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ABSTRACT 

Recently, extensive studies have been accomplished on investigating multifunctional 

materials and structures with both plasmonic and magnetic properties. For these materials 

and structures, external magnetic fields can be employed to actively control the optical 

responses of the systems, and vice versa, the plasmonic effect can be manipulated to 

optimize the magneto-optical (MO) performance. This kind of system is usually known as 

magneto-plasmonic (MOP) system and has been normally constructed by combining multi-

layers of magnetic materials and noble metals. In this Dissertation, we investigate a novel 

MOP platform consisting of composite materials and nanostructures, with significantly 

tunable MOP performances in the visible and near infrared wavelength region. 

Metal nano-lattices such as nano-hole arrays and nano-triangle arrays are prototypical 

plasmonic nanostructures. These two nano-lattices made from Ag-Co composite are 

created by using a combination of shadow nanosphere lithography and electron beam co-

evaporation technique. A systematical study on their MOP properties shows strong MO 

constant dependences on the Co concentration, and both experimental and numerical 

results reveal that the MO responses of these MOP systems behave differently, depending 



on the nature of the plasmon resonance that the system supports. By adjusting the Co 

content, their MOP performances can be maximized. It is also shown that by using non-

normal vapor incident angles for metal co-evaporation, an active Ag-Co composite chiral 

nano-hole array with a plasmonic-enhanced intrinsic chirality and a large magnetic 

modulation amplitude can be achieved. 

Finally, a Pd80Co20 composite nano-patchy particle array is developed to serve as a 

hydrogen gas sensor through MO signal readout. Such the Co content and sensor structure 

are chosen to remarkably increase the hydrogen sorption kinetics at the catalytic Pd sites, 

while the MO constant of the composite remains significantly strong. By incorporating 

with appropriate polymer coating, the sensing performances of this sensor platform can be 

further enhanced to surpass the state-of-the-art optical hydrogen sensors reported the 

literature, with a sub-0.5-second response time and ppb-level limit of detection. Notably, 

the results open a promising development of hydrogen based on MOP structures and 

composite materials such as ternary Ag-Pd-Co composite, with even more impressive 

sensing metrics. 
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CHAPTER 1 

INTRODUCTION 

 

1.1. Magneto-optical Effects – Discovery and Phenomena   

1.1.1. Faraday Effect 

In 1845, Michael Faraday discovered that when a plane-polarized light passed through a 

block of lead borosilicate glass in the direction parallel to the applied external magnetic 

field, the plane of incident was rotated.1 The angle of rotation, θ, is proportional to the 

thickness of sample L, the magnitude of external field H, and an intrinsic coefficient of the 

materials, V, called Verdet constant (Figure 1.1.): 

 � = ()* (1.1) 

 

Figure 1.1. Polarization rotation due to the Faraday effect. Modified from Ref. 2. 



 

 

 

2 
 

 

The Faraday effect is originated by the circular anisotropy of the magnetized medium, 

i.e. the difference between the refractive indices (∆, = ,- − ,/) of the medium under a 

right-handed circular polarized light 0-(RCP, refractive index ,-) and a left-handed 

circular polarized light 0/ (LCP, refractive index ,/) .3-5 Indeed, a linear polarized light 

that is seen to rotate in the Faraday effect can be treated as a superposition of  0± with the 

same amplitude. During the transmission through the transparent magnetic medium, these 

two modes 0± propagate with slightly different velocities of 
�1±, respectively (a property 

known as circular birefringence), resulting in a phase retardation between them at the exit. 

Consequently, the transmitted light has the polarization axis rotated by an angle θ as 

following, 

 � = 2�� (,- − ,/)*, (1.2) 

where 5 is the angular frequency, c is the velocity of light. The rotated angle θ, so called 

Faraday rotation (FR), whose sign depends on the direction of H, i.e., reflecting a rotated 

beam back through the same Faraday rotator would double the rotation instead of canceling 

the rotation.4 This makes Faraday rotation an rare example of non-reciprocal optical 

rotation, which is unlike the rotation induced by natural optical activity of an optically 

active medium such as a sugar solution.4  
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1.1.2. Magneto-optic Kerr Effects 

A few decades later than the discovery of Faraday effect, in 1877 a Scottish physicist John 

Kerr discovered an analogous phenomenon to the Faraday effect; however, this magneto-

optics (MO) effect happens in the reflection mode. He observed that when a plane-

polarized beam was reflected from a polished pole of an electromagnet, the polarization 

axis of reflected beam was rotated and the polarization became elliptically polarized.4, 6 

These phenomena later on became to be known as magneto-optical Kerr effect (MOKE). 

In practice, MOKE-based devices have been developed for many crucial applications such 

as magnetic imaging and data storage.4, 7  

 

 

Figure 1.2. Three geometries for MOKE, showing the orientation of the magnetization 

vector M in respect of the plane of incident light: (a) PMOKE, (b) LMOKE, and 

TMOKE. Modified from Ref. 4. 

Depending on the orientation of the magnetization vector M in respect of the plane of 

incident light, MOKE can be categorized into three different geometries: (i) polar-MOKE 

(PMOKE), where M is perpendicular to the reflective surface; (ii) longitudinal-MOKE 

(LMOKE), where M is parallel to both the plane of incident/reflected beams and the 
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reflection surface; and (iii) transverse-MOKE (TMOKE), where M is perpendicular to the 

plane of incident/reflected beams and parallel to the reflection surface (Figure 1.2).   

1.1.3. Magnetic Circular Dichroism 

 

Figure 1.3. MO effect resulting from the magnetic circular dichroism (MCD). 

Modified from Ref. 4. 

Similar to the Faraday effect, magnetic circular dichroism (MCD) is a MO effect that 

emerges in transmitted mode “Faraday geometry” where the light travels along the field 

direction. However, in contrast with the Faraday effect where 0± modes travel with 

different velocities due to the difference in refractive indices ,±, MCD is brought by the 

difference between the absorptions of medium (∆6 = 6- − 6/) (Figure 1.3).8 The 

difference absorption, or dichroism, is defined as, 

 ∆7 = 7- − 7/, (1.3) 
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where 7- and 7/ are the RCP and LCP absorption, respectively. We note that the measured 

quantity ∆7 of MCD is similar to that of natural circular dichroism (CD), which is the 

dichroism widely observed in chiral molecules or nanostructures.8 However, their origins 

are quite different: while CD is induced by the molecular structure or nano-architecture 

that supports helical handedness, MCD is caused by the interaction between electronic 

charge and external magnetic field and no intrinsic chirality is required for MCD.8 In 

addition, similar to Faraday effect, MCD is also a non-reciprocal MO effect, where the 

nature CD effect does not possess this characteristic.    

1.2. The Optical Principles of MO Effects  

Figure 1.4 shows a general picture of the MO effects, from the microscopic level (with 

initial electron band states, energy band splitting due external magnetic field, and the 

interaction between light and material) to the macroscopic level (with permittivity tensor 

and how they relate to the MO observables). In this Section, we will discuss throughout 

the microscopic origin of MO effects and macroscopic parameters of magnetic materials, 

their relations, and how these parameters can be extracted from the measured MO signals.    
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Figure 1.4. A schematic showing the relation between microscopic parameters, 

macroscopic parameters, and MO observables. Modified from Ref. 9. 
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1.2.1. Microscopic Origin of the MO Effects 

 

Figure 1.5. A schematic showing electronic structure of p and d states in a 

ferromagnetic solid, including exchange splitting of the occupied d states and spin–

orbit splitting of p and d states. The labels | � � ↑> or | � � ↓> are the energy level 

based on the orbital quantum number, magnetic quantum number, and spins. Long 

vertical arrows denote dipole-allowed transitions for RCP light (∆m = +1) and LCP 

light (∆m = −1). The scheme on the right-hand side portrays absorption spectra for the 

transition from | 2 ± 1 ↑> states. Adapted from Ref. 9-10. 

The microscopic origin of the MO effects can be followed back from optical transitions in 

the valence-band energy regime, for example, in d states of a bulk ferromagnet. In Figure 

1.5, we present an explanation for the different absorption spectra for LCP and RCP light, 
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in a simplified case where the ferromagnet is magnetized in the Faraday configuration and 

normal incident light.9-10 The initial states d and final states p are represented by horizontal 

lines, and they are denoted by nomenclature | � � 8 > where l, m, and s are orbital quantum 

number, magnetic quantum number, and spins, respectively. We note that the energy levels 

for spin up (↑) and spin down (↓) in d states are separated by exchange splitting. On the 

other hand, spin-orbit splitting contributes to the smaller energy splitting due to the 

different m. 

The d  p transitions denoted by vertical arrows in “spin up” and “spin down” columns 

in Figure 1.5 follow the dipole selection rules for both RCP and LCP lights (i.e. ∆m = +1 

and ∆m = −1, respectively), while the spin s is conserved. Clearly, we can observe a 

dichroism in the helical light absorption, as different absorbed photon energies represented 

by different lengths of the arrows. In the column on the right-hand side (“absorption 

spectrum” column) of Figure 1.5, the absorption spectrum for the case of the transition 

from | 2 ± 1 > state is illustrated. For RCP light (∆m = +1) only transitions from | 2 1 ↑↓
> are allowed, while for LCP light (∆m = −1) only transitions from | 2 − 1 ↑↓> are 

allowed, which results in different peaks in the absorption spectra shown in the “absorption 

spectrum” column.  

We note that from the electron transitions, the macroscopic parameters such as diagonal 

(0��) and off-diagonal (0�
) components of conductivity tensors can be calculated using 

the Kubo formula,11-12 which allows us to obtains the optical permittivity tensor 
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components such as diagonal (���) and off-diagonal (��
) components using Maxwell 

equations.9 From the macroscopic optical parameters such as ��� and ��
, one can obtain 

all MO observables, as discussed in the next part. Therefore, Kubo’s formular and Maxwell 

equations can be considered as a bridge between the microscopic origin and macroscopic 

parameter of MO effects, as presented in Figure 1.4. 

1.2.2. The Macroscopic Optical Parameters of MO Effect 

In this part, we discuss about the characteristic of MO materials with their associated 

permittivity tensor, which contains magnetic field induced anti-symmetric off-diagonal 

components, and how they give rises to the rotation (in Faraday effect and MOKE) as well 

as circular dichroism (in MCD) after light-material interaction processes. The derivation 

in this section is based on the following references 4-5, 13-16. 

• Wave equation 

We start off with the electromagnetic filed in a medium, which can be described by the 

Maxwell equations, 

 9 × ; + =>=? = 0 (1.4) 

 9 × A − =B=? = C (1.5) 

 9 ∙ > = E (1.6) 

 9 ∙ B = F (1.7) 

along with the constitutive equations 
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 B = �G; + H (1.8) 

 A = �IJ > − K (1.9) 

Assuming that no sources are present (i.e. C = E and F = 0), applying the time-

harmonic ansatz 

 Ψ(M, O) = Ψ(M)P/Q2? (1.10) 

where Ψ = ;, >, B, A, the equations (1.4)−(1.9) become  

 9 × ;(M) − R5>(M) = 0 (1.11) 

 9 × A(M) + R5B(M) = E (1.12) 

 9 ∙ >(M) = E (1.13) 

 9 ∙ B(M) = 0 (1.14) 

along with the constitutive equations 

 B(M) = �G�(5);(M) (1.15) 

 >(M) = SGS(5)A(M) (1.16) 

 At optical frequencies, we assume that S = 1. By applying the operator 9 × to 

equation (1.11), using 9 × (9 × ;) = 9(9 ∙ ;) − ∆; and equation (1.14), we obtained the 

well-known Helmholtz wave equation  

 ∆;(M) + 2T�ET �(5);(M) = 0 (1.17) 

We note that the dielectric tensor �(5) is a tensorial quantity and frequency dependent. 

• Faraday effect 
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We consider a light beam with x-polarization, normally incidents to a magnetic material 

thin film. In this case, the dielectric tensor � of the material is assumed as an optically 

isotropic medium, and when no magnetic field is present it can be written as, 

 � = U��� 0 00 ��� 00 0 ���V. (1.18a) 

Under the presence of a magnetic field, � becomes non-diagonal and adopts the 

following form,7 

 � = U��� 0 00 ��� 00 0 ���V + X 0 −Y��
 −Y��ZY��
 0 −Y�
ZY��Z Y�
Z 0 [. (1.18b) 

For the Faraday effect or PMOKE, the magnetic field are aligned perpendicular to the 

sample plane (\]-plane). In this case, only the x- and y-components of electromagnetic 

field will be coupled, and � is therefore simplified to the following form,7 

 � = U��� 0 00 ��� 00 0 ���V + U 0 −Y��
 0Y��
 0 00 0 0V. (1.18c) 

In order to solve the wave equation (1.17), we use the ansatz for a plane wave 

propagating in z-direction: 

 ;(M) = ^eQ`∙abc (1.19) 

where 6 = 12�  is the wave vector amplitude. 
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Inserting equation (1.18c) and (1.19) into wave equation (1.17) and solving it, we 

achieve the non-zero solutions for the electric vector of light �G,±� (^� ± Y^
), i.e. a RCP 

and a LCP light with complex indices of 

 ,±� = ��� ± ��
 (1.20) 

As mentioned previously, the linear polarized incident light can be decomposed into 

two circularly polarized beams: RCP beam with 0 = +1 and LCP beam with 0 = −1. 

