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Abstract: In this Letter, we report on the response of surface plasmon resonance (SPR, Reflectance vs.
incident angle) and transverse magneto-optic Kerr effect (T-MOKE vs. incident angle) in two different
magneto-optic-plasmonic (MOP) configurations: Ti/Au/Co/Au (Configuration A) and Ti/Ag/Co/Au (Con-
figuration B) at the excitation wavelength of 780 nm in air. Configuration A includes a 35 nm Au layer and
configuration B includes a 35 nm Ag layer. Both configurations consist of a thin (4 or 8 nm) Co magneto-
optic layer and showed an enhancement of the T-MOKE signal over the SPR signal. Configuration B showed
higher SPR and T-MOKE response over configuration A, possibly due to the low loss and higher plasmonic
properties of Ag over Au. The T-MOKE based sensor shows improvements in quality factor by over 2X
compared to that of SPR. The magneto-optic SPR sensitivity of the sensor obtained shows an improvement
by 3X over the SPR sensitivity, and this can be further improved by suitably modifying the configuration.

These results are of importance to the development of enhanced MOP /plasmonic sensors.

PACS numbers: 75.70.Cn, 78.20.Ls, 85.70.5q
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I. INTRODUCTION

Magneto-optic-plasmonic (MOP) structures - a new
class of devices that have been considered essential for en-
hanced surface plasmon resonance (SPR) and transverse
magneto-optic Kerr effect (T-MOKE) responses useful in
sensing applications ~. In this Letter, we report the re-
flectance and T-MOKE effects shown by Ti/Au/Co/Au
and Ti/Ag/Co/Au structures and compare the perfor-
mance at a wavelength, A\ = 780 nm. For simplicity in
terms of fabrication, assembly, and handling purposes,
the Kretschmann geometry is used for exciting SPRs
(see, " for details).

In the Kretschmann geometry, the surface plasmons
are excited at the interface of a metallic multilayer and
air (the probed medium when used for sensing applica-
tions). These surface plasmons are oscillations of the
electrons, and they travel with distinct frequency and
wave vector (longitudinal wave) along with the interface.
The displacement of the surface plasmons with respect to
positive ion is parallel to the propagation, and they are
excited using incident optical radiation at a specific wave-
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length, and at an oblique angle for wave-vector matching,
p-polarized light excites surface plasmons and form sur-
face plasmon polaritons (SPP).

The surface plasmon waves are confined at the surface
of the sensor, and this confinement makes these waves
very sensitive to the dielectric environment within the
region the evanescent wave field extends. The addition
of the magnetic material yields a magneto-optic enhance-
ment, which is a unique feature of T-MOKE configura-
tion. SPR sensors with a magnetic layer are also referred
to magneto-optic SPR (MO-SPR) sensors.

Most of the previous studies have been focused on
studying reflectance and T-MOKE response in bilayers
of Au/Co, Au/Fe, Ag/Co or Ag/Fe, where the Au or Ag
act as the plasmonic layer and Co or Fe as the magneto-
optic component of the MOP configuration. In the
present work, we compare the performance between the
Au-rich (Ti/Au/Co/Au, Configuration A) and Ag-rich
(Ti/Ag/Co/Au, Configuration B) multilayers. The re-
sponse curves are measured in air as the sensing medium
and compared to models, demonstrating improved per-
formance of the Ag-rich sensors over Au-rich sensors. The
configurations explored here differentiate themselves in
two ways: (i) they include the effect of the adhesion layer,
which although introduces losses it is often necessary for
reliable fabrication, (ii) they are composed of thin plas-
monic layers on the side of the sensing surface, which is
opposite to the typical arrangement.
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Il. MATERIALS AND METHODS

The magneto-optic-plasmonic (MOP) structures were
designed using MATLAB and COMSOL Multiphysics
simulation tools based on Fresnel reflections and the
transfer matrix method outlined in'*. The complex op-
tical constants of all the materials were obtained from'”.
The optical constants are refined using the experimen-
tal results by fitting the data to the model. The opti-
mized multilayer structure consisted of a 2 nm Ti as an
adhesion layer, an internal plasmonic layer of Ag/Au, a
magneto-optic Co layer, and an external plasmonic Au
layer (see, Fig 1). The outer 10 nm Au also works as
a capping layer for both the configurations (Configura-
tions A and B). The total thickness of the multilayer was
chosen/optimized to match the thickness of a single Au
layer that gives the best SPR result.

