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Here, we show the high wavelength tunability and magnetic field modulation of surface plasmon

polaritons (SPPs) of a waveguide mode that Double-layer Dielectrics and Ferromagnetic Metal,

Al2O3/SiO2/Fe, trilayer structures exhibit when excited in the Otto configuration of attenuated total

reflection setup. First by modeling, and then experimentally, we demonstrate that it is possible

to tune the wavelength at which the angular dependent reflectance of these structures reaches its

absolute minimum by simply adjusting the SiO2 intermediate dielectric layer thickness. This

precise wavelength corresponds to the cut-off condition of SPPs’ waveguide mode supported by the

proposed structure, and it can be then switched between two values upon magnetization reversal of

the Fe layer. In this specific situation, a large enhancement of the transverse magneto-optical effect

is also obtained. Published by AIP Publishing. [http://dx.doi.org/10.1063/1.4962653]

Surface plasmon polaritons (SPPs) are quasi-particles

generated from the coupling between an electromagnetic

(EM) wave and the collective oscillations of a free electron

gas at the interface of two media with permittivities of oppo-

site signs, such as a metal and a dielectric. It has been shown

that SPPs play an important role in systems presenting

magneto-optical (MO) activity and plasmon resonances.1 In

particular, linked to the resonance enhancement of the elec-

tromagnetic (EM) field in the MO active component,2 large

increases in the MO activity have been found in magneto-

plasmonic systems in the form of nano-particle,3,4 nano-

disk,5–7 nano-ring,8,9 continuous/processed multilayered

films,10–12 and so on. On the other hand, the MO effect pro-

vides SPPs with the magnetic field modulation of the propa-

gation constants,13–15 or the propagation losses14,16,17 of

SPPs in complex continuous film structures with ferromag-

netic components. These characteristics are potentially feasi-

ble for a wide range of applications, including chemical/

biological sensors,18 magnetically controllable modulators

and interferometers,13 and optical isolators and circula-

tors14–17 compatible with Photonic Integrated Circuits (PIC).

Conventionally, a magneto-optic garnet is used for free-

space fiber-optics nonreciprocal devices, such as optical iso-

lators and circulators because of its large MO effect and low

optical absorption. When it comes to integrated photonics,

however, integration of MO garnets with optical waveguide

platforms made of III–V compound semiconductors, silicon,

and silica is challenging because of the large mismatching in

physical properties. For example, the lattice constant of

yttrium iron garnet Y3Fe5O12 (YIG) is 1.238 nm, whereas

that of silicon is 0.543 nm, and the linear thermal expansion

coefficients of YIG is 10.4� 10�6 while that of silicon

2.33� 10�6 K�1.19 The advantages of metallic MO systems

with SPPs over the MO garnets are the compatibility of met-

als with these PIC platforms and conventional CMOS pro-

cesses, more than a hundred times larger MO constant of

ferromagnetic metals in off-diagonal permittivity than that of

MO garnets even without being a single crystal, and a contri-

bution of the highly confined EM field distribution by SPPs

to device downsizing and the enhancement of the MO effect.

All these features are suitable for ongoing miniaturization-

oriented industries.

Up to now, most of the experimental studies to explore

the effect that a magnetic field has on the properties of prop-

agating plasmons have been carried out exciting SPPs with a

grating or in an attenuated total reflection (ATR) setup in

Kretschmann-Raether (K-R) configuration.20 In this configu-

ration, surface plasmons are excited in metallic layers depos-

ited on dielectric prisms by illumination through the prism,

and the optimum coupling between the incident photon and

the SPP mode is determined by the thickness of the metal

layer. On the other hand, if an Otto configuration21 is used

instead (by the insertion of a dielectric layer of lower refrac-

tive index between the prism and the metallic layer), an addi-

tional degree of tunability is available, since the coupling

between the photon and the SPP mode can be further opti-

mized by the thickness of the intermediate layer between the

prism and the metal layer. In fact, a Double-layer Dielectrics

and Ferromagnetic Metal (DDFM) structure,16,17,22,23 which

is equivalent to an Otto configuration, has been recently pro-

posed due to its expected superior performance applicable

for optical isolators and, in general, nonreciprocal devices.

