmons play again a major role. In this approach, the vibration
bands are used to directly detect and also unambiguously identify
the molecules. To increase the signal of the vibrational band, the
molecules are deposited on top of rough metallic surfaces, resulting
in what is known as Surface-Enhanced Infrared Absorption
(SEIRA)'“™'® spectroscopy. This signal can be further increased by

(MO) activity, which, in turn, is enhanced by the plasmon
resonance.””’ Moreover, it has been shown that the MO properties
of plasmonic structures can be more sensitive to changes of the
refractive index than their optical counterpart, resulting in MO

nanostructuring the metallic surface or by using arrays of metallic
antennas.'””” 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. Very recently,
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metasurfaces that support optical resonances in the mid- and far-
infrared range have been fabricated out of Giant Magneto
Resistance (GMR) metallic multilayers.”' = These spintronic-plas-
monic metasurfaces have the peculiarity that their resonances can
be modulated by applying a magnetic field. This is a consequence
of the Magneto-Refractive Effect (MRE),**** which accounts for
the change in the optical constants of the GMR multilayer due to
the modification of the electrical resistivity induced by the mag-
netic field [Fig. 1(a)]. Because of the direct role of conduction elec-
trons in this phenomenon, the change in the optical constants
covers from the mid-infrared to the THz regime, which may allow
the development of magneto-active SEIRA surfaces, whose sensitiv-
ity could be further enhanced as compared to pure optical SEIRA
surfaces.

In this work, we address the effect of magneto-refractive
SEIRA by comparing the sensitivity of the optical and the
magneto-refractive signals in GMR plasmonic SEIRA platforms to
detect molecular vibrations. For this purpose, a model SEIRA
surface consisting of an array of metallic rod antennas was
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fabricated out of a GMR Au/Nig,Fe;q multilayer [Figs. 1(b)-1(d)].
In the 5um—10um spectral range, the array has a resonance that
can only be excited when light is polarized along the long axis of
the rod [Fig. 1(c)]. It has a localized character (i.e., its position does
not depend on the incident angle), and the electromagnetic field dis-
tribution corresponds to that of a dipolar resonance [Fig. 1(d)]. The
array was then covered with a PMMA layer [Fig. 1(e)]. In this spectral
range, PMMA has several vibration bands [Fig. 1(f)], which will be
used to compare the sensitivity of the optical and magneto-refractive
SEIRA signals to detect these vibrations.

Il. RESULTS AND DISCUSSION

The Au/Nig;Fe;o multilayer (M) used to fabricate the rod
antenna array was grown by magnetron sputtering from individual
Nig,Fe;g and Au targets on a CaF,(111) single crystalline substrate,
which is highly transparent in this spectral range. Prior to the Ml
growth, a 2nm Ti buffer layer was deposited by electron beam
evaporation. Details on the growth process can be found
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FIG. 1. (a) Magnetic-field dependence of the resistivity and infrared transmission in a GMR metallic multilayer. The multilayer is composed of alternating layers of non-
ferromagnetic and ferromagnetic metals. When the magnetic moments of the adjacent ferromagnetic layers are antiparallel (AP), the resistivity is higher than when all the
magnetic moments of the ferromagnetic layers are parallel (P). This change in the resistivity produces a change in the infrared optical properties: Magneto-Refractive
Effect (MRE). (b) SEM image of the rod antenna array. (c) Transmission spectra for light polarized parallel (continuous line) and perpendicular (dashed line) to the long
rod axis. (d) Color map of the electromagnetic field distribution at resonance, for incident light polarized along the long axis of the antenna, calculated in a plane parallel to
the surface at the middle height of the rod and sketch of applied magnetic field (double black arrow on the top). (e) Sketch of the internal structure of the rods and mor-
phology of the PMMA layer (represented as a conformal green layer) deposited on top of the rod used in the simulations. (f) Absorption coefficient of PMMA. The dashed

vertical lines mark the position of the vibrational bands used in this work (see the text).