Therefore, at the exit of a linear polarized light traveling through a transparent magnetic 

medium with magnetic-induced permittivity � and travel length L, the output wave can be 

described by  

 ; = (;-edefghi + ;/edefjhi )edeki /l2? (1.21) 

If the imaginary parts of complex refractive indices ,± are different, the output beam 

is elliptically polarized. As a result, the Faraday rotation (FR) and Faraday ellipticity (FE) 

can be written as,15 

 mn = 2�� Re(,- − ,/)* ≈ Re(qrstuvstuw/' ) (1.22) 

 m^ = Oy,ℎ[− 2�� |�(,- − ,/)*] (1.23) 

Since the absorption difference is usually small in transparent materials, we can 

approximate FE as, 

 m^ ≈ − 2�� Im(,- − ,/)* ≈ −Im(qrstuvstuw/' ) (1.24) 

• Kerr effect 
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For the PMOKE configuration, the external magnetic field is parallel to the wave vector as 

in Faraday configuration, and therefore the tensorial optical permittivity � still can be 

described by equation (1.18). From these refractive indices of ,±, we obtained the complex 

Fresnel amplitude of reflection coefficients for 0± reflection modes: 

 �± = − 1±/�1±-� = ��±�el�± (1.25) 

Then, the polar Kerr rotation and polar Kerr ellipticity can be written as  

 �n = − �g/�j� ≈ −|�( 1g/1j1g1j/�) (1.26) 

 �^ = − |�g|/|�j||�g|-|�j| ≈ −n�( 1g/1j1g1j/�) (1.27) 

The solution for other Kerr-effect geometries can be found in references 4, 16. 

• MCD effect 

From equation (1.3), the MCD can be furtherly written as: 

 ∆7 = 7- − 7/ = − log�G ��g�J� + log�G ��j�J�  

 = − log�G e/'ehi ��(1g) + log�G e/'ehi ��(1j)  

 = 2(log�G e) 2r� Im(,- − ,/) (1.28) 

where |G and |± are the initial intensity and transmitted of the light intensity (with 0 = +1 

and 0 = −1 modes) after passing through a transparent magnetic material, respectively. 

  



 

 

 

14 
 

 

1.3. Composite Materials and Effective Medium Theory (MO Effects) 

1.3.1. Composite Materials  

In a broad context, a material which is produced from two or more constituent materials is 

considered as a composite material. Composite consists of at least two components: (i) the 

matrix/host as the continuous phase; and (ii) the reinforcement/inclusion as the 

discontinuous or dispersed phase.17 In nature, composite materials exist abundantly; for 

example, wood is a fibrous composite of cellulose fibers and lignin matrix, bone is a 

composite of soft collagen fibers and apatite matrix,18 etc. Artificially, humans have been 

learning to create composite materials, from a very primitive form such as a composite 

brick of mud and straw (circa 1500 BC, by Egyptians and Mesopotamian),17 to a highly 

complex composite form such as fiber reinforced composites employed in aircraft and 

astronomical applications.18 Whilst an uncountable amount of composite materials has 

been created and utilized for numerous of different applications, they generally have two 

common features with the later one is highly desirable: (i) a combination of characteristics 

found in each constituent materials, and (ii) characteristics that are not presented in any of 

constituent materials in isolation.18-20 Composite materials is not only limitedly employed 

in the macro worlds, the utilization of composite in nanostructures and nanodevices has 

also made a tremendous impact in the advancement of nanosciences such as nanocatalyst,21 

energy storage,22 biomaterial,23 photonics,24 etc. 
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1.3.2. Effective Medium Theory of Composite Materials (MO Effects) 

For composite or mixed materials, the effective medium theory (EMT) is one of the most 

common theoretical approach that describes the macroscopic properties of the system. 

EMT is developed based on the mean-field theory to account for the physical properties of 

all constitutes and their associated composition ratios, and has been used to generate 

adequate approximations for optical, MO, electrical, magnetic, thermal and mechanical 

properties of composite material systems.25 In this thesis, we only concern the optical and 

MO coefficients of composite materials, i.e. the diagonal optical permittivity coefficient 

��� and the off-diagonal coefficient ��
. Some modified EMT models for MO materials 

based on Maxwell-Garnett EMT, Bruggeman EMT, and others will be discussed in the 

next part.  
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• Modified Maxwell-Garnett model (based on the derivation of Hui et al.26) 

 

Figure 1.6. Maxell-Garnett composite model. Modified from Ref. 26. 

Maxwell-Garnett EMT is one of the most widely applied EMT for experimental data.27 

The basic geometry consists of a suspension of identical magnetic spherical particles of 

dielectric tensor �Q in a host of the scalar dielectric function ��, as depicted in Figure 1.6.26 

Assume that the inclusion is optically isotropic ferromagnet medium, in Faraday 

configuration, the dielectric tensor �Q can be written as,  

 �Q = X���Q 0 00 ���Q 00 0 ���Q [ + U 0 −Y��
 0Y��
 0 00 0 0V, (1.29) 

In the case volume fraction limit f of the inclusion is small (� ≪ 1), the effective 

dielectric tensor of the composite is approximate by the following equation,26 

 ���� = ������� 0 00 ������ 00 0 �ZZ���� + U 0 −Y7� 0Y7� 0 00 0 0V (1.30) 

with 



 

 

 

17 
 

 

 ������ = �� + 3��� (stt� /s�)(�s�-stt� )/stu'(�s�-stt� -stu)(�s�-stt� /stu), (1.31) 

 7� = ��s�'stu(�s�-stt� -stu)(�s�-stt� /stu), (1.32) 

 �ZZ��� = �� + 3��� (stt� /s�)(�s�-stt� ). (1.33) 

 

We note that, in the low magnetic field limit, ��
 becomes negligible and equations 

(1.31) and (1.33) become identical, as they reduce to the standard Maxwell-Garnet 

formula.26-27  

• Modified Bruggeman model (based on the derivation of You et al.28)  

The main issue with Maxwell-Garnett EMT is that it only applies when the volume fraction 

of the inclusions is small, typically f < 10%. The Bruggeman EMT, avoids this problem by 

considering a binary system of ellipsoids of two materials that are randomly interspersed, 

as shown in Figure 1.7. The structure is composed of ellipsoids whose dielectric tensor are 

�� (or ��) with probability f (or 1 − f), and they are embedded in an effective medium 

whose dielectric tensor is ����. Again, we assume that constituent M is optically isotropic 

ferromagnet medium and magnetized in Faraday configuration, and constituent N is 

nonmagnetic medium, their dielectric tensors are written by, 

 �� = X���� 0 00 ���� 00 0 ���� [ + U 0 −Y��
 0Y��
 0 00 0 0V, (1.34) 
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 �� = X���� 0 00 ���� 00 0 ���� [, (1.35) 

 ���� = ������� 0 00 ������ 00 0 ������� + U 0 −Y7� 0Y7� 0 00 0 0V, (1.36) 

 

Figure 1.7. Bruggeman composite model. Modified from Ref. 28. 

The induced polarization %�,���������⃗  of medium M, N embedded in effective medium ����, 

under external electric field ^G����⃗  applied along x-direction can be approximated by, 

 %�,���������⃗ = (��,� − ����) ∙ [���� + *⃡ ∙ (��,� − ����)]/� ∙ ���� ∙ ^G����⃗ , (1.37) 

where *⃡ is a depolarization tensor. Assuming the ellipsoid takes a spherical shape, the 

tensor *⃡ reduces to a scalar value of 1/3. On the other hand, from the definition of EMT, 

the total polarization of the medium must be zero, 

 �%������⃗ + (1 − �)%�����⃗ = 0. (1.38) 

Combining (1.37) and (1.38) and using L = 1/3, we obtain:  

 (������)� + (�/��� ���� + ��/�� ���� )������ − �� ���� ���� = 0. (1.39) 
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Solving equation (1.39) to obtain ������, we can calculate the off-diagonal component 

7� as follows: 

 7� = (�/�/�)stt���-stt  /�¡stt���/�-(�/�/�)stt¢ -(�/�/�)stt  ��
 . (1.40) 

• Symmetrized Maxwell-Garnett model (based on the derivation of Granovsky et al.29) 

In order to work with an arbitrary values of ferromagnetic volume fraction, Granovsky et 

al. developed the symmetrized Maxewll-Garnett (SMG) theory,29 which is the modified 

version of both Maxwell-Garnett and Bruggerman EMT and shows the advantages over 

these theories. Again, we consider a composite of magnetic medium M and nonmagnetic 

medium N, and we assume that constituent M (with volume fraction f) is optically isotropic 

ferromagnet medium and magnetized in Faraday configuration, and constituent N is 

nonmagnetic medium, their dielectric tensors are written as in equations (1.34)−(1.36). 

 

Figure 1.8. Random unit A and B in the SMG approximation. Modified from Ref. 29. 
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Two random unit A and B are introduced: unit A – an inclusion of M coated by a shell 

of N; unit B – an inclusion of N coated by a shell of M (Figure 1.8). The probabilities to 

find these unit in the composites are 

 %£ = ¤�/(¤� + ¤�); %¦ = ¤�/(¤� + ¤�), (1.41) 

where ¤� = (1 − ��/�)�;  ¤� = [1 − (1 − ��/�)]�. 

Using Maxwell-Garnett approximation, we can estimate the dielectric function of both 

type A and B, using equations  

 
s§¢¨/stt stt  -(s§¢¨/stt  )/� − � stt¢ /stt stt  -(stt¢ /stt  )/� = 0, (1.42) 

 
©§¢¨[stt  -(s§¢¨/stt  )/�]' − � ©§¢¨[stt  -(stt¢ /stt  )/�]' = 0, (1.43) 

 
sª¢¨/stt stt  -(sª¢¨/stt  )/� − � stt¢ /stt stt  -(stt¢ /stt  )/� = 0, (1.44) 

 
©ª¢¨[stt  -(sª¢¨/stt  )/�]' − � ©ª¢¨[stt  -(stt¢ /stt  )/�]' = 0, (1.45) 

where «¬�­ and «®�­ are off-diagonal component of the effective dielectric function of type 

A and B, respectively. 

Using Bruggeman approximations for unit A and B, we obtain the effective dielectric 

function for the composite by solving these equations, 

 
¯°(s§¢¨/stt���)stt���-(s§¢¨/stt���)/� + ¯±(sª¢¨/stt���)stt���-(sª¢¨/stt���)/� = 0, (1.46) 

 
¯°(£�/©§¢¨)[stt���-(s§¢¨/stt���)/�]' + ¯±(£�/©ª¢¨)[stt���-(sª¢¨/stt���)/�]' = 0, (1.47) 
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1.4. The Magneto-optical Plasmonic Effects  

1.4.1. Surface Plasmon Resonance 

Surface plasmon resonance (SPR) is a physical phenomenon arisen by the light-material 

interaction at the interface of metallic materials (especially in noble metals such as Au, Ag) 

and dielectric materials.30 Under the excitation of an electromagnetic wave, the free 

electrons in metal are driven to oscillate; and at some specific frequencies where the 

resonance conditions are met, the amplitude of the oscillation reaches maximum and 

electric field strength at the interface is significantly enhanced. Plasmonic materials have 

shown a great promise in multiple domains: physics, chemistry, biology, etc.30-33  

 

Figure 1.9. Plasmonic effects in different metallic nano-structure: (a) surface plasmon 

polariton (SPP) and (b) localized surface plasmon resonance (LSPR). Modified from 

Ref. 7. 

SPR can be supported in a wide range of metallic nanoarchitectures such as thin film, 

nanoparticles, nanowires, etc., and the plasmonic resonance condition depends on several 

factor affecting the electron charge density on the metal surface, such as size, shape, 

materials, surrounding medium, composition, etc.3 They are typically classified into two 

categories, depending on the dimensionality of the supporting structure (Figure 1.9): (i) 
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surface plasmon polariton (SPP) or propagating surface plasmon (Figure 1.9a); and (ii) 

localized surface plasmon resonance (LSPR) (Figure 1.9b). 

• Surface plasmon polariton (SPP) 

SPPs are electromagnetic excitation propagating at the planar metal-dielectric interfaces, 

which are stimulated via the coupling between incident electromagnetic wave and the 

conductor electron plasma. Deriving from Maxwell’s equations, the dispersion relationship 

for a typical SPP in a single, flat metal-dielectric interfaces can be written as, 

 ²�¯¯ = 2� ³ s´sµs´-sµ, (1.48) 

where ²�¯¯ is the wave vector of the SPP, and �¶ and �· are the complex optical 

permittivity of the dielectric and metal, respectively. 

Due to the non-zero absorption of metal, SPP can only propagate for a finite distance 

along the interface. On the other hand, evanescent electric field drop exponentially in the 

perpendicular direction to the interface, and it can only penetrate into the metal by a certain 

tiny distance of “skin depth”. SPP is well-known to be very sensitive to any disturbance 

within the skin depth, and has been used in commercialized ultrasensitive chemical and 

biosensor.30, 34 

• Localized surface plasmon resonance (LSPR) 

In contrast to SPP, LSPR happens where the collective oscillation of electron is trapped in 

a confined volume, whose dimension is smaller than the wavelength of the exciting light.35 

For example, considering a small spherical nanoparticle (NP, with a radius of R) excited 
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by an electromagnetic wave (R/λ < 0.1), the coherent oscillation of conduction electrons 

leads to an accumulation of polarization charge on the surface of NP, and the cross-section 

extinction spectrum of the NP can be estimated by the well-known Mie’s solution of 

Maxwell’s equations,35 

 ���? = �¡q'¸¹s¹́/'�v�1(�G) s�(sº-�s´)'-s�', (1.49) 

where �· = �� + Y�Q is the complex dielectric constant of metal, and N is the electron 

density. From the relation above, it is seen that any change in the size and 

metal/surrounding medium can induce an LSPR wavelength shift.   

1.4.2. Magneto-optical Plasmonics 

The plasmonic structure and plasmonic materials have been intensively investigated in the 

last few decades, however, their potential is still far from being fully employed. A 

significant advance for the plasmonic functionality in this sense can be made by 

augmenting the ability of being actively controlled by an external stimulus, such as using 

electrical, magnetic, temperature, mechanical stimulus, etc.3 Among all of these possible 

controls externally for active plasmonic system, magnetic field is one of the most 

prominent candidates: the magnetic tuning based on MO effects is fully reversible, non-

contacting, robust upon cycling, and ultrafast.36-37 As a result, the study of the interaction 

between the plasmonic effect and MO effect has been attracting a considerable attention 

for the last ten years, and it has become a well-defined research area which is commonly 
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referred as magneto-optical plasmonics (MOP), or magnetoplasmonics for short (Figure 

1.10a). 