In this model structure, by stacking up films of a ferromag-

netic metal and two dielectric layers of low and high refrac-

tive indices, it is possible to control the confinement of SPPs

achieving low propagation losses with a large MO figure of

merit at the cut-off condition of the waveguide mode. Even

though the long SPP propagation on the DDFM waveguide

has recently been reported,22 the experimental realization to
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exactly obtain the cut-off condition is challenging due to the

fabrication accuracy (error roughly within �10 nm) particu-

larly in a minute waveguide structure, and as a consequence,

there are no experimental reports on the actual magnetic

modulation and MO response in this kind of systems. From

the technical point of view, if these structures are illuminated

using a prism in attenuated total reflection (ATR) setup in an

Otto configuration fashion, the optimum excitation condition

can be found as the smallest reflection dip, which in turn cor-

responds to the excitation of the waveguide mode at the cut-

off condition23 and will depend on the magnetization of the

ferromagnetic layer.

Therefore, the purpose of this work is to design and fab-

ricate such DDFM structures capable of supporting wave-

guide modes just at the cut-off condition and subsequently

study their SPP magnetic modulation capabilities. This will

be done by exploring how the reflection dip depends on the

device film thickness, wavelength relevant for telecom appli-

cations, and magnetization with the Otto configuration of the

ATR setup. The strong enhancement and tunability of the

MO activity obtained in this configuration will be also

presented.

The structure used consists of a SiO2/Fe bilayer depos-

ited on top of an Al2O3 substrate. If the structure is illumi-

nated from the high refractive index layer (Al2O3), there is

an angle of incidence at which the incoming wave turns into

an evanescent wave inside the low refractive index layer

(SiO2) and couples with SPPs at the Fe interface (Fig. 1(a)).

Given that SPPs propagate in the z-direction and a mag-

netic field enough for magnetization saturation is applied

perpendicular to the incident plane along the y-axis (Fig.

1(a)), a ferromagnetic metal Fe has the relative permittivity

tensor,

~er ¼
er 0 eMO

0 er 0

�eMO 0 er

0
B@

1
CA; (1)

where er is the relative permittivity without magnetization

and eMO represents the MO constant. Assuming Eq. (1) in a

matrix method and Effective index theory,24 we calculated

the reflectance of p-polarized light (Rpp) and a waveguide

mode in this structure. When the low refractive index layer

(SiO2) is very thick, the SPP of a waveguide mode is con-

fined at the interface between the Fe and the SiO2. When the

SiO2 layer narrows down, there is a specific thickness at

which the SPP is pulled off from the Fe/SiO2 interface to the

high refractive index layer (Al2O3) and is no longer confined

as a waveguide mode. This condition is defined as the cut-

off.16,17 In this work, we found that this cut-off depends not

only on the thickness of the low refractive index layer but

also on the wavelength. Figure 1(b) shows a SPP field profile

(magnetic field, jHj2) at a thickness of the SiO2 layer of

t¼ 586 nm, where the cut-off condition occurs at a wave-

length of k¼ 1.3 lm. With increasing the wavelength, the

effective thickness of the SiO2 becomes thinner for the SPP

to be a waveguide mode, and the mode leaks out to the

Al2O3 layer leading to an unguided mode whereas the oppo-

site occurs for shorter wavelengths as shown in Fig. 1(b). In

ATR configuration, the SPP resonance is associated with the

momentum matching condition with the incident light as

kspp ¼
2p
k

ninc sin hincð Þ; (2)

where kspp is the wavenumber of the SPPs, ninc is the refrac-

tive index of a medium where the light comes from (the

Al2O3layer in our case), and hinc is the angle of incidence. In

fact, the kspp is a complex number while (2p/k) ninc sin(hinc)

is a real number; therefore, Eq. (2) is not perfectly satisfied at

any angle of incidence. However, at the cut-off condition

given by the optimized wavelength or thickness of the low-

index layer (SiO2), the propagation loss of the SPPs nearly

disappears, meaning that the kspp becomes real number possi-

ble to fulfill Eq. (2) at a certain angle of incidence. Our previ-

ous study23 shows that the reflectance, Rpp, can be minimized

at the cut-off because perfect momentum matching occurs,

and the energy of the light is most effectively transmitted to

the SPPs, and least comes back. Figures 2(a) and 2(b) show,

for the case presented in Fig. 1(b), ATR-like curves for Rpp as

functions of angle of incidence and the wavelength,

respectively.