Au 10+ 0.05 nm

Co 8+0.05nm

(@) Au35+0.05nm (g

Ti 2+£0.05nm

Glass 0.13 ~ 1.3 mm

Au10+0.05nm Au 10+ 0.05nm
(b) Co4+0.05nm (c) Co4+0.05nm
Au 35+ 0.05nm Ag35+0.05nm
Ti2+£0.05nm Ti 2 +0.05 nm

Glass 1.3 mm Glass 1.3 mm

(Configuration A) (Configuration B)

FIG. 1. Magneto-optic-plasmonic configurations (a,b) Ti/Au-
Co-Au and (c) Ti/Ag-Co-Au (d) Excitation schematic.

The samples were deposited using electron beam evap-
oration on BK7 glass. The multilayered films were de-
posited in one deposition run without breaking vacuum.
The characterization performed at the time of fabrica-
tion was the verification of the film thickness via atomic
force microscopy. The deposition rates were 1.2, 0.7, 0.5,
and 0.7 A/S for Ti, Au, Ag, and Co, respectively. The
layer thickness with the allowable deposition tolerance
of the sample are shown in Fig 1. Prior microstruc-
ture and magnetic studies on the samples prepared us-
ing e-beam evaporation have shown relatively good crys-
tallinity, sharp interfaces and remanent magnetization in-
plane, parallel to the Au layer'’.

For the reflectance and T-MOKE characterization a
laser diode (Thorlabs QL7816S-B-L, Germany) was used

to generate a linearly p-polarized light. The laser wave-
length was tuned via temperature control of the module
with an accuracy of 0.01 K and was controlled using a
spectrometer (Horiba HR-320, Japan). The optical ra-
diation was then collimated and focused using spherical
and cylindrical lenses with f=150 mm and 18 mm, re-
spectively. The reflected radiation was collected using a
monochrome CMOS matrix camera (IDS UI-3360CP-M-
GL) having 2048 X 1088-pixel screen (11.264 mm X 5.984
mm screen dimension), yielding a 5.5 um pixel size.

The MOP samples were placed inside an electromag-
net (H = 30 mT) with the inter-polar gap of 30 mm
in transverse Kerr geometry (orthogonal to the plane of
the Fig. 1d), and controlled via LabVIEW program to
record the real-time reflectance angular spectra as well
as the T-MOKE spectra. Air with 30% humidity was
blown at atmospheric pressure and room temperature of
21.6°C. As shown in Figure 1(d), the optical radiation is
incident on the prism with a roughly 3° diverging beam
centred around the resonant surface plasmon excitation
angle. For both reflectance and T-MOKE effect, angular
interrogation is used with the incident angle varied be-
tween 39 to 43° as collected by the CMOS camera. For
the T-MOKE study, the multilayers were magnetized in
the transverse direction (as indicated by the direction of
H in the figure). For further detail and measurement
methods, see”.

Il. RESULTS

Figure 2 shows the theoretical SPR curves fitted to the
experimental data by adjusting the optical constants of
the layers. The experimental line width, A# (full-width
at half-maximum) of the SPR curves for (a) Au/Co (8
nm)/Au/air, (b) Au/Co (4 nm)/Au/air and (c¢) Ag/Co (4
nm)/Au/air are 1.2, 0.8, and 0.6°, respectively and these
give the quality factor, Qspr = Abspr/0 as 46, 52 and
67, respectively (highest for the Ag/Co (4 nm)/Au/air
configuration, denoted as Configuration B).

The shape of the reflectance curve (Lorentzian) in Fig-
ure 2 are determined by the mode propagation constant.
The real and imaginary parts of the propagation con-
stant can be determined by the SPR angle and resonance
width as Re[f] = kon sin(fspr), and Im[3] = 0.5 kon Af
cos(0spr), respectively'”. The fact that the Ag layer
in the multilayer leads to a narrowing of the resonance
in the reflectance curve, as indicated by the lower A0
and higher Q-factor, is an indication of the lower optical
losses (higher conductivity) of Ag. Using Ag for the inner
plasmonic layer provides higher Q-factor, but cannot be
used without an additional capping layer for the external
plasmonic layer to avoid oxidation. The outer Au layer
is in contact with the probing sample, in this case, air.