 

Figure 1.10. (a) Magneto-optical plasmonic (MOP) system. (b) An Au/Co/Au 

multilayer active magneto-plasmonic interferometry: the SPR are launched by the 

groove, propagate to the left, interfere with the directly transmitted light, and results in 

the interference pattern which can be recorded by the microscope objective (left). A 

phase shift of φ in the interference pattern can be seen when applying external magnetic 

field (right). Modified from Ref. 38. (c) Metal‐dielectric Au/Co/SiO2/Au and Au/Co/Au 

MOP nanodisks: by removing/changing the position of dielectric SiO2 layer (left), the 

LSPR peak can be tuned and consequently shifts and amplifies MO signal maxima. 

Modified from Ref. 39. 
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In a MOP system, plasmonic and magnetic properties co-exist and interact with each 

other: the external magnetic fields can be used to control or even enhance the optical 

properties of the system. For example, Temnov et al. demonstrated that an oscillating 

magnetic field can switch the magnetization in the thin Co layer and modify the SPP waves 

propagating on the Au/Co/Au-air interface, which results in a sizable phase shift in the 

interference pattern (Figure 1.10b).38 Conversely, the plasmonic effect can also be used to 

optimize magnetic-optical performance. For instance, Banthi et al. show that the amplitude 

of MO activity and the peak position can be optimized via LSPR, by manipulating the 

structure design (Figure 1.10c).39  

MOP system and has been normally constructed by combining magnetic materials (Co, 

Ni, Fe, garnet, etc.) and noble metals (Ag, Au, etc.) to be in an unique entity.40-41 Transition 

metals such as Co, Ni, or Fe possess large off-diagonal elements of dielectric tensor (��
) 

at room temperature at a relatively low external magnetic field,4 due to their spin-orbit 

coupling and exchange splitting (as presented in Figure 1.5) are very large in comparison 

to those of other metals.42 Therefore, the MO effects as well as MO coefficients in 

ferromagnetic metals are a few orders of magnitude larger than those of noble metals. As 

an example shown in Figure 1.11a and b, Au show a very small in magnitude of ��
 in the 

visible wavelength range even at a very high applied magnetic field of 1 Tesla, which is 

approximately three orders of magnitude smaller than those of Co regardless of 

wavelength. However, the plasmonic properties of ferromagnetic metals are relatively 
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weak since their large optical absorptions significantly damp the plasmonic wave.43-45 In 

fact, the SPP can barely propagate on the ferromagnetic-air interface (Figure 1.11c) and 

the nanospheres made by ferromagnetic metals do not show any obvious resonance peak 

(Figure 1.11d). On the other hand, noble metals such as Au or Ag are well-known for 

strong plasmonic effects in the visible/near-infrared region,46-47 which can be seen through 

relatively long SPP propagation distances and strong/sharp resonance peaks (Figure 1.11c 

and d). 
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Figure 1.11. Real and imaginary parts of the off-diagonal dielectric components (��
) 

of (a) cobalt and (b) gold. (a-b) are taken from Ref. 48. (c) Calculated SPP propagating 

distances (Lsp) for some noble and ferromagnetic metals. (d) Calculated extinction 

cross-section spectra of nanosphere particles made from noble and ferromagnetic 

metals, in water (diameter = 10 nm). (c-d) are taken from Ref. 7. 

In order to intertwine the plasmonic effect of noble metals and MO effect of 

ferromagnetic metals, numerous strategies have been proposed. Among the bottom up-

chemical method, core-shell heterodimeric nanoparticle made by the colloidal chemistry 

synthesis is one of the most noticeable MOP architectures.3, 49-50 Besides, several other 

nanoparticles with different shapes (nano-triangle,51 nano-rod,52 nanosphere,53-56 etc.), 

sizes, and compositions have been synthesized and the evidences of magnetic-plasmonic 

hybridizations in these systems have been demonstrated. On the other hand, the top-down 

fabrication approach has been shown to be more flexible on preparing all types of MOP 

structures such as multilayer/doped thin film,57-58 nano-dot/anti-dot arrays,59-73 photonics 

crystal,74-75 and others.62, 76 In all of these works, multilayer structures has been usually 

used, and the multilayer-based MOP devices have shown enhanced MO activities in 

comparison to identical structures fabricated by pure magnetic material.7 A different 

possible configuration is using composites or alloys, however, these composite based MOP 

system are surprisingly under-investigated. 
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1.5. Organization of the Dissertation 

This dissertation presents a new platform of MOP nanostructures and devices using 

composite materials and their applications for hydrogen sensing. Chapter 1 covers the 

basic concept of MO, SPR, and magnetoplasmonics materials. In Chapter 2, specialized 

experimental technique used for sample fabrication, optical/MO characterization, and 

hydrogen sensing in this dissertation are described. Chapter 3 introduces the fabrication 

of composite Ag-Co nanohole arrays and shows MOP properties of the system where the 

SPP is supported. On the other hand, in Chapter 4, we investigate the MOP of Ag-Co 

composite nano-triangle arrays, where the LSPR mode is supported. In Chapter 5, the 

magneto-chiroptical response of an active Ag-Co chiral nanohole array is studied. Chapter 

6 presents the MO activity of Pd-Co composite nano-patchy structure and its application 

for hydrogen sensing. Lastly, in Chapter 7, we provide some overall conclusions and 

outlook for composite MOP platform. 
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CHAPTER 2 

METHODS 

 

2.1. Sample Fabrications 

2.1.1. The Formation of Self-assembled Monolayers        

 

Figure 2.1. (a) A cartoon of the ethanol assisted air-water interface method and images 

of a wafer scale monolayer fabrication using this method. Cartoon modified from Ref. 

77. (b) An example of the large scale monolayer fabrication, the wafer is Si with a 

diameter of 150 mm. Photo taken from Ref. 77. 

Figure 2.1a depicts the formation procedure of polystyrene (PS) nanosphere monolayer 

using ethanol assisted air-water interface method.78-83 The 0.01 %w/v% solution of the PS 
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nanosphere was washed several times by centrifugating, and diluted with ethanol to a 2:1 

volume ratio. The solution was then dispensed onto a Petri dish (filled with 2-mm depth of 

water) at a rate of 0.009 ml/min. The monolayer was slowly formed on the water surface 

as the process was carried on. After this process finished, the glass and Si substrates were 

carefully placed under the monolayer, and the water level was lowered until dry. The 

achieved monolayer has low defect, large domain, and can be created in a wafer scale 

monolayer, as an example is shown in Figure 2.1b. 

2.1.2. Electron Beam Co-evaporation and Nanosphere Lithography       

      

Figure 2.2. (a) A schematic of electron beam co-evaporation. (b) An example of using 

nanosphere lithography and electron beam co-evaporation for the fabrication of Ag-Co 

composite nano-triangle arrays. 

Electron beam evaporation is one of the most popular physical vapor depositions (PVD) 

for thin film processing and nanostructure fabrication.84 In this process, the target material 
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is heated by a high energy electron beam, vaporized, transported, and condensed on a 

desired substrate. Based on conventional electron beam evaporation method, we develop 

electron beam co-evaporation method which allows us to evaporate two different materials 

simultaneously (Figure 2.2a). In this technique, two different materials to form a 

composite are loaded into two separated crucibles placed in two sides of the high-vacuum 

chamber, and their thicknesses and deposition rates are measured independently by two 

separated quartz crystal microbalances (QCMs). By controlling the evaporating rate of 

each source materials, a composite layer with a desired composition is then formed. We 

note that as two sources cannot be in the exact same location and potential gradient in the 

composition might appear, we therefore rotate the substrate azimuthally with an angular 

velocity of about 30 rpm to remove this effect.77 

In order to realize the composite nanostructure presented in this dissertation, we 

combine the electron beam co-evaporation with shadow nanosphere lithography (SNL) 

technique. In SNL, the self-assembled PS nanosphere monolayers are employed as a 

template for deposition. An example of Ag-Co composite nano-triangle fabrication using 

PS nanosphere monolayer as a template is depicted in Figure 2.2b: Ag and Co are 

deposited simultaneously to a colloid monolayer on a clean glass substrate; the monolayer 

mask is then removed by scotch tape, results in the desired nano-triangle pattern on the 

glass substrate. In the literature, SNL has been used to realize several nanostructures for 

catalyst and plasmonic applications, such as nanorod, nano-spring, nanofan, etc.85-86 
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2.2. Magneto-optical Characterizations 

2.2.1. Faraday Rotation Spectroscopy        

 

   

Figure 2.3. Faraday rotation spectroscopy setup.  

The schematic of the FR spectroscopy experimental setup is illustrated in Figure 2.3.45, 87 

A Xenon lamp is used as a broad band light source, its light beam was collimated and 

passed a monochromator. The sample is placed between poles of an electromagnet that can 

generate magnetic field up to 1.77 T that is parallel to the incident monochromatic 

collimated beam. The FR/FE are measured using photoelastic modulation (PEM) phase 

sensitive technique with retardation of 2.405 radian. The recorded signal by a lock-in 

amplifier with modulation frequency of 2f = 100 kHz ((��) provides the FR angle, while it 

is FE for signal with modulation frequency of f = 50 kHz ((�). A rigorous mathematical 

derivation for this technique can be found in Ref. 5, 87. 

We note that by keeping the order of optics and modifying the experimental setup in 

the transmitted side to collect the reflected light beam, a MOKE spectroscopy experimental 
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setup can be obtained.88 Different MOKE configurations (i.e. PMOKE, LMOKE, and 

TMOKE) can be achieved by varying the relative orientation between the magnetic field 

and the plane of incident light beam. 

 2.2.2. Magnetic Circular Dichroism (MCD) Spectroscopy  

 

Figure 2.4. Magnetic circular dichroism (MCD) spectroscopy setup.  

The schematic of the MCD spectroscopy experimental setup is portrayed in Figure 2.4. 

We utilize the same light source of Xenon lamp and monochromator as in FR spectroscopy 

setup, however, in this case the monochromatic light is first passed through a polarizer with 

the polarization axis forming a 45° with the horizontal axis. The light then passes through 

the PEM with the retardation of 90° to generate the LCP/RCP alternatively with a 

modulation frequency of f = 50 kHz. Transmitted optical signal is then collected by a 

photodetector. The dichroism signal with modulation frequency of f = 50 kHz ((�) is then 

recorded by a lock-in amplifier. A rigorous mathematical derivation for this technique can 

be found in Ref. 8, 89. 
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2.3. Hydrogen Sensing Characterizations 

 

Figure 2.5. Vacuum-mode hydrogen gas sensing experimental setup. The small gas 

cell with two transparent quartz windows is designed by UGA instrument shop. 

Figure 2.5 illustrates the scheme of our home-built vacuum-mode gas sensing 

experimental setup. The different gases (hydrogen, nitrogen, and toxic gases such as CH4, 

CO2, CO, etc.) are regulated and controlled by several valves before being guided into 

chamber 1. By recurring diluting the gas in chamber 1 by chamber 2 and pump, we can 

achieve any arbitrary hydrogen pressure in the pressure range of 10-6 to 1.1 bar, which 

measured by three pressure transducers. The samples are placed inside a custom-made gas 

cell with two transparent quartz windows, which allows to perform any optical/MO 

measurements with gas pressure dependence.   
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Figure 2.6. Flow-mode hydrogen gas sensing experimental setup. 

In addition to vacuum-mode gas sensing setup, we also built a flow-mode characterization 

setup whose scheme is plotted in Figure 2.6. In this setup, hydrogen can be diluted in 

nitrogen gas or synthetic gas air carrier to part-per-million (ppm) concentration. The setup 

also allows to blend the hydrogen mixture gas with interference gases such as CH4, CO2, 

CO, etc., which can be used to test the effect of poisonous gas on the hydrogen sensing 

performance of the sensor.  
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CHAPTER 3 

MAGNETO-PLASMONICS COMPOSITE NANOHOLE ARRAYS 

 

3.1. Introduction 

As introduced in Chapter 1, the MOP system is a multifunctional materials-based system 

that support both plasmonic and magnetic properties.7, 19, 90 This magneto-plasmonic 

system has been usually realized via multilayer structures, where magnetic materials (Co, 

Ni, Fe, garnet, etc.) and noble metals (Ag, Au, etc.) have been often combined.7 Clearly, 

an alternative material system is a composite material. The composite of 

ferromagnetic/plasmonic metal materials (we call composite magneto-plasmonic (CMP) 

material) could simultaneously have both magnetic and plasmonic properties, which could 

open another dimension in design of MOP systems and related devices. 

Up to now, there was only a limited experimental works on the CMP thin films.44, 58, 91-

94 For example, Yang et al. studied the composite film of Co and Au with different Co:Au 

composition ratios and fabrication temperatures, where they noticed that the MO activities 

increased with increasing Co composition.44 A recent study by David et al. showed an 

improvement in magneto-optical surface plasmon resonance (MOSPR) responses and 

signal-to-noise ratio in a MOSPR sensor using a layer of Au-Co alloy instead of a single 

layer of Au or a tri-layer sandwiched Au/Co/Au structure.92 These studies have attempted 
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to use the CMP materials to improve the MO performances in different applications. 

However, they have been focusing solely on thin film structures, and the properties of 

nanostructured CMP materials are generally not considered. Therefore, it would be of great 

interest to explore the MP properties and potential applications of CMP nanostructures. 