Although the plasmonic resonance for a ferromagnetic

metal is not as sharp as noble metals show, the reduction of

Rpp is significant at the cut-off condition at k¼ 1.3 lm and

hinc¼ 54.5�. In order to tune the wavelength where the cut-

off occurs by optimizing the thickness of the low-index SiO2

layer, we first found the cut-off of the waveguide mode by

changing the thickness of the SiO2 at the arbitrarily designed

wavelength based on the Effective index theory; the critical

thickness where the waveguide mode is no longer found ren-

ders the cut-off condition.16,17 When a magnetic field is

applied perpendicular to the plane of incidence, the MO

activity of the Fe layer induces a modulation of SPP wave

vector, and thus the cut-off condition can be changed by

switching the direction of magnetization of the Fe layer. If

we design the SiO2 thickness as t¼ 586 nm and 760 nm, the

minimum reflectance of Rpp would appear around the popu-

lar optical telecommunication wavelength of k¼ 1.3 lm and

1.55 lm, respectively, as shown in Fig. 2(c). Note that to

emphasize the reflectance minimum at the cut-off, we show

the reflectance in a logarithmic scale. In Fig. 2(d), we plot

the relationship between the wavelength and the SiO2 thick-

ness where the cut-off occurs for opposite magnetic satura-

tions 6M of the Fe layer.

FIG. 1. (a) A trilayer structure consisting of Al2O3/SiO2/Fe. The tilted red

arrow represents the incident light while the yellow curve the distribution of

the SPP. (b) The SPP field profile (jHj2) at k¼ 1 lm (black curve) and

1.4 lm (red curve) for the thickness of the SiO2 layer, t¼ 586 nm.
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FIG. 2. The calculated reflectance of

Rpp as a function of the angle of inci-

dence (a) and wavelength (b) at

t¼ 586 nm without magnetization. (c)

The wavelength dependence of the

reflectance minimum of p-polarized

light, Min[Rpp], for t¼ 586 nm and

760 nm. (d) The relationship between

the wavelength and the thickness of the

SiO2 layer, where the cut-off condition

occurs. The red and blue curves in

graphs represent the positive (þM) and

negative (–M) magnetizations,

respectively.

FIG. 3. (a) A schematic diagram of the

fabricated Al2O3/SiO2 (t¼ 606 nm

(sample 1) or 753 nm (sample 2))/Fe

structure. An SF10 prism is mounted

on top of the substrate for the ATR

experiment. (b) Experimentally obtained

off-diagonal complex relative permittiv-

ity of the Fe layer (eMO), and the real

(n) and imaginary (j) parts of refrac-

tive indices of the Fe, SiO2, and Al2O3

layers as a function of the wavelength.

(c) The external magnetic field depen-

dence of the transverse MO effect

(hysteresis loop of TMOKE) of the

deposited Fe measured via reflection.

(d) A picture of the experimental setup

using a spectroscopic ellipsometer and

an electromagnet in the Voigt geome-

try. The red arrows represent the ray of

light.
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After carrying out this theoretical analysis, we prepared

two samples aimed at the optical telecommunication wave-

lengths, around k¼ 1.3 lm and 1.55 lm, to demonstrate the

flexible tunability of our method by the following process. The

arbitrary SiO2 layer (t nm) and the thick Fe layer (128 nm)

were consecutively deposited by electron beam evaporation

and sputtering on a c-sapphire (Al2O3) substrate, respectively.

A SiO2 cap layer (45 nm) was subsequently deposited on the

Fe layer for anti-oxidation. The thickness of the samples was

confirmed by using X-ray reflectivity (XRR) and spectroscopic

ellipsometry, which were Al2O3/SiO2 (t¼ 606 nm)/Fe/SiO2

(sample 1) and Al2O3/SiO2 (t¼ 753 nm)/Fe/SiO2 (sample 2) as

shown in Fig. 3(a). The optical constants of the samples were

determined by spectroscopic ellipsometry including the off-

diagonal elements of the permittivity tensor of Fe based on the

magneto-optical ellipsometry technique (Fig. 3(b)).25–27 We

also characterized the magnetic property of the deposited Fe

by measuring a magnetic hysteresis loop of transverse MO

effect (TMOKE) from the backside of the sample, isolating the

Fe from the DDFM system. The Fe showed an in-plane satura-

tion magnetic field of �200 Oe (Fig. 3(c)). According to the

hysteresis loop of the TMOKE, the magnetic field dependence

of the MO signal of our Fe layer is a square loop, and thus the

shift of the measured values by changing a magnetic field will

have only two discrete points such as the calculated red (þM)

and blue (–M) curves in Fig. 2(c).

For the ATR experiment, an SF10 semi-circular prism

was attached to the Al2O3 substrate by a refractive index

matching oil as schematically depicted in Fig. 3(a). The

measurements were done using a Woollam ellipsometer

model M-2000 equipped with a high-speed CCD array which

allows us to collect the entire spectrum in a few seconds,

while applying an external magnetic field of 6350 Oe in the

Voight geometry with changing the wavelength from 400 nm

to 1688.5 nm and the angle of incidence from 45� to 70�

(Fig. 3(d)).