Figure 3 shows the transverse T-MOKE spectra ob-
tained from the experiment. These spectra were obtained
from the difference in reflectance curves measured using
a CMOS matrix when the magnetic field was applied in
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FIG. 2. p-polarization reflectivity profiles for the Ag- or Au-
rich structures. Air is the probing medium. Dashed lines
(theory) and solid lines (experiment).

the opposite directions as in

R4y — Ry
T — MOKE =2 x 2% v (1)

Ry4y + Rp(—)

where Ry,(4) and R, represent reflectance measured
when the transverse H field is applied in the positive and
negative directions, respectively. The characteristics of
the measured Kerr effect strongly depend on the charac-
teristics of the plasmon resonance and resonance width
as well as variation of plasmon dispersion due to the op-
posing magnetic fields.

The magnitude of T-MOKE signal depends on the
derivative of the reflectance curve as well as its abso-
lute reflectance value. This means that the incident an-
gle corresponding to the maximum T-MOKE spectra in
Fig. 3 differs from the angle corresponding to maximum
Rp spectra in Fig. 2.

The Q-factor of the sensing structure is crucially im-
portant both for SPR and MOSPR sensing, since the
steeper the resonance is, the higher response is observed
for the same variation of the analyte. The T-MOKE
spectra in Fig. 3 shows a much smaller Af values for (a)
Au/Co (8 nm)/Au/air, (b) Au/Co (4 nm)/Au/air and (c)
Ag/Co (4 nm)/Au/air and they are 0.7, 0.45, and 0.32°
respectively and these give the quality factor, Qrrospr,
calculated as Qaospr = AGMOSPR/G as 95, 105 and
140, respectively (highest for the Ag/Co 4 nm/Au/air
configuration). As shown in Figs. 2 and 3, there exists
a small difference between the optimum working angles
for the reflectance and T-MOKE measurements. In the
case of T-MOKE measurements, the magnitude of the
T-MOKE spectra is proportional to the derivative of the
reflectance, which is highest for the steepest part of the
reflectance curve. The various response parameters of
reflectance and T-MOKE measurements are listed in Ta-
ble I.

FIG. 3. T-MOKE profiles experimentally obtained using (1).
Air is used as the probing medium.

The magneto-optic enhancement, together with the
modulation provided by the alternating magnetization
of the magnetic layer, leads to a drastic improvement of
the quality factor (and thus the sensor sensitivity). As
expected, a thicker Co layer leads to higher losses vis-
ible through a broader line shape, larger absorption at
low incidence angles and lower reflectivity minimum
Comparing the signal to noise ratios of Figs. 2 and 3, it
can be inferred that the T-MOKE measurement is more
accurate and can yield a greater resolution in terms of the
detectable variation in the probed refractive index. The
higher noise observed for the R, measurement is con-
sidered to be due to parasitic interference and the need
for the normalization of the optical spectrum, whereas in
the case of T-MOKE measurements, the absolute inten-
sity of the reflected signal does not matter. This makes
magneto-optical measurements more accurate than re-
flectivity. Further optimization of the sample, e.g. uti-
lization of photonic crystals' ”, can lead to a narrowing of
the resonances and therefore to the reduction in the noise
level, so that even higher resolution in the measurement
of the variations in the probed refractive index can be
attained.

TABLE 1. Optical properties of the fabricated sensors

Material R, T-MOKE
Sensor FWHM Q FWHM Q
Ti/Au/Co(8 nm)/Au 1.2 46 0.70 95
Ti/Au/Co(4 nm)/Au 0.8 52 0.45 105
Ti/Ag/Co(4 nm)/Au 0.6 67 0.32 140

The sensitivity of SPR and MOSPR biosensors is a
critical parameter for their benchmarking. However, no
unified sensitivity metric is used in the literature to di-
rectly compare the performance of these sensors. Accord-
ing to our sensitivity metrics, which allow direct compar-




TABLE II. Comparative Sensitivity Characteristics.
experiment, rather than the bulk values. PC: photonic crystal

*Denotes theoretical results using optical constants derived from the

Material (nm) 6328, gann(l%/ %BUgm 6§JQM§ i};f((y%glrgg Result Type| Source

Au(50) 2.5 x 10*|7.5 x 10* — - Theory

Cr(2)/Au(45) 6.7 x 107 — — — Experiment

Cr(2)/Co(7.5)/Cr(3)/Au(23) — — 1.9 x 10° — Experiment
PC/Co(10)/Au(9) — 1.2 x 10° — 7.5 x 10°| Theory