In this Chapter, we investigated the MO performance of Ag-Co CMP nanohole array 

(CNA) structures. The composition dependent optical transmission, PMOKE, FR, and FE 

of CNAs in the visible to near infrared wavelength region were studied. Finite-difference 

time domain (FDTD) calculations were performed to confirm the experimental results and 

to give an insight to the relationship between MO properties of CNA structures and their 

compositions.  

3.2. Fabrications and Characterizations 

CNAs were prepared by a combination of the SNL method and the electron beam co-

evaporation as presented in Figure 3.1a.95-96 The polystyrene (PS) nanosphere (diameter 

D = 500 nm) monolayers were firstly assembled onto the pre-cleaned glass substrates by 

an air/water interface method.86, 96-97 An oxygen reactive-ion etching (RIE) was carried out 

to reduced the size of PS nanospheres to about d = 350 nm. The etched PS nanosphere 

monolayer substrates were loaded into a custom-built dual-source electron deposition 

system (Pascal Technology) and the vacuum chamber was pumped down under a base 

pressure of  <10-6 Torr. In order to enhance the adhesion between the glass substrate and 

composite thin films, a thin layer of Ti (thickness tTi = 3 nm, deposition rate 0.05 nm/s) 
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was firstly evaporated. Then Ag and Co were deposited simultaneously to form a layer of 

composite materials. Two crucibles with Ag and Co were placed on two sides of the 

chamber, and the vapor incident angles to substrate normal were 10° and -10°, respectively. 

Two separated quartz crystal microbalances were used to monitor the deposition rates and 

thicknesses of Ag and Co independently. By controlling the deposition rates of Ag and Co, 

Ag-Co composite thin films with varied volumic composition of Co (CCo = 0, 10, 30, 50, 

60, 70, 80, 90, and 100 (%V)) were realized. During the co-deposition, the substrates were 

rotated azimuthally with a constant rotation rate of 30 rpm in order to better mix Ag and 

Co. The total thickness of composite film (tC = tAg + tCo) was kept at 50 nm and the total 

deposition rate from Ag and Co vapor sources was fixed to be 0.6 nm/s. After the 

codeposition, PS nanospheres were removed by scotch tapes and the samples were washed 

subsequently by toluene, isopropyl alcohol, and deionized water, which results in CNA 

structures as showed in Figure 3.1b. The control samples, the Ag-Co composite thin films 

with the same thicknesses and compositions, were also fabricated simultaneously on 

cleaned glass substrates under identical conditions. Before any characterizations, the CNAs 

and thin film samples were kept inside a M. Braun glovebox system filled with N2 (the 

concentrations of O2 and H2O are less than 0.1 ppm) to minize the potential oxidation 

effects. 
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Figure 3.1. (a) The fabrication process of the CNAs and (b) representative AFM 

images of the CNAs with CCo = 0, 10, 30, 70, 90, and 100%V, respectively. (c) The 
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extracted thickness (t) and hole diameter (d) of CNAs with different CCo (%V). The 

measured thickness t = 53 ± 3 nm and hole diameter d = 350 ± 10 nm. (d) Top-view 

and (h) cross-sectional SEM micrograph of CNA with CCo = 50 %V, and their 

composition mappings of (e)-(j) Si, (f)-(k) Ag, and (g)-(l) Co. The extracted volumic 

percentage of Ag, Co, and Ti are 48.7%, 49.2%, and 2.1%, respectively (Si is 

excluded). 

Figure 3.1b shows several representative atomic force microscopy (AFM) images of 

the hexagonal lattice of nanohole arrays perforated on Ag-Co composite thin films with 

different CCo. The measured thickness tC = 53 ± 3 nm and hole diameter d = 350 ± 10 nm 

(measured at the top surface) are consistent with the values designed in experiment (Figure 

3.1c). In addition, due to the codeposition configuration, both Ag and Co should be mixed 

uniformly across the entire substrate. For example, a composition mapping of CNA with 

CCo = 50 %V can be found in Figure 3.1d-l. From both the top view and cross-section view 

mapping, both Ag and Co are distributed uniformly. 

Figure 3.2a compares the CCo experimentally determined by energy-dispersive x-ray 

spectroscopy (EDS) (������) with the CCo calculated based on the deposition rates of Ag and 

Co (������). The solid line in Figure 3.2a presents ������ = ������ . Clearly, in all CMP thin 

films, ������ and ������ are consistently matched with each other, which shows the ability of 

fully controlled CCo by tuning the relative ratio of Ag and Co deposition rates. Given that 

������ is approximately equal to ������, from now on all ������ will be referred to as CCo to 
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avoid confusion. Also, CNA samples with a specific Co composition will now be referred 

to as CNAx, where x = 0, 10, …, 100, respectively, represents the percentage of Co. 

 

Figure 3.2. (a) The plot of ������ (measured by EDS) versus ������ (calculated from 

deposition rates). The ideal case when ������ = ������ is presented as a black solid line. 

(b) XRD profiles of control magnetic thin films with different CCo.  

The x-ray diffraction (XRD) profiles of composite thin films are analyzed and 

presented in Figure 3.2b. Four prominent peaks can be found at the diffraction angles 2α 

= 38, 44, 64, and 78° for the pure Ag thin film (CCo = 0%V), which correspond to cubic 

Ag (111), (200), (220), and (311) planes (JCPDS Ref. No. 01-071-3762), respectively. 

With the introduction of more and more Co, all these peaks become smaller. Only the Ag 

(111) and (220) peaks are visible at CCo < 50 %V, and when CCo ≥ 50 %V, they vanish. On 

the other hand, a very weak peak at 2α = 44°, which corresponds to the diffraction of fcc 

Co (111) plane (JCPDS Ref. No. 01-1259), is visible at CCo = 100 %V. For CMP thin films 

with CCo = 50 to 90 %V, no prominent Co peak is observed, which implies that the 



 

 

 

42 
 

 

crystallinity states of Co in these composite films are amorphous (or beyond detection 

limit).  

3.3. Optical Properties of CNAs 

Figure 3.3a shows the optical transmission spectra (T(λ)) of CNAs with different CCo. 

Several transmission peaks/dips can be identified. The prominent features are two 

transmission dips AR1 at ��� ≈ 440 nm and AR2 at ��� ≈ 660 nm, and one transmission peak 

R3 at ��� ≈ 850 nm, which are marked by the dash curves in Figure 3.3a (and b). For CNA0, 

the transmission at R3 (≈ 80 %) is significantly larger than the hole coverage (≈ 56 %). 

This enhanced transmission at R3 is well-known as the extraordinary optical transmission 

(EOT), which has been reported in plasmonic hole lattices made of Ag or Au.98 At a glance, 

the magnitude of this EOT peak (R3) decreases as CCo increases to 30 %V. When CCo > 

30 %V, T(λ) at R3 remains almost a constant with CCo. The change in transmission dips 

AR1 and AR2 are less significant. However, a close investigation shows that even the 

magnitude and position of these three features are changing with CCo, the overall 

transmission spectra shapes are similar regardless of the composition. 



 

 

 

43 
 

 

 

Figure 3.3. (a) The experimental and (b) FDTD calculated transmission spectra T(λ) 

of CNAs. The prominent features of optical transmission (AR1, AR2, and R3) were 

denoted. The vertical blocks indicate the positions of resonances (solid symbol) and 

anti-resonance (open symbol) at the film-glass interface (green) and film-air interface 

(blue), calculated from equation (3.1) and (3.2). (c) The plots of experimental (solid 

symbol, solid line) and FDTD calculated (open symbol, dash line) ���, ���, and ��� versus 

CCo. (d) The plots of experimental (solid symbol, solid line) and FDTD calculated (open 

symbol, dash line) transmission magnitude at AR1, AR2, and R3 versus CCo.  

These features are resulted from the coupling effects of light at different material 

interfaces and surface plasmonic (SP) wave.7, 99 Thanks to the present of arrays of air hole 

on the film, it compensates the momentum mismatches of a free-space photon and an SP 
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wave at the metal-dielectric interfaces,59 produces the transmission resonance or anti-

resonance at wavelengths �¸ and �£¸. For hexagonal crystalline structure, at the 

transmission peak �¸, the surface plasmon polariton Bloch wave condition is satisfied and 

�¸ can be estimated by the following equation,59, 100 

 �¸ = yG»¼¹½Q'-Q¾-¾'¿À/w'³ sws´sw-s´. (3.1) 

At the transmission dip �£¸, the Wood – Rayleigh anomaly condition is satisfied and 

�£¸ can be approximated as,101 

 �£¸ = yG»¼¹½Q'-Q¾-¾'¿À/w'Á�¶, (3.2) 

where the integers i and j denote the order of the SP resonances, �� and �¶ are the real parts 

of the dielectric constants of the metal and the dielectric, respectively, and yG = D = 500 

nm is the period of the CNAs. From these equations, the positions of �¸ and �£¸ were 

calculated for the case of �¶ = 1 (air) and �¶ of glass, and the results are marked by blocks 

in Figure 3.3a. The vertical blocks indicate the positions of resonances (solid symbol) and 

anti-resonance (AR) (open symbol) at the film-glass interface (green) and film-air interface 

(blue). Clearly, the two transmission dips at ��� ≈ 440 nm (AR1) and ��� ≈ 660 nm (AR2) 

correspond to the AR (or Wood’s anomalies) (1,0) modes of film-air and film-glass 

interfaces, respectively, while the transmission peak at ��� ≈ 850 nm (R3) is the (1,0) 

resonance mode at film-glass interface. In addition, the local transmission peak between 
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AR1 and AR2 could also be assigned as the higher mode resonance (1,1) at film-glass 

interface.  

The FDTD calculated optical transmission spectra of CNAs are shown in Figure 3.3b 

and they agree qualitatively well with the experimental results. Similar three distinct 

features, a transmission peak R3 and two transmission dips AR1, AR2, are also found. The 

EOT peak R3 is seen the largest for CNA0 and it reduces gradually when more Co is added 

to CNAs. The transmission peak R3 is observed at ��� ≈ 800 nm, which is slightly blue-

shifted in compared to the experimental one. In addition, the two transmission dips AR1 

and AR2 are observed at similar wavelengths ��� ≈ 440 nm and ��� ≈ 660 nm in compare to 

the features from experimental spectra. For better comparison between experiment and 

FDTD calculations, the wavelength positions ���, ���, and ��� and transmission magnitude 

(T) of AR1, AR2, and R3 are summarized and plotted in Figure 3.3c and d. Clearly, ��� 

and ��� from Figure 3.3a and b are overlapped and show the consistency between 

experiment and FDTD calculation. In addition, ��� and ��� from both experiment and 

calculation show insignificant changes when CCo increases, which follows well with the 

Wood – Rayleigh anomaly theory since the Wood’s anomalies are purely geometric and 

the corresponding wavelength position does not depend on the optical permittivity of metal 

film as stated in equation (3.2).102 The EOT wavelength ���, though it follows similar trend 

against CCo, shows larger discrepancy between experiment and FDTD calculation. This can 

be explained by the fact that ��� has been demonstrated to be dependent on several 
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parameters other than �· as stated in equation (3.1), such as film thickness,103-104 hole 

diameter,104 hole shape,105 etc., which makes the R3 peak to be more sensitive to the 

imperfection of nanostructure than that of AR1 and AR2. 

The experimental and FDTD calculated transmission at AR1, AR2, and R3 versus CCo 

shown in Figure 3.3d also show similar trends. In particular, at the EOT peak R3, the 

transmission rises slowly when CCo decreases from 100 %V (pure Co) to 50 %V and 

increases rapidly when CCo decreases from 50 %V to 0 %V (pure Ag). This shows that 

when CCo is between 100 %V to 50 %V, there is negligible EOT effect, and the plasmonic 

effect occurs only when CCo ≤ 50 %V. This result agrees with the negligible crystal 

formation of Ag, observed in Figure 3.2b when CCo ≥ 50 %V. On the other hand, at the 

dips AR1 and AR2, transmissions were observed to be reduced when less Co was added 

to the composite film. In CNA100, only a weak transmission peak R3 is induced. This is 

due to the large absorption of Co film, which can be seen in large imaginary part �� of 

optical permittivity of Co (from experiment ellipsometry data, Figure A1 in Appendix A). 

By adding less Co (i.e., CCo decreases), �� decreases, while the real part �� of optical 

permittivity becomes more negative and approaches to that of the pure Ag, which allows 

surface plasmon polariton (SPP) propagates a greater length at metal-dielectric interface in 

compare to pure Co case (CCo = 100 %V)106 and eventually boosts up the transmission at 

R3. Therefore, the plasmonic properties of CNAs are improved significantly at low CCo. In 

addition, stronger plasmonic properties in composite materials also enhances the local 

electric field at the Wood’s anomalies AR1 and AR2, resulting in stronger 
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absorption/deeper dips in transmission spectra. Similar trends can be observed in the FDTD 

results (dash lines), and the composition dependent behaviors of transmission at AR1, 

AR2, and R3 agree very well with the experimental results, which shows the stronger 

plasmonic properties when the composite film contains more Ag. Furthermore, the time-

averaged local intensity maps of different CNAs at CCo = 0, 10, 30, 50, and 100%V at ���, 

���, and ��� calculated by FDTD have been extracted and are presented in Figure 3.4a-b. 