Figures 4(a) and 4(b), respectively, show the reflectance,

Rpp/Rss(6M), curves for samples 1 and 2 as a function of the

angle of incidence at wavelengths for the cut-off and distant

from the cut-off condition. We plot every minimum value of

the Rpp/Rss(6M) as a function of the wavelength in Figs.

4(c) and 4(d). The absolute minimum reflectance for the

positive magnetization in sample 1 is found at k¼ 1338.0 nm

and hinc¼ 55.4� while for the negative magnetization

k¼ 1317.5 nm and hinc¼ 55.3� (Figs. 4(a) and 4(c)). On the

other hand, those in sample 2 are found at k¼ 1546.6 nm and

hinc¼ 54.1� for the positive magnetization (Figs. 4(b) and

4(d)) while at k¼ 1529.4 nm and hinc¼ 54� for the negative

magnetization. The agreement between the calculated

(designed) and the experimental curves in Figs. 4(c) and 4(d)

is remarkable, demonstrating the high tunability of the cut-

off wavelength by adjusting the SiO2 layer thickness and its

FIG. 4. (a) and (b) Reflectance, Rpp/
Rss, of samples 1 and 2 (same verti-

cally hereafter) as a function of the

angle of incidence for positive (red

curves) and negative (blue curves)

magnetizations. (c) and (d) The reflec-

tance minimum, Min[Rpp/Rss], for each

individual wavelength. The solid

curves represent calculations while the

dots are experimental results. The

numbers written in the graphs show

the wavelength for which the experi-

mental minimum is obtained. (e), (f)

TMOKE intensity, DR/R, as a function

of wavelength at the fixed angles of

incidence written in the graphs.
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modulation upon magnetization reversal. Note that the calcu-

lated curves were obtained at the same discrete points where the

measurement was done. The drops at the cut-off in the experi-

mental curves were obscured somewhat by the surface roughness

of the layers and/or the prism and a noise level of our measure-

ment system. Figures 4(e) and 4(f) show (Rpp/Rss(þM)�Rpp/

Rss(�M))/(Rpp/Rss(þM)þRpp/Rss(�M)), which is equivalent

to a TMOKE intensity defined as

DR

R
¼ Rpp þMð Þ � Rpp �Mð Þ

Rpp þMð Þ þ Rpp �Mð Þ ; (3)

as a function of the wavelength for fixed angles of incidence.

In Fig. 4(e), the hinc¼ 55.3� and 55.4� have much larger

TMOKE intensity than the other angles do. These two angles

are very close and thus show similar curves; however, the

maximum values for the hinc¼ 55.3� and 55.4� are found at

different wavelengths of k¼ 1317.5 nm and 1338.0 nm,

respectively. Note that these angles and wavelengths corre-

spond to where the reflectance minima are found as shown

in Figs. 4(a) and 4(c). Similarly, the hinc¼ 54� and 54.1�

in Fig. 4(f), respectively, correspond to the minima at

k¼ 1529.4 nm and 1546.6 nm shown in Figs. 4(b) and 4(d).

The largest TMOKE intensities can be attributed to the

minimized denominator in Eq. (3) at the cut-off condition.

Compared with the previous experimental studies, which

have reported that the TMOKE intensities equivalent to the

DR/R were about 0.1%–10%,10,11,18,28–33 our nearly 100%

TMOKE intensity is a result of the perfect momentum

matching which can be designed as long as the DDFM

system finds the cut-off condition and reinforces large util-

ity of this system.

In summary, we have demonstrated the cut-off condition

of SPPs’ waveguide mode in the DDFM structure, its wave-

length tunability, its controllability on magnetization rever-

sal, and a large enhancement of the TMOKE there. We

first designed the Al2O3/SiO2/Fe structures with the cut-off

condition around the optical telecommunication wave-

lengths (k¼ 1.3 lm and 1.55 lm) according to the cut-off

of a waveguide mode based on the Effective index theory,

and then we prepared samples and investigated them with

the ATR experiment in the Otto configuration. Our samples

showed that the absolute reflectance minimum appeared at

the designed cut-off wavelength, which in turn was able to

be controlled and switched by the application of a moderate

external magnetic field. We also obtained a strong TMOKE

enhancement just at the cut-off condition. Our straightfor-

ward experiment without minute waveguides fabrication

will help develop further studies on the long-range propa-

gation of SPPs on a ferromagnetic metal with variable

attenuation capability on magnetization reversal, which

might open up innovative routes for plasmonic functional

devices.
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