J. Appl. Phys. 129, 073103 (2021); doi: 10.1063/5.0036385
© Author(s) 2021

129, 073103-2


https://aip.scitation.org/journal/jap

Journal of

Applied Physics

elsewhere.”® The thicknesses of the individual Au and Nig,Fe;q
layers are 2.3nm and 2.9 nm, respectively, and the Au/Nig Feiq
multilayer is characterized by a 4% GMR. The rod array was fabri-
cated by electron beam lithography and Ar ion etching. The result-
ing structure is a square array of rods with a period of 2.6 um. The
rods in-plane dimensions are of 2 umx 0.3 um with a thickness of
60 nm [see Figs. 1(b) and 1(e)]. The PMMA layer was deposited by
spin coating at 6000 rpm during 60 s using a solution of PMMA
and anisole. After the deposition, the sample was heated to 180 °C
for 5 min. The transmission spectrum of this system was measured
via a Bruker 70 FTIR spectrometer.

In Fig. 2(a), we present the transmission spectra at normal
incidence for light polarized along the long axis of the rods [as
sketched in Fig. 1(d)] before (black line) and after (red line) the
PMMA deposition. Both spectra show a dip due to the excitation
of the rods’ resonance around 6 um. As expected, the position of
the rod resonance covered with PMMA is located at a longer wave-
length than that of the uncovered rods. Besides, in the spectrum of
the rods covered with PMMA, additional features appear at the
position of the PMMA bands. To highlight these features, in
Fig. 2(b), we present the difference between this spectrum and the
baseline (BL) one. This baseline spectrum, blue dotted line in
Fig. 2(a), was obtained by smoothing the PMMA covered rod spec-
trum, i.e., by eliminating the effect of the PMMA vibrational bands
while maintaining its effect on the change in permittivity of the
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FIG. 2. (a) Experimental transmission spectra of the rod antenna array before
(black line) and after (red line) PMMA deposition. The blue dotted line corre-
sponds to the baseline optical spectrum with PMMA. (b) Difference between the
transmission spectrum after the PMMA deposition and the baseline spectrum.
The red arrows indicate the contrast of the vibrational features due to the bands
at 58um, 6.9um, and 8.7 um, respectively. The position of the concerned
bands is marked by black dashed vertical lines. (c) Experimental magneto-
refractive (MR) transmission spectra, (Tp — Tap)/Tap Of the rod antenna array
before (black line) and after (red line) PMMA deposition. The blue dotted line
corresponds to the baseline MR spectrum. (d) Difference between the magneto-
refractive transmission spectrum after the PMMA deposition and the baseline
spectrum. The dashed red arrows indicate the contrast of the vibrational features
due to the bands at 5.8 um, 6.9 um, and 8.7 um, respectively. The position of
the concerned bands is marked by dashed black vertical lines.
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surrounding medium. By comparing this difference with the imagi-
nary part of the PMMA refractive index, Kppyva, found in the liter-
ature (Ref. 27) and reported in Fig. 1(f), it becomes clear that there
is a close relation between the complex features appearing in the
difference spectrum and the absorption bands of the PMMA. For
instance, a clear Fano-like structure is observed at 5.8 um, where a
sharp vibrational band of PMMA is located, and a more complex
spectral shape is found in the regions around 6.9 um and 8.4 um,
where PMMA shows several overlapping bands.