In all samples, strong local electrical field at AR1 and AR2 can be observed around the 

rim of the nanoholes at the film-air and film-glass interfaces, respectively, as show in 

Figure 3.4a (AR1 and AR2 columns). Figure 3.4a (R3 column) illustrates the enhanced 

asymmetric electric field around the walls and rims of the nanoholes in all the samples at 

R3, which shows that the SP waves at both film-air and film-glass interfaces of the CNAs 

are coupled and the light from the incident side is re-radiated from other side, which is the 

origin of EOT.98 Those observations confirm the prediction of the origins of dips AR1, 

AR2, and peaks R3 as shown in equation (3.1) and (3.2). In addition, the ratio of the local 

electric fields E to the incident field E0 (|E/E0|) of CNAs for different CCo at the walls of 

the holes (as indicated by white dotted lines in Figure 3.4a) are summarized in Figure 

3.4c-g. As the CCo in the CNA decreases, the local field ratio at AR1, AR2, and R3 increase 

greatly. This observation confirms our statement about the improved plasmonic properties 

by the present of more Ag in the CMP nanostructures.  
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Figure 3.4. (a) Time-averaged intensity maps of the FDTD calculated local electric 

field at the cross-section plane denoted by the yellow line in (b), with different CCo 

(%V). The light incidents from top to bottom. The red box in figure (b) denotes the 
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rectangular unit cell for FDTD calculations. (c-e) Relative electric field |E/E0| at the 

walls of nanoholes of CNAs with different CCo (%V). The extracted positions are 

indicated by the white lines in the maps of (a). (f) The plots of integrated |E/E0| under 

the curve of figures (c-e) versus CCo. The dash lines in (c-e) indicate the locations of 

glass-film and film-air interfaces. 

3.4. Magneto-optical Properties of CNAs 

 

Figure 3.5. PMOKE of (a) composite thin films and (b) CNAs with different CCo. (c) 

Saturated PMOKE (θs) and (d) saturation field (Bs) of composite thin film (black) and 

CNAs (red) for different CCo. 
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Figure 3.5a-b show the PMOKE hysteresis curves (measured at λ = 632 nm) for the 

composite thin films and CNAs, respectively. For all samples, the hysteresis curves exhibit 

a typical hard-axis behavior with almost no remanence and saturation fields are at very 

strong magnetic fields (for instance, at 1.7 T for thin film with CCo = 100 %V), which 

confirms the out-of-plane hard axis of these samples. However, the saturation field (Bs) 

and saturation PMOKE (θs) versus CCo are significantly different for thin film and CNA 

samples as shown in Figure 3.5c-d. As presented in Figure 3.5c, for thin film sample, the 

sample with CCo = 100 %V produces largest θs, and θs drops almost linearly with CCo to 

null when CCo = 0 %V. Similar trend is observed for CNA samples, but θs in CNAs is 

smaller than that in corresponding thin film samples due to the removal of magnetic 

materials. In principle, θs is proportional to (∝) Ms, the saturation magnetization of the 

samples. In general, Ms ∝ ΘuA, where Θ is the coverage of magnetic layer on surface, A is 

total illuminated surface area of laser beam in MOKE measurement and u is the surface 

density of magnetic moment, i.e., θs ∝ Θ. If we assume that u is the same for thin film and 

CNA samples, then �Ã��£/�Ã�Q�· = ���£ should be a constant. Figure 3.5c also plots the 

experimental ratio �Ã��£/�Ã�Q�· (blue). Interestingly, even though the materials coverage is 

only about ~ 44 % for CNAs, the ratio �Ã��£/�Ã�Q�· are about 70 % for samples with CCo > 

70 %V. This ratio decreases gradually to 25 % for samples with CCo = 10 %V. Clearly the 

�Ã��£/�Ã�Q�· ratio versus CCo is not a constant, which might come from several possible 

reasons. If we consider a simple Ising model for this composite ferromagnetic/noble metal, 
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the introduction of hole arrays could vary the magnetic interaction at high CCo, which can 

change the saturation magnetization of CNAs non-linearly 107 and eventually change �Ã��£. 

Another possibility is that the composition changes can modify the surface penetration of 

probing laser, which can affect both the �Ã��£ and �Ã�Q�·. Further theoretical efforts need to 

be carried out. 

In addition to the saturated PMOKE, the saturation field (Bs) of CNAs and thin films 

are studied in Figure 3.5d. Basically, Bs is magnitude of applied magnetic field where the 

sample is fully magnetized and magnetization is aligned with external magnetic field. We 

first consider the composition dependences of these samples. As mentioned before, for pure 

Co thin film (CCo = 100 %V), only a slightly remanence can be seen at very strong magnetic 

field of 1.7 T, due to its out-of-plane hard axis characteristic. When more Ag is added into 

the composite materials, the Bs decreases significantly to only about 0.5 T for thin film 

with CCo = 30 %V. This observation implies that the introduction of Ag induces the rise to 

the out-of-plane components. On the other hand, the introduction of hole arrays also 

reduces the Bs, as seen in Figure 3.5d, where the Bs of CNAs is consistently about 80 % of 

the Bs of composite thin films with the same CCo. This observation is consistent to other 

work of perforated hole arrays on pure Co thin film,59 and is explained due to the rise of 

out-of-plane component induced by local dipolar fields which introduced by the hole 

edge.59  
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Figure 3.6. (a) The experimental and FDTD calculated FR spectra of CNAs. The 

prominent features of FR (FR1, FR2, and FR3) were indicated. (b) The plots of 

experimental (solid symbol, solid line) and FDTD calculated (open symbol, dash line) 

���, ���, and ��� of FR1, FR2, FR3 versus CCo. (c) The plots of experimental (solid 

symbol, solid line) and FDTD calculated (open symbol, dash line) FR at FR1, FR2, 

FR3 versus CCo. 

As shown above, introducing nanohole arrays and adjusting the composition 

significantly modify the magnetic property as well as MO response of composite thin films. 

In order to have better understanding about this influence, the composition dependence FR 

of CNAs has been studied. Figure 3.6a presents the experimental and FDTD calculated 

FR spectra of CNAs. In both results, three prominent features can be observed as indicated 
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in Figure 3.6a: a peak FR1 at ���¸ ≈ 440 nm, a kink FR2 at ���¸ ≈ 660 nm, and a peak FR3 

at ���¸ ≈ 850 nm. All three features show strong composition dependence. As CCo 

decreasing, the overall magneto-optical effects of CNAs reduce as seen in the drop of FR 

magnitude, and the shape of spectra changes significantly. Close to the EOT wavelength 

���, FR3 is a broad and most distinct FR peak. To better understanding the CCo dependent 

FR behavior, experimental and FDTD calculated positions and magnitudes of FR1, FR2, 

and FR3 are summarized in Figure 3.6b-c. The positions of FR1 and FR2 are relatively 

unchanged regardless to the composition of CNAs. In term of FR magnitude, the 

composition dependence generally shows an increase of FR when CCo increases in any FR 

peak (Figure 3.6c). When CCo decreases, the location of FR3 peak almost remains 

unchanged but its magnitude decreases significantly. Similar trends can be seen in the 

FR1’s peak positions and magnitude. However, FR2 shows somewhat different behaviors: 

at high CCo (≥ 50 %V), the peak FR2 is buried in the background and can be consider as a 

kink in the FR spectra. When CCo < 50 %V, FR2 starts to become a noticeable peak in FR 

spectra, especially at CNA10. The experimental and FDTD calculated positions of FR 

features are also in general consistent to each other. However, there still exists some 

deviations, for example, the positions of FR3 and the magnitudes of the experimental and 

FDTD calculated FR.  These deviations might come from the fact that the imperfections of 

experiment structures (such as hole diameter, thickness, roughness of surface, etc.) have 

not been considered in the FDTD calculation. 
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Those behaviors of FR features as shown are closely related to the plasmonic behaviors 

of the CNA samples. Positions of the two features, FR1 and FR2, occur at exact locations 

of two transmission dips AR1 (��� ≈ 440 nm) and AR2 (��� ≈ 660 nm), which corresponds 

to the AR (1,0) mode at the film-air and film-glass interfaces, respectively.  Thus it is 

expected that the origin of these weakly enhanced FR features is from the enhanced electric 

fields induced by Wood’s anomalies at the rims of the nanoholes as well as the long 

interaction time between light and magnetic layer, which has been demonstrated in an 

identical structure of Ni and Co nanohole arrays.45, 70 In addition, FR1 and FR2 positions 

are observed to be independent to the CCo (Figure 3.6b), since AR1 and AR2 positions 

does not depend on the composition of CNAs (as presented in the last section). On the other 

hand, the magnitude of FR3 in CNA100 is the largest, and its position is coincidently in the 

vicinity of R3, the EOT peak of CNA0. Indeed, peak FR3 is a local FR peak brought by 

large transmission at the enhanced transmission peak R3. Since FR and optical 

transmittance are indirectly proportionally related,74 the strong transmission peak R3 at ���, 

which is due to SPP resonance (1,0) at Co-glass interface, suppresses the FR magnitude at 

��� and creates a local maximum FR3 at slightly blue-shifted wavelength ���¸. The origin 

of peak FR3 has been described in more details in our previous work.45  
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Figure 3.7. (a) Optical transmission spectra and (b) FR spectra of Ag-Co and Ti-Co 

CNAs with CCo = 30 and 80 %V. 

To isolate the plasmonic effect of Ag on MO properties, FR spectra and T(λ) spectra of 

control samples of Ti-Co CNA samples with CCo = 80 %V and 30 %V were further 

investigated. Ti is well known as a poor plasmonic material, and Ti-Co composite control 

sample can be useful to identify the plasmonic effects from Ag component in Ag-Co 

samples. The fabrication conditions and measurement conditions of Ti-Co CNA samples 

were kept identical to the ones of Ag-Co composite samples. The experimental results are 

summarized in Figure 3.7. 

As can be seen in Figure 3.7a, the shapes of optical transmission spectra of Ti-Co 

CNAs are similar to that of Ag-Co CNAs, with three prominent features AR1, AR2, and 

R3 can be found. However, the transmissions at these peaks/dips are significantly different. 

In Ag-Co CNA samples, the more Ag is added, the stronger the plasmonic properties of 

samples are as noticed by stronger transmission at extraordinary optical transmission 
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(EOT) R3 peak. On the other hand, for the Ti-Co CNA samples, the optical transmission 

at R3 remains unchanged while more Ti are added. Also, the peak R3 at 30 %V is blue 

shifted with respect to the 80 %V. The dips AR1 and AR2 are very shallow for the 30 %V 

array indicating that the plasmonics of Ti-Co composite film is poor. This observation 

implies that by adding more Ag into the composite nanoholes, stronger plasmonic effect 

will occur. 

The plasmonic effect of Ag component to the magneto-optical properties can be 

furtherly examined by comparing the FR spectra of Ag-Co and Ti-Co CNAs (Figure 3.7b). 

For CCo = 80 %V where Co is main component, the FR spectra of Ti-Co CNAs is similar 

to the one of Ag-Co CNAs, with three features can be seen: FR1, FR2, and FR3. The FR 

magnitude at FR3 is equal for both samples, as the results of the same amount of magnetic 

materials in both films. One can only spot the major difference in FR spectra at the kink 

FR2. Nevertheless, for CCo = 30 %V, the plasmonic properties of Ag component in Ag-Co 

CNAs show a very strong influence on the magneto-optics properties. While the FR of Ti-

Co sample is significantly small, Ag-Co sample shows a clear FR spectrum with distinct 

feature FR1, FR2, and FR3. Clearly, this enhancement is closely related to the plasmonic 

properties which is brought by the Ag component. 
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Figure 3.8. (a-c) Normalized FR of CNAs and composite thin film at ���, ���, and 

��� versus CCo. (d) The plot of the slopes of normalized FR or PMOKE versus CCo. The 

dashed curves show linear fitting at different wavelengths.  

The influences of CCo and introduction of nanohole arrays to MO responses are studied 

further by looking at wavelength dependent FR of thin film and CNA samples, and 

compare the responses at resonant and non-resonant wavelengths. Figure 3.8 presents FR 

spectra of composite thin films as a function of CCo. In contrast to CNAs, FRs in all thin 

film samples increase monotonically with CCo in the wavelength range λ = 400 – 900 nm, 

and no prominent feature can be found. The composition dependent FR of thin film and 
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CNAs (normalized for FR of samples with CCo = 100 %V) at ���, ���, and ��� are illustrated 

in Figure 3.8a-c, respectively. At a glance, these composition dependent curves of CNAs 

at non-resonant wavelength are similar to thin film’s curves. Though, significant 

differences can be observed at CNA’s curves at resonant wavelengths, i.e. at FR1 and FR2. 

In Figure 3.8a-c, for thin film samples (black curve), a linear relation can be observed 

regardless of wavelength. However, for CNAs (red curve), there are significant differences 

between the rise rate of FR when CCo increases from 0 %V to 30 %V and 50 %V to 100 

%V at FR1 and FR2 as seen in Figure 3.8a and b, respectively. In particular, FR increases 

rapidly when Ag is still a major composition in the film (CCo = 0 to 30 %V), then increases 

much slower when CCo = 50 to 100 %V. On the other hand, at FR3 of CNAs, we only 

observe a conventional linearly increase of FR against CCo (Figure 3.8c). For a better 

comparison, the normalized FR of CNAs and composite thin film versus CCo at ���, ���, ���, 

and at a non-resonant wavelength �¡� = 750 nm (denotes by FR4) are fitted with a linear 

function, respectively. The slopes of these fittings are summarized in Figure 3.8d. Except 

FR1 and FR2 of CNAs, all other fittings give the slopes ~ 1, as expected. However, FRs 

at the Wood’s anomalies, FR1 and FR2, shows much higher slopes (2.21 and 2.86) when 

CCo < 50 %V and smaller slopes (0.77 and 0.62 < 1) when CCo ≥ 50 %V. This observation 

can be explained by the enhancement of local electric field due to the plasmonic effect, 

which comes from high ratio of Ag component in CNAs. Figure 3.4 shows the magnitude 

of FDTD calculated local electric field at AR1 and AR2. When CCo < 50 %V, the 

plasmonic effect of CNAs is still significantly strong. The FR enhancement due to local 
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electric field, adds to the increase of FR due to amount of magnetic material when CCo 

increases, gives a faster rise for FR at Wood’s anomalies than that at other non-resonant 

wavelengths. The difference for FR1 and FR2 are due to localized plasmonic effect, while 

propagation plasmon has less effect. This fast rise was not observed at FR3, because the 

fact that this feature is not raised directly from enhanced electrical field as that of the 

transmission R3, as discussed previously. Nevertheless, when CCo ≥ 50 %V, the plasmonic 

effect does not change as much as seen in Figure 3.4f, therefore the increases of FR in this 

range come mostly from the increase of magnetic material component in the CMP.  