PC/Co(10)/Au(9) - 9.0 x 10% - 3.0 x 10| Experiment
Ta/Co(8)/Au(35) 1.6 x 107[2.1 x 10°[4.0 x 10%[2.2 x 10°| Theory
Ta/Co(4)/Au(35) — — — 5.7 x 10°| Theory
Ta/Co(8)/Ag(35) 5.2 x 10%[3.3 x 10°[8.0 x 10"[8.0 x 10°] Theory
Ta/Co(4)/Ag(35) - - - 2.5 x 10°] Theory

Ti/Ag(35)/Co(4)/Au(10) [6.0 x 107[1.0 x 10*[1.1 x 10%]3.0 x 10*[ Theory* |[[This work]

ison of the response of SPR and MOSPR devices™ ', the
SPR and MOSPR sensitivities to measuring changes dur-
ing an air to Helium transition in the probed environment
are defined as:

[Rp(ai,r) 7Rp(He)]

Sspr = (A—n“" x 100 [%/RIU] (2)
and
[ARp(air) —ARp(me)]
Swuosor = ———HE—— X 100 [%/RIU]  (3)

respectively, where, R, (qir)m is the magnitude of the re-
flected intensity at an incident angle 6,,, where the slope
of the reflectivity curve is maximum, and ARpqirym i8
defined similarly at the point of maximum slope of the
T-MOKE response. The An in (2) and (3) is the differ-
ence in refractive indices between air and Helium media,
and RIU denotes refractive-index-unit.

Table II summarizes representative literature sensitiv-
ity values for both theory and experimental results, in-
cluding the results of this work. MOSPR responses are
systematically superior to SPR structures, and Ag-based
structures lead to higher sensitivity due to lower losses.
The enhancement with Ag is independent of wavelength
as the Ag conductivity is better than that of Au in this
frequency range. Longer wavelengths typically lead to
higher losses and shorter wavelengths lead to cross-over
of the real part of the dielectric permittivity to positive
values, where plasmon resonance no longer takes place.
The experimental sensitivities often lag theoretical pre-
dictions, but that in most cases is due to sub-optimal
device fabrication or material quality.

Fig 4 shows a comparison of the modeled SPR
and MOSPR sensitivities of the Ag-rich sensor
(Ti/Ag/Co(4nm)/Au) caclulated using (2) and (3) and
the refractive indices obtained from the experiment for
this sensor configuration. The modeled transition be-
tween air and He in the probed medium is indicative of
the relative response of the sensors. Due to the small dif-
ference in refractive indices between air and He (~ 1074

RIU), the change in gas medium does not affect the res-
onance width or depth. The modeled sensitivity of the
MOSPR sensor shows an improvement by 3X over the
SPR sensor, and this can be further improved by suit-
ably modifying the configuration.
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FIG. 4. SPR (reflectivity vs. incident angle) sensitivity vs.
MOSOR (change in reflectivity due to the presence of a sat-
urating magnetic field H vs. incident angle) sensitivity of a
Ti/Ag/Co(4 nm)/Au sensor expressed in (%/RIU). Blue line
(SPR) and red line (MOSPR).

IV. CONCLUSIONS

We presented two types of surface plasmon resonance
configurations based on 4 or 8 nm of Co and Au vs.
Ag layers and obtained the quality factor for two plas-
monic sensing schemes (SPR vs. T-MOKE). While the
ferromagnetic Co introduces some losses for the SPR
spectra, the T-MOKE response obtained overrides this
loss Magneto-optical non-reciprocity becomes more
significant in these structures leading to an increase in
the magnitude of the transverse Kerr effect and thus, the
Q-factor.



The advantage of the T-MOKE sensor over the existing
SPR. based sensors is significant. The new sensor shows
improvement of Q-factor by over 2X of that of SPR. The
magnetic field also has the added benefit that as opposed
to measuring the angular shift of the SPR signal as it is
typically done, it allows measuring the change in inten-
sity of the reflected light. The MOSPR sensitivity of the
sensor obtained using our sensitivity metrics shows an
improvement by 3X over the SPR sensitivity. The ease
of measuring changes in reflectivity and enhancement in
Q-factor makes the T-MOKE based sensors currently be-
ing developed advantageous over the existing SPR sen-
sors presently available on the market, to potentially al-
low T-MOKE sensors to probe bio-samples having much
lower analyte concentrations. This work experimentally
demonstrates the enhanced sensitivity of the magneto-
optic structure as a potential biosensor.
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