In Fig. 2(c), we present the corresponding magneto-refractive
(MR) spectra (ie., the relative difference of the transmission
between the two resistivity states). The resistivity state of the multi-
layer was changed by applying an in-plane magnetic field along the
long axis of the rods, as sketched in Fig. 1(d). At zero field, the
magnetic moments of adjacent Nig,Fe;q layers are oriented along
opposite directions (AP state), which correspond to the high resis-
tivity state [Fig. 1(a)], whereas the low resistivity state is obtained
by applying a magnetic field of 300 Oe, which allows a complete
parallel alignment of the magnetic moments of all Nig,Fe,y layers
(P state). The spectra were obtained at normal incidence, and the
incident light was polarized along the long axis of the rods [see
Fig. 1(d)]. The black and red lines correspond to the spectra before
(black line) and after (red line) PMMA deposition, respectively.
Both spectra have a S-like shape structure, being the structure after
PMMA deposition shifted toward a longer wavelength with respect
to the structure of the uncovered rods. Moreover, the spectrum of
the rods covered with PMMA has additional features at the posi-
tions of the vibration bands of PMMA. These features are clearly
seen in the difference spectrum shown in Fig. 2(d). The difference
spectrum is defined as the difference between the MR of the system
when coated with PMMA and the MR of the baseline spectra. By
comparing this spectrum with the difference spectrum obtained
previously in the optical signal, we observe that the features located
in the 58um-6.7um spectral range have changed their sign;
besides, the contrast of the features around 6.7 um has increased.
On the other hand, in the spectral region between 7.5um and
9 um, there is a modification of the relative contrast of the different
features, which gives rise to a change in the shape of the spectrum.

To quantify the relative change induced by the PMMA vibra-
tion bands on the optical and magneto-refractive signals over the
whole spectral range of the rod resonance, we focused on the
PMMA absorption bands located at 5.8 um, 6.9 um, and 8.7 um,
respectively (vertical black dashed lines of Fig. 2). For these bands,
the intensity of the associated features is given by the length of the
red dashed arrows depicted in Figs. 2(b) and 2(d), i.e., by the differ-
ence between the maximum and minimum value of the difference
spectrum around the concerned wavelengths. The resulting relative
change of the transmission difference is around 9%, 3%, and 5%
for the three bands, respectively, whereas the relative change of the
MR difference is around 27%, 30%, and 18% for the same three
bands, respectively. These latter relative changes are between three
and ten times larger than the former, leading to a magneto-
refractive signal that is more sensitive to the presence of the vibra-
tion bands than the direct optical signal.