 

Figure 3.9. (a) XRD profile, (b) optical transmission spectra, (c) FR spectra, and (d) 

FE spectra of CNA60 sample before and after annealing. 
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Note that Ag and Co are insoluble in each other in the solid and liquid phases and they 

cannot rigorously form a binary alloy.44 Therefore, in this work, we focus on a mixture 

rather than an alloy between Ag and Co. Nevertheless, the optical and MO properties of 

CNA samples can be modified and their MOP effect can be further enhanced by varying a 

sample’s crystallinity, e.g., annealing the sample under high temperature. To demonstrate 

this point, a representative CNA60 sample was annealed in N2 atmosphere at 500 °C in 2 h. 

The XRD profile, optical transmission, FR, and FE spectra of the sample before and after 

the annealing process are summarized in Figure 3.9. From Figure 3.9a, while no peak can 

be found in XRD profile of as-deposited film, several peaks corresponding to crystalline 

planes of both Ag and Co can be found in the annealed sample, which are caused by the 

segregation of Ag and Co nanocrystals.44  The mean crystal sizes of Ag and Co in an 

annealed CNA60 sample extracted from Scherrer’s equation are approximately 28 nm and 

26 nm, respectively. Due to the changes of the crystallinity and redistribution of Ag and 

Co in the composite film, the optical and MO properties of CNA are also modified. Figure 

3.9b shows the transmission spectra of the annealed sample. Both the (1,0) and (1,1) EOT 

resonant peaks at the film-glass interface are blue-shifted. This change might come from 

the relocation of Ag to the film-glass interface. More significantly, the change in plasmonic 

properties also directly influences FR and FE spectra. As shown in Figure 3.9b and c, a 

stronger FR spectrum at FR3 peak and a stronger and sharper FE2 peak are observed in 

the annealed sample. This observation suggests that the crystallinity as well as the 

redistribution of components also plays an important role in modifying the optical and MO 
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properties of the composite CNA structures. Further systematic experimental efforts need 

to be carried out for a complete conclusion. 

3.5. Composite Versus Multilayer  

In order to isolate the advantages and disadvantages of the composite-based MOP 

structures over these of the conventional multilayer ones, in this part, MOP performances 

of the Ag-Co CNAs and Ag/Co multilayer nanohole arrays are directly compared. In 

particular, we compare the FR spectra of three nanohole array samples made from Ag-Co 

composite (60 %V of Co, with 30 nm of Co and 20 nm of Ag), Ag-Co multilayer (30 nm 

of Co and 20 nm of Ag), and pure Co (50 nm). We note that all these samples have a similar 

total thickness of 50 nm for a fair comparison. 

 

Figure 3.10. FR spectra of a CNA60, a double-layer Ag-Co nanohole array, and a single 

layer Co nanohole array. All these samples have a similar total thickness of 50 nm. 
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The FR spectra of these three samples all have three distinct features: FR1 (from (1,0) 

AR mode at metal-air interface), FR2 (from (1,0) AR mode at metal-glass interface), and 

FR3 as indicated in Figure 3.10. Noticeably, the spectral shape of CNA60 and Co nanohole 

array (red and blue curves, respectively) share various resemblances: due to the strong 

absorbance of Co and Ag-Co composite in comparison to Ag (see Appendix A), the local 

electric field at resonance and AR modes are relatively weak, and therefore the FR1 

appears as a blunt peak with a large spectral width, peak FR2 can only be observed as a 

kink and is buried in the background of FR spectra, while FR3 appears to be the strongest 

peak in the observing wavelength range.  

On the other hand, by combining the bottom layer of 20-nm Ag with a top-layer of 30-

nm Co to obtain the Ag-Co double-layer hole arrays, the FR2 peak was enhanced strongly 

with a narrow resonant due to stronger local electric field at the Ag-glass interface. In 

addition, an EOT peak appears, suppresses FR3 and pushes it to a shorter wavelength 

location (a detail explanation for this blue-shift of FR3 can be found in Ref. 45, 83). 

Nevertheless, the peak FR1 is relatively unchanged in both magnitude and line width in 

comparison to these of Co and composite nanohole arrays, due to this peak is supported by 

AR mode at Co-air interface (which also does not well-support SPR). We note that Ag-Co 

double-layer and Ag-Co-Ag triple-layer nanohole arrays have been comprehensively 

studied, more detail can be found in Ref. 83.  

Two major differences between MO properties of the composite and multilayer 

samples that we can observe: (i) the maximum of FR magnitude of composite sample is 
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much larger than that of multilayer one, and is comparable to that of pure Co sample even 

though CNA contains much less magnetic material; and (ii) the plasmonic properties is 

much stronger in the multilayer sample than in the composite sample, especially at the Ag-

dielectric interface, as the resonance FR peak FR2 of the multilayer sample appears to be 

much narrower and stronger.  

From these observations, two rules for device design can be taken home: (i) for the 

application that requires large FR and high optical transmission (such as optical rotator, 

etc.), composite is a promising material of choice; and (ii) for the application that requires 

sharp and strong resonance (optical sensor, band-pass filter, etc.), multilayer configuration 

is more suitable. 

3.6. Conclusions 

CNAs with different Ag and Co compositions were realized by SNL and electron beam co-

deposition. Optical properties of CNAs with different CCo have been studied throughout, 

which shows strong plasmonic properties in samples with high content of Ag. By altering 

the relative ratio of Ag and Co in the samples, the magnetic and optical properties could be 

varied, which could be used to improve the MO performances of CNAs. Our experimental 

and FDTD calculated results have demonstrated that when CCo = 30 %V, a CNA can yield 

better MO performance than a Ti-Co composite nanohole arrays sample, thanks to the 

compromise between the strong MO properties from Co component and strong plasmonic 

properties and large transmission provided by Ag component, or vice versa. Therefore, in 
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addition to the geometrical parameters (size, shape, etc.) and arrangement of the structure, 

the composition of MOP composite can be adjusted to obtain optimized MO properties. 

This tunability is promising for the designs and applications of future MOP materials and 

structures. This also provides new ideas on replacing the multilayers of noble 

metal/ferromagnetic by composite materials in many current MO devices, such as 

chiroptical devices, MOSPR sensors, etc., to achieve a better device performance. 

3.7. Experimental Sections 

Materials: Deionized water (18 MΩ.cm) was used for all experiments. PS nanospheres 

(Polysciences Inc., D = 500 nm) and ethanol (Sigma-Aldrich, 98%) were used to create the 

nanosphere monolayers. Silver (99.999%), cobalt (99.95%) and titanium (99.995%) from 

Kurt. J Lesker Company were utilized for e-beam codeposition. 

Morphology and composition characterization: The morphologies of CNAs were 

characterized by an AFM (Park NX10), and all the AFM images were analyzed by XEI - 

Image Processing and Analysis Software. The compositions of thin film samples were 

characterized by an EDS of a field emission scanning electron microscopy (SEM, FEI 

Inspect F). Here we assume that the corresponding CNA samples and thin film samples 

have the same composition since they were prepared simultaneously. The crystallinities of 

the composite materials were investigated by XRD with a PANalytical X’Pert PRO MRD 

X-ray diffractometer at a fixed incident angle of 0.5°. 
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Optical and magneto-optical characterization: The spectral ellipsometry of composite thin 

films over the visible to near infrared wavelength range were studied by a spectroscopic 

ellipsometer (M-2000, J.A Woollam Co., Inc.), with four incident angles of 65°, 70°, 75°, 

and 80°, respectively. The PMOKE hysteresis curves of samples were collected by a home-

built mirror-based PMOKE spectroscopy (λ = 632 nm). Details of experimental setup and 

data analysis can be found in Ref. 108.  

FDTD calculations: To better understand the optical and MO properties of the samples, 

FDTD calculations were carried out using a commercial software (Lumerical FDTD 

Solutions).109 The extracted film thickness (tC), hole diameter (d), and period from AFM 

images were used to build the FDTD model. The FDTD simulation domain was set to cover 

a rectangular unit cell (red box, inset of Figure 3.1a). Periodic boundary conditions were 

used to present the two-dimensional periodicity of CNAs, and perfect matched layer (PML) 

boundary conditions were applied on the top and bottom sides of the rectangular cuboid 

simulation region. The FDTD mesh size was set as 2 nm × 2 nm × 2 nm to compromise 

between the calculation time and the convergence of the calculations. A frequency-domain 

field and power monitor was placed to collect the transmitted light, the E and H 

components of the electromagnetic field. The FR was calculated according to Ref. 109-110. 

The refractive index of air was fixed to be 1, and the dispersive refractive index of glass 

was taken from Ref. 111. The complex optical permittivities � = �� + Y�� of Ag, Co, and 

composite material were experimentally determined from the spectral ellipsometry data of 
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corresponding thin films (Figure A1 in Appendix A). The MO constants used for FDTD 

calculations were extracted from the experimental Co thin films and composite thin films 

data, measured by the FR spectroscopy (Figure A2 in Appendix A).4  
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CHAPTER 4 

MAGNETO-PLASMONICS COMPOSITE NANO-TRIANGLE ARRAYS 

 

In contrast to Chapter 3 where the MOP properties of a SPP-supported nano-system 

(nanohole arrays) are investigated, in Chapter 4 we explore MOP properties of a LSPR-

supported nano-system, i.e., composite nano-triangle arrays. 

4.1. Introduction 

Since the MO effect comes from the spin orbit coupling in ferromagnetic metals and can 

be tuned by the excitation of localized surface plasmon resonance (LSPR),112-113 several 

studies have exploited the LSPR induced by nanoparticles (NP) whose constituent 

components made by noble metals to enhance MO effects such as in multilayer core-shell 

nanospheres,50, 53-56 multilayer NPs,48, 114-117 NP clusters,118-119 split-ring structures,120-121 

etc. In these works, multilayer structures were mostly used. Clearly, an alternative material 

system is a composite material. The composite of ferromagnetic/plasmonic metal materials 

could simultaneously have both magnetic and plasmonic properties, which could allow 

another dimension in the design of MOP systems. So far, there has been a limited amount 

of work in composite MOP thin films44, 58, 91-94 and nanostructures.112 For instance, Yan et 

al. studied Ag/Co composite dimer nanodot arrays, where they demonstrated the 
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relationship between MO activity and LSPR excitation. This study attempted to use the 

composite MOP materials, however, the enhancement of MO activity in comparison to 

pure ferromagnetic structure was not clearly observed.112 Other studies44, 58, 91-94 have focus 

mainly on thin film properties. Thus, it would be promising to consider the optical and MO 

properties as well as potential applications of nanostructures realized with composite MOP 

materials. Recently, we have demonstrated enhanced MOP performance in Ag-Co 

composite nano-hole array at an extraordinary optical transmission peak, which was 

induced by the surface plasmon polariton (SPP).80 Another enhancement can be found at 

the Wood’s anomalies due to the enhanced local E-fields. However, this E-field 

enhancement might not be as large as localized field enhancement. Yet, most multilayered 

MOP nanostructures are based on LSPR. Thus, it is also intriguing to investigate the LSPR 

properties of composite nanostructures and their role in MOP materials/structure designs. 

In this Chapter, we have investigated the MOP performance of Ag-Co composite nano-

triangle array (CNTA) structures. The composition dependent optical transmission, FR, 

and magnetization hysteresis curves of CNTAs in the visible to near infrared wavelength 

region have been studied. Finite-difference time domain (FDTD) calculations have been 

performed to confirm the experimental results and to give an insight to the relationship 

between MO properties of CNTA structures and their compositions. Both plasmonic and 

magneto-optics properties have been characterized for different CNTA structures, and their 

relationships have been investigated.  
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4.2. Fabrications and Characterizations  

 

Figure 4.1. (a) The fabrication process of the CNTAs and (b) representative AFM 

images of the CNTAs with CCo = 0, 10, 30, 50, 90, and 100 %V, respectively. The 

extracted thickness (t) of CNTAs with different CCo (%V). The measured total 

thickness t = 24 ± 5 nm. 

 CNTAs were fabricated based on shadowing nanosphere lithography (SNL) combined 

with electron beam co-deposition as illustrated in Figure 4.1a.95-96 First, a hexagonally 

close-packed polystyrene (PS) nanosphere (diameter = 500 nm) monolayer was prepared 

on glass and Si substrates by an air-water interface method.86, 96 The monolayer-coated 
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substrates were loaded into a custom-built dual-source electron deposition system (Pascal 

Technology) and mounted on a motor-controlled rotated holder. The metal depositions 

were performed when the base pressure of the chamber reached 10-6 Torr. A thin layer of 

Ti (tTi = 3 nm, deposition rate = 0.05 nm/s) was first coated in order to increase the adhesion 

between composite thin films and the substrates. A composite layer was then formed by 

depositing Ag and Co simultanously. The vapors of Ag and Co had incident angles of 10o 

and -10°, respectively, which came from two separate crucibles placed in two sides of the 

chamber. The thicknesses and deposition rates of Ag and Co were measured independently 

by two separated quartz crystal microbalances (QCMs). The total QCM thickness (tQCM = 

tAg + tCo) was kept at 50 nm. The total deposition rate was set to be 0.6 nm/s, and the 

substrate holder was rotated azimulthally at a constant rate of 30 rpm to thoroughly mix 

Ag and Co. The volumic ratio of Co (CCo) in the Ag-Co composite thin film was controlled 

by adjusting the deposition rate of Ag and Co, and a series of samples with different CCo 

was fabricated (CCo = 0, 10, 30, 50, 60, 70, 80, 90, and 100 (%V)). Afterward, the PS 

nanospheres were removed, and the substrates were subsequently washed with toluene, 

isopropyl alcohol, and deionized water to remove residual PS. The control samples, Ag-

Co composite thin films, were also fabricated simultaneously under identical conditions. 