These experimental results are corroborated by theory, as
demonstrated by numerical simulations of the effect of deposing a
layer of PMMA on the optical and magneto-refractive signals of
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the antenna array (see Fig. 3). The PMMA layer is assumed to
cover the structure conformally, as shown in Fig. 1(e). For the
optical characterization of the PMMA layer, we use the refractive
index from Ref. 27 [Fig. 1(f)]. Under these conditions, a 55nm
thick PMMA layer reproduces the experimental red shift of the rod
resonance (of about 460 nm), as seen by comparing Figs. 2(a)
and 2(c) with Figs. 3(a) and 3(c), respectively. The baseline spectra
were obtained by replacing the PMMA layer by a dielectric layer
with the same thickness but with a refractive index of 1.46 and
with no absorption. This dielectric layer simulates the effect of
removing the vibration bands of PMMA but maintaining its back-
ground dielectric value as to obtain the same red shift of the rod
resonance. Details on the rod structure model and on both the
multilayer and substrate optical permittivities can be found else-
where.”" The calculated transmission of the system with (red solid
line) and without (back solid line) the PMMA layer (as well as the
baseline curve, blue dotted line) is displayed in Fig. 3(a) and reveals
a plasmon dip around 6.5 um and 6 um, respectively. These dip posi-
tions agree with the experimental values [see Fig. 2(a)]. Moreover,
the transmission of the system covered with PMMA shows fea-
tures similar to those observed in the experiments. The calcula-
tion of the difference spectrum, shown in Fig. 3(b), highlights these
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FIG. 3. (a) Simulated transmission spectra of the rod antenna array without
PMMA (black line) and with a 55 nm thick PMMA layer covering the rod
array (red line). The blue dotted line corresponds to the spectrum obtained
by replacing the PMMA by a dielectric material with a refractive index of
1.46. (b) Difference between the PMMA transmission spectrum and the
n =1.46 transmission spectrum. The red dashed arrows indicate the contrast
of the vibrational features due to the bands at 5.8 um, 6.9 um, and 8.7 um,
respectively. The position of the concerned bands is marked by black
dashed vertical lines. (c) Simulated magneto-refractive transmission spectra,
(Tp — Tap)/Tap of the rod antenna array without (black line) and with (red
line) PMMA. The blue dotted line corresponds to the spectrum obtained
replacing the PMMA by a n = 1.46 dielectric material. (d) Difference between
the magneto-refractive transmission spectrum with PMMA and with a
n=1.46 dielectric layer. The red dashed arrows indicate the contrast of the
vibrational features due to the bands at 5.8 um, 6.9 um, and 8.7 um, respec-
tively. The position of the concerned bands is marked by black dashed verti-
cal lines.
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features and clarifies their connections with the absorption bands of
the PMMA [reported in Fig. 1(f)]. More importantly, the simula-
tions reproduce the observed features, even though they are sharper
and more intense than the experimental ones. In particular, the rel-
ative change in the difference transmissions for the bands located at
5.8 um, 6.9 um, and 8.7 um is around 57%, 15%, and 18%, respec-
tively. These values are higher than the experimental ones (namely,
9%, 3%, and 5%, respectively). The origin of this discrepancy may
be due to the difference between the shape of the simulated and
experimental rods and/or to the values of the refractive index of the
PMMA layer. In the former case, the presence of sharp edges in the
rod model results in near-field intensities much greater than the
experimental ones, giving rise to an enhancement of the calculated
vibration signals with respect to the experimental ones. Regarding
the latter cause, the PMMA layer was deposited by spin coating
using a diluted solution of PMMA; therefore, the strength of the
vibration bands in the deposited layer could be smaller than that of
the PMMA film from where the refractive index was extracted
(Ref. 27), resulting in an overestimation of the intensity of the vibra-
tions. A similar effect has been found in other SEIRA works where
the PMMA was also deposited using a solution of PMMA in
anisole.””

In Fig. 3(c), we plot the results for the MR spectrum of the
considered systems. The curve shift and the presence of specific
features for the MR response of the system covered with PMMA
agree with the experimental results. However, the calculation of the
MR difference spectrum [Fig. 3(d)] also reveals higher feature
intensities as compared to the experimental ones [Fig. 2(d)]. The
same reasons as those stated above for the difference found between
simulated and measured transmissions stand in this case [Figs. 3(b)
and 2(b), respectively]. The relative change of the magneto-
refractive difference signal, found to be 64%, 26%, and 50% for
the three vibration bands, respectively, is also a bit larger than the
experimental counterpart. Nevertheless, and more importantly,
these values are between 1.1 and 2.7 times higher than the relative
changes of the transmission difference spectrum, thus corroborat-
ing that the magneto-refractive signal (MR) is more sensitive to
the presence of the vibration bands than the optical one (T).

lll. CONCLUSIONS

The effect that a layer of PMMA deposited on top of a spin-
tronic—plasmonic antenna array has on its infrared transmission
and its magneto-refractive signal has been experimentally and theo-
retically addressed. The deposition of a PMMA layer on this array
leads to a redshift of the plasmon resonance and to a featured line
shape for both the optical and the magneto-refractive signals. The
found features are due to the excitation of vibrational bands of the
PMMA. Significantly, we showed that the relative changes induced
by the vibrational bands of the PMMA in the magneto-refractive
signal are higher than the relative changes induced in the infrared
transmission. In these magneto-active SEIRA metasurfaces, the
vibrations can thus be detected using the magneto-refractive signal
(magneto-refractive SEIRA) instead of the pure optical one. These
results indicate that GMR plasmonic metasurfaces could be used to
enhance the sensitivity of SEIRA platforms and pave the path to a
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new type of transducers, where the connection between spintronics
and photonics results in more sensitive sensors.
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