Before any characterizations, the CNTAs samples were stored inside a M. Braun glovebox 

system filled with N2 (the concentrations of O2 and H2O are less than 0.1 ppm) to minimize 

potential oxidation effects. 
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Figure 4.1b presents some representative atomic force microscopic (AFM) images of 

the CNTA structures with diffrerent CCo and an average measured height h = 24 ± 5 nm 

(see Figure 4.1c). The compositions of CNTAs were characterized by an energy-dispersive 

X-ray spectroscopy (EDS), which shows consistency between experimentally determined 

CCo (������) and the CCo calculated based on the deposition rates of Ag and Co (������) (see 

Figure 3.2). Thus, from now all ������ will be referred as CCo and CNTA samples with a 

specific Co composition will now be referred as CNTAx, where x = 0, 10, …, 100, 

respectively, represents the percentage of Co. 

4.3. Optical Properties of CNTAs 

Due to the low reflectivity of the CNTA samples, the optical transmission spectra T(λ) of 

the CNTA samples could be converted to extinction e(λ) by the following equation: e(λ) = 

− lnT(λ). Figure 4.2a shows the extinction spectra of CNTAs with different CCo. Overall, 

a strong LSPR extinction peak can be observed regardless of the film composition as 

indicated by dash curves in Figure 4.2a. For CNTA0, the extinction at the LSPR peak is 

the strongest and has a narrow width. This peak is generally blue-shifted, broadened, and 

the extinction at the peak drops significantly when CCo increases. This LSPR peak 

originally comes from the dipole resonance of free electrons, while the broad shoulder from 

400 to 1000 nm can be explained by a weak in-plane and out-of-plane quadrupole 

resonances.95-96, 122-123 No significant coupling effects can be observed from the extinction 
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spectra. These extinction features are typically seen for nano-triangle arrays fabricated via 

the SNL method.64, 124-125  

 

Figure 4.2. (a) Experimental and FDTD calculated extinction spectra of CNTAs. The 

prominent feature of extinction peak from LSPR were indicated. (b) The plots of 

experimental (black) and FDTD calculated (red) of LSPR extinction peak position λ0 

versus CCo. (c) The plots of experimental (black) and FDTD calculated (red) extinction 

at LSPR peak versus CCo. 

FDTD calculations were performed to gain better understanding of optical properties 

of CNTAs (details see Experimental Sections). The calculated FDTD extinction spectra 
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of CNTAs are presented in Figure 4.2a (bottom), and they agree with the experimental 

results qualitatively (Figure 4.2a, top). Similar LSPR extinction peaks were also found. 

The extinction is also strongest in the CNTA0 sample, and it decreases and blue-shifts as 

CCo increases. For better comparison, the experimental and calculated positions of LSPR 

extinction peaks versus CCo are summarized in Figure 4.2b. Significant red-shift of LSPR 

peak as more Ag was added into the composite film was observed in both experimental 

and calculated results with varying changing rates. Note that in the FDTD calculations, 

geometrical parameters of CNTAs (shape, size, and position, etc.) are fixed, and only the 

optical permittivities of composite materials were changed (see Figure A1 in Appendix 

A). Thus, it is reasonable to state that the blue-shift in LSPR peaks as CCo increases is 

mainly due to composition changes. In fact, when CCo increases, the imaginary part �� of 

the permittivity gradually increases, while the real part �� becomes less negative and 

approaches to that of the pure Co. This change in optical permittivity of nanoparticle can 

damp the multipole absorption and blue-shift the resonance peaks.126 The mismatches as 

seen between experimental and calculated FDTD results might come from imperfections 

in the experimental structures (such as thickness, sharpness of the edge and corner of nano-

triangle, roughness of surface, etc.), which have not been considered in the FDTD 

calculations.124 

Figure 4.2c shows similar trends of the LSPR extinction peak versus CCo obtained in 

experiment and FDTD calculation. In particular, the extinction peak rises slowly when CCo 

decreases from 100 %V to 30 %V and increases rapidly when CCo varies from 30 %V to 0 
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%V. This observation implies that when Co is still a significant component in the 

composite nanostructure (CCo > 30 %V), the plasmonic effects are weak. When CCo ≤ 30 

%V (Ag is the dominant component), these effects become significant. This observation is 

consistent with our previous observation for composite nano-hole arrays.80 The weak 

plasmonic effect of the composite film with CCo > 30 %V is due to the strong absorption 

coefficient contributed by the Co component, which can be seen in the large imaginary part 

�� of optical permittivity (see Figure A1 in Appendix A).80 Strong absorption damps the 

oscillation of electrons which eventually suppresses the LSPR effect and broadens the 

resonance peaks.127-128 When more Ag is added and Ag becomes the dominant component 

(i.e. CCo ≤ 30 %V), the imaginary part �� becomes smaller and closer to zero, while the 

real part �� becomes more negative and approaches to that property of pure Ag. The 

changes in permittivity promote the interaction times between light and the materials, 

which results in stronger extinction and scattering at LSPR wavelengths.129 Hence, the 

plasmonic properties of CNTAs are improved significantly at low CCo. In addition, FDTD 

calculated time-averaged local E-field maps of CNTA0, CNTA10, CNTA30, CNTA50, and 

CNTA100 samples at LSPR peak are extracted and exhibited in Figure 4.3a. At a glance, 

in all samples, strong local electric fields can be seen around the corners of the triangle 

nanostructures, and they are not coupled to each other as we mentioned previously. 

Magnitudes of enhanced local electric field also become stronger and cover larger areas 

when more Ag is added (i.e. when CCo decreases). To be more quantitative, the ratios of 
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the local electric fields E to the incident field E0 (|E/E0|) of CNTAs at a selected point near 

the triangle corner (indicated in Figure 4.3b) versus CCo are extracted and plotted in Figure 

4.3c. As the CCo decreases, the local field ratio at LSPR peak increases greatly, especially 

when CCo is from 50 %V to 0 %V. These observations confirm our statement of improved 

plasmonic properties due to the presence of more Ag in CNTAs.  

 

Figure 4.3. (a) Time-averaged local E-field maps calculated by FDTD at the cross-

section plane (denoted by the red line in (b)) with different CCo (%V).  (b) Geometrical 

setup for FDTD calculation. The light incidents from top to bottom. The orange box in 

top plot denotes the rectangular unit cell for FDTD calculations. (c) Relative electric 
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field |E/E0| at a selected point of CNTAs with different CCo (%V). The extracted 

positions are indicated by the white “x” mark in plot (b). 

4.4. Magneto-optical Properties of CNTAs 

 

Figure 4.4. FR hysteresis curve of (a) composite thin films and (b) CNTAs with 

different CCo (%V) (at λ = 632 nm). The plots of (c) saturated FR (θs) and (d) saturation 

field (Bs) of composite thin film (black) and CNTAs (red) for different CCo. 

The introduction of nano-structures on magnetic thin films have been demonstrated to 

significantly modify their magnetization dynamics.59 Therefore, FR hysteresis curves 
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(measured at λ = 632 nm) of composite thin films and corresponding CNTAs were 

measured and are shown in Figure 4.4a and b.  In general, typical hard-axis hysteresis 

curves with almost no remanence can be seen in all the samples, and the saturation field 

(Bs) appears at a very large value (for instance, at 1.7 T for the thin film with CCo = 100 

%V). This observation is the evidence of the out-of-plane hard axis of both CNTAs and 

composite thin films. However, the plots of the saturation field (Bs) and saturation FR (θs) 

versus CCo are quite distinct between thin film and CNTA sample as shown in Figure 4.4c. 

Both CNTAs and thin film samples with CCo = 100 %V produce the largest θs, and θs drops 

almost linearly with CCo to approximately zero for samples with CCo = 0 %V. However, θs 

in CNTAs is about one order of magnitude smaller than that of corresponding thin film 

samples. This is reasonable because of the removals of magnetic materials in CNTAs. In 

principle, θs should be proportional to Θ, the coverage of magnetic layer on surface, since 

both are proportional to the saturation magnetization Ms of the samples. If we assume that 

the surface density of magnetic moments is the same for both CNTAs and thin films, then 

�Ã�Q�·/�Ã���£ = 1/����£ is expected to be a constant. In fact, for CNTA sample, ����£ 

is about 9.4 % and 1/���£ is about 10.6. This value agrees quite well with the experimental 

ratio, �Ã�Q�·/�Ã���£ = 12 ± 1 for samples with CCo = 100 %V to 30 %V as plotted in blue 

in Figure 4.4a. However, for samples with CCo = 10 %V, this ratio drops rapidly to about 

2.5. This might come from the changes of the magnetic interaction at low CCo, which can 

change the saturation magnetization of CNTAs non-linearly107 and eventually change 
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�Ã���£. Further theoretical efforts need to be carried out. On the other hand, the saturation 

field (Bs) of CNTAs is also influenced by the introduction of nano-triangles, as presented 

in Figure 4.4b. Bs of CNTAs (ÄÃ���£) is smaller than that of the thin film (ÄÃ�Q�·), and the 

ratio ÄÃ�Q�·/ÄÃ���£ is almost a constant, about 1.25, for all CCo samples. This observation 

implies that some out-of-plane components in competition with the intrinsic uniaxial 

anisotropy of the film were raised. These components were induced from local dipolar 

fields which were introduced by the nano-triangle edge.59 Nevertheless, Bs also decreases 

when CCo decreases for both thin film and CNTA samples, which means that the out-of-

plane hard axis characteristic of Co thin films is weakened by adding more Ag. This is 

consistent with the observation of Bs in Ag-Co nano-hole arrays as well.80 

The composition dependence FR of CNTAs has been further examined. Figure 4.5a 

plots the experimental (top) and FDTD calculated (bottom) FR spectra of CNTAs. In both 

spectra, a broad FR peak can be observed at the wavelength range of λ = 700 to 900 nm as 

indicated by the long dash curve in Figure 4.5a, which shows a strong composition 

dependence. Generally, all the FR spectral shapes are similar regardless of CCo. However, 

the peak positions and magnitudes change. To better understand the CCo dependent FR 

behavior, experimental and FDTD calculated positions and magnitudes of the FR peaks are 

summarized in Figure 4.5b and Figure 4.5c. In terms of peak position, the FR peak 

positions are plotted along with the LSPR peak position (as a reference) as shown in Figure 

4.5b. In both results, the FR peak blue-shifts almost linearly with CCo. In fact, a close 
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relationship between the plasmonic and MO behaviors of CNTAs can be observed. The 

positions of FR peaks occur at the same locations of the LSPR peaks, in both experimental 

and FDTD calculated results as shown in Figure 4.3b. Therefore, it is expected that the 

origin of this enhancement peak on the FR spectra comes from the enhanced electric field 

induced by LSPR, which has been presented in the spatial distribution of the local E field 

mapping in Figure 4.4a. Another way to explain the enhancement is that it comes from the 

long interaction time between light and magnetic layer at LSPR wavelengths, which has 

been demonstrated in multilayer Au/Co/Au–SiO2 nano-disks and Ag/Co dimer nanodot.112, 

114 On the other hand, in our previous work of composite nano-hole arrays,80 we have 

demonstrated that even though the electric field has been enhanced at both Wood’s 

anomalies and the extraordinary optical transmission peak (which corresponds to the 

surface plasmon polariton), the enhancement of FR and Faraday ellipticity (FE) were only 

found at the Wood’s anomalies, where the local electric field are strongly enhanced.80 

Current observation is a further confirmation that the enhancement of MO activity is 

mainly due to the local field enhancement associate with LSPR in composite 

nanostructures.112 In terms of FR magnitude, it also increases at almost a linear rate with 

CCo, as seen in Figure 4.5c. The positions and magnitudes of FR peaks obtained 

experimentally or though FDTD calculations are in general consistent with each other. 

However, there still exists some mismatches, for example, the positions of the peaks. These 

discrepancies might come from the imperfections of experimental structures (such as 
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variations in thickness, sharpness of the edge and corner of nano-triangles, roughness of 

surface, etc.) have not been considered in the FDTD calculations. 

 

Figure 4.5. Experimental and FDTD calculated FR spectra of CNTAs. The prominent 

features of FR at LSPR extinction peak position were indicated. (b) The plots of 

experimental and FDTD calculated FR peak position λFR versus CCo. (c) The plots of 

experimental and FDTD calculated FR at the LSPR peak λFR.  



 

 

 

81 
 

 

 

Figure 4.6. (a) The experimental MCF spectra (MCF= ��  × ∆e(λ)) of CNTAs, and (b) 

the MCFs at LSPR peak versus CCo. 

To illustrate the MOP response of the entire spectrum, a different characterization 

parameter is needed. In the research field of MO and MOP, figure of merit (FOM) is widely 

used to characterize the MO response of magnetic samples.7 In particular, for 

structure/device that employs Faraday effect, where high transmission/low absorption are 

highly desired, FOM is normally defined as FOM = �� × √Æ, where ��  and Æ are the 

modulus of Faraday angle and optical transmission of the sample, respectively.74 While 

this definition reflect well the MO responses of magneto-plasmonic structures/devices, the 

plasmonic effect is not included in the equation. The main focus here is to investigate how 

the MOP property would be influenced by the composition of the Ag-Co composites, i.e., 

both the pure Ag and pure Co nanostructures were used as a reference sample, so should 

be their corresponding optical or MO properties. Therefore, we would like to have a 

different parameter to characterize the magneto-optics – plasmonic responses. Clearly, 
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when CCo increases, the plasmonic effects of Ag-Co CNTAs become less significant while 

the MO performance becomes stronger. The higher the FR is, the larger the MO effect. The 

CNTA0 (pure Ag) does not have any FR response. Therefore FR(λ) is a good parameter to 

characterize the MO effect. Similarly, the higher the extinction spectrum (peak) e(λ) is, the 

larger the plasmonic effect. However, the e(λ) for CNTA100 (pure Co) is not null, which 

means e(λ) does not directly reflect the plasmonic effect. Assuming that for the CNTA100 

(pure Co) sample, there is no plasmonic enhancement effect, hence, ∆�(λ) = �(λ) – 

����£wJJ  (where ����£wJJ  is �(λ) of CNTA100 sample), is a better function to characterize 

the plasmonic enhancement. A good MOP CNTAs should have both good plasmonic 

properties and reasonable MO properties for a certain CCo. Therefore, to compare the MOP 

performance of CNTAs with the different CCo, a MO-plasmonic correlation factor (MCF) 

spectrum of the nanostructures can be defined as MCF = ��  × ∆e(λ), where �� =
√mn� + m^� is the modulus of the Faraday angle. Experimental MCF spectra for different 

CCo are shown in Figure 4.6a. As expected, the MCFs for both CNTA0 and CNTA100 are 

zero. The overall shape of MCF spectra also strongly depends on ��(λ) and ∆e(λ) spectra. 

Figure 4.6b summarizes the value of MCF at LSPR peak versus CCo. When CCo increases 

(from 0 %V), MCF also increases and reaches a maximum value at CCo = 60 %V. Then the 

MCF value deceases quickly to a negative value as CCo approaches 90 %V and returns to 

null when CCo = 100 %V. Based on the discussion for Figure 4.6, the CNTA60 has a very 
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good MCF performance. Therefore, for future MOP-based device design with CNTAs or 

nanoparticles in general, CCo = 60 %V should be considered. 

4.5. Conclusions 

CNTAs with different compositions of Ag and Co are fabricated by SNL and electron beam 

co-deposition. The samples exhibit strong plasmonic properties with high composition of 

Ag, and the samples with high composition of Co show larger MO effect. In particular, the 

enhanced MO effect is coincident with the LSPR properties, i.e., for each sample, the 

maximum MO effect occurs at LSPR wavelength, which is due to high local E-field. 

Hence, the MO and optical properties of samples can be adjusted simultaneously by 

modifying the relative ratio of Ag and Co, which can be used to compromise the MO 

performances of CNTAs. In addition, the CNTA60 sample has been demonstrated to yield 

better MCF than that of pure Co and Ag CNTAs samples. Moreover, thanks to the 

flexibility of SNL, several geometrical parameters (sizes, thicknesses, shapes, etc.) of 

CNTAs can also be tuned in order to optimize MO performances. This tunability shows 

promising designs and applications for future magneto-plasmonic materials and structures. 

This proposed MOP composite materials and nanostructures can be used in many current 

MO devices, such as chiroptical devices, etc., to achieve a better device performance. 

4.6. Experimental Sections 

Materials: Deionized water (18 MΩ.cm) was used for all experiments. PS nanospheres 

(Polysciences Inc., D = 500 nm) and ethanol (Sigma-Aldrich, 98%) were used to create the 



 

 

 

84 
 

 

nanosphere monolayers. Silver (99.999%), cobalt (99.95%), and titanium (99.995%) from 

Kurt. J Lesker Company were utilized for e-beam codeposition. 

Morphology and composition characterization: The morphologies of CNTAs were 

characterized by an atomic force microscope (AFM, Park NX10), and all the AFM images 

were analyzed by XEI - Image Processing and Analysis Software. The compositions of 

thin film samples were characterized by an Energy-dispersive X-ray spectroscopy (EDS) 

of a field emission scanning electron microscopy (SEM, FEI Inspect F). Here we assume 

that the corresponding CNTA samples and thin film samples have the same composition 

since they were prepared simultaneously. The crystallinities of the composite materials 

were investigated by an X-ray diffractometry (XRD) with a PANalytical X’Pert PRO MRD 

X-ray diffractometer at a fixed incident angle of 0.5°. 

FDTD calculations: To better understand the optical and MO properties of the samples, 

FDTD calculations were carried out using a commercial software (Lumerical FDTD 

Solutions).109 The extracted film thickness (tC) and period from AFM images were used to 

build the FDTD model. The FDTD simulation domain was set to cover a rectangular unit 

cell (orange box, Figure 4.3b). Periodic boundary conditions were used to present the two-

dimensional periodicity of CNTAs, and perfect matched layer (PML) boundary conditions 

were applied on the top and bottom sides of the rectangular cuboid simulation region. The 

FDTD mesh size was set as 2 nm × 2 nm × 2 nm to compromise between the calculation 

time and the convergence of the calculations. A frequency-domain field and power monitor 
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was placed to collect the transmitted light, the E and H components of the electromagnetic 

field. The FR was calculated according to Ref. 109-110. The refractive index of air was fixed 

to be 1, and the dispersive refractive index of glass was taken from Ref. 111. The complex 

optical permittivities � = �� + Y�� of Ag, Co, and composite material were experimentally 

determined from the spectral ellipsometry data of corresponding thin films (Supplementary 

Information (SI) of Ref. 80). The MO constants used for FDTD calculations4 were extracted 

from the experimental Co thin films and composite thin films data, measured by the FR 

spectroscopy (see SI of Ref. 80).  
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CHAPTER 5 

ACTIVE COMPOSITE CHIRAL NANOHOLE ARRAYS 

 

In Chapter 3 and 4, we study the nanostructures with in-plane mirror symmetry, and they 

therefore exhibit no intrinsic chirality. In this Chapter, we investigate the magneto-

chiroptical properties in a novel chiral nanohole array structure, which possesses intrinsic 

circular dichroism induced by in-plane symmetry breaking. The chiral magneto-plasmonic 

properties of this composite metasurface will be discussed throughout. 

5.1. Introduction 

Recently, active chiral plasmonic metamaterials (CPMs) have attracted considerable 

attention.130 In general, the optical response of the active CPMs has been tuned by an 

external stimulus such as light,131-135 mechanical stretch,136 temperature, electric field,137-

140 magnetic field,141-144 etc. Among all tuning mechanisms, magnetically switching optical 

chirality has been widely considered due to numerous advantages, such as ultrafast 

switching speed, continuous tunability, and easy to integrate and operate.37, 130 By 

incorporating a magnetic material into a CPM structure to form the so-called chiral 

magneto-plasmonic (CMP) metamaterial, one is able to tune the corresponding chiroptical 

properties by an external magnetic field due to the magneto-optical (MO) effect. Such an 
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effect has been realized by a few structures, such in multilayer Au/Co gammadion,141 

plasmonic chiral oligomers with Au/Co multilayer,143  Au/Co split-ring,144 Au/Ni trimer 

nanoantennas,37 etc. In these structures, when the MO active material (Co, Ni, Fe) is 

coupled with chiral plasmonic nanostructures, the strong local electromagnetic fields 

produced by the plasmonic material (Ag, Au) through the localized surface plasmon 

resonance interact strongly with the magnetic material.7 Consequently, the MO and circular 

dichroism properties of the magnetic material could be significantly altered by the 

externally applied magnetic field.7 So far, all the reported magnetically tuned CPMs are 

composed of ferromagnetic and noble metals in two- or three-dimensional (2D and 3D) 

fashion, such as multilayer structures or separated antennas of single component 

ferromagnetic/noble metals.37, 141, 143-144  However, it is expected that if an alternative 

material system that possesses both magnetic and plasmonic responses, such as a composite 

of noble metals and magnetic materials, i.e., Au, Ag composites with Co, Fe or Ni, should 

also be able to construct a good CMP structure. In fact, the use of composite materials in 

MO nanostructure has recently been demonstrated by our group to enhanced magneto-

plasmonic performances of achiral nanostructure (such as nanohole arrays80 or 

nanotriangle arrays81) in comparison to these made of pure ferromagnetic.  

In this work, we propose to design, fabricate, and characterize a composite chiral nanohole 

array (CCNAs) by shadow nanosphere lithography technique (SNL) made from Ag and Co 

with different composition.145 Ag-Co vapors are co-evaporated with different 

polar/azimuthal angles, and the resulting CCNAs break the mirror symmetry in both in-
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plane and light-propagation directions and induce strong intrinsic optical chirality. The Co 

content in CCNAs allows the magnetically tunable optical chirality, while Ag component 

induces strong surface plasmon polariton (SPP) and localized surface plasmon resonance 

(LSPR) and further enhance the tunability of the chiral response. Finite-difference time 

domain (FDTD) calculations are performed to confirm the experimental results and to give 

an insight to optical chirality of CCNA structures and their compositions.     

5.2. Results and Discussions 

  

Figure 5.1. (a) Top panel: schematics of the fabrication process and the main 

parameters of polar angle θ, azimuthal angle φ, period P, and diameter of the etched 

sphere d. Bottom panel: Calculated structures of the LH-CCNAs based on an in-house 

MATLAB program. (b) FDTD-calculated electric near-field of a symmetric Ag nano-

hole array (NHA) illuminated with the RCP and LCP light at λ = 772 nm. (c) Calculated 

field distributions of Ag CCNA under illumination of RCP and LCP light at λ = 850 
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nm. (d) The calculated TR(λ) and TL(λ) of symmetry NHA and CCNA samples and (e) 

corresponding CDT spectra. 

The CCNAs are designed based on thin film perforated nanohole arrays (NHAs), which 

have the following exclusive properties: (i) the extraordinary optical transmission (EOT) 

effect: the optical transmission in the plasmon-grating coupling wavelength region can be 

much greater than that predicted by Bethe’s theory simply for light going through 

corresponding holes;98 (ii) coexistence of SPP and LSPR which both could be used to 

enhance giant chiro-optical and magneto-optical responses;7 (iii) multifunctional properties 

(plasmonic and magneto-optical properties coexist in the system), which come from Ag-

Co composite material used;80 and (iv) ultra-thin thickness. The light-material interaction 

in this system can be optimized by many factors, such as the shape and dimension of hole 

aperture, deposition symmetry, film thickness, periodicity, lattice symmetry, filling factor 

of the NHA, composition of the materials, etc. in order to achieve a maximum chiro-optical 

properties.98 Nevertheless, the chiral responses can be magnetically-tunable over a broad 

spectral range, which can be potentially used for ultrafast optical switch.37 This large 

tunable parameter space makes the design of NHA-based CMPs more flexible. The 

proposed CCNAs fabrication strategy by SNL is depicted in Figure 5.1a.145 Hexagonal 

non-close-packed nanosphere (period P = 500 nm, diameter d = 350 nm) monolayers are 

used as a template. Ag and Co vapors are then simultaneously deposited at different 

incident and azimuthal angles for three consecutive depositions, θ1 = 10° and φ1 = 0°, θ2 = 
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20° and φ2 = 120°, and θ3 = 30° and φ3 = 240°, respectively, where θ1, θ2, and θ3 are the 

vapor incident angles with respect to substrate normal, φ1, φ2, and φ3 are the relative 

projected azimuthal angles of incident vapor on the substrate plane. Note that these angles 

of θ and φ are chosen to minimize the domain effects to circular differential transmission 

(CDT) spectra.145 During the three consecutive depositions, the ratio of the Ag and Co 

deposition rates, the deposited time and thickness for each deposition are fixed as a 

constant, respectively. Note that the azimuthal rotation direction of the substrate for the 

three consecutive depositions is counter-clockwise, this results in a left-handed- (LH-) 

CCNAs, which yield a favorable optical transmission with left-circularly polarized light 

(which will be discussed below).145 

We first evaluate the chiroptical response of the Ag CCNA structure as well as achiral 

NHA by FDTD calculations, which were carried out using a commercial software 

(Lumerical FDTD Solutions).109 The geometry parameter of achiral and chiral NHA 

structures are based on the surface morphology generated from a home-built MATLAB 

program (with period P = 500 nm, diameter d = 350 nm),124, 146 and the complex optical 

permittivity � = �� + Y�� of Ag used for calculation were extracted experimentally from 

the ellipsometry data of corresponding thin films.80 Two separated calculations with left-

circularly polarized light (LCP) and right-circularly polarized light (RCP) were performed 

and the difference between the optical transmission in two cases was obtained. In addition, 

the electric field distributions at certain cross-section were taken by a frequency-domain 
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field and power monitor. The near-field electric field distribution at EOT wavelength 

position of achiral NHA and CCNA samples (extracted at the Ag-air interface), are 

summarized in Figure 5.1b and c, respectively. While the achiral NHA showed no 

difference in near-field electric field distribution when it is excited with LCP and RCP 

(Figure 5.1b), CCNA exhibits noticeable differences in electric field distribution when it 

is illuminated with LCP and RCP (Figure 5.1c). As a result, the optical transmission at the 

far-field also exhibits different optical responses: while the LCP- and RCP-optical 

transmission of achiral NHA are identical, these of CCNA show discrepancies at the 

transmission dip (λ ≈ 750 nm) and EOT peak (λEOT ≈ 850 nm) (Figure 5.1d and e). We 

highlight that the large chiral optical transmission response is frequently desired to be 

assosiated with large optical transmission, which is the case at the EOT peak. In addition, 

the differences between the peak and dip positions of optical transmission spectra (Figure 

5.1d) comes from a larger effective hole volume of CCNA in comparison to that of achiral 

NHA. The red-shifts of these dip/peak are consistent with previous works.147-148 
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Figure 5.2. (a) Representative AFM images of CCNAs with different CCo (%V). (b) 

Optical transmission spectra of CCNA samples, illuminated by unpolarized light. (c) 

CDT spectra of CCNA samples. 

Figure 5.2a shows the representative atomic force microscope (AFM) images of LH-

CCNAs with different Co concentration CCo = 100, 50, 30, and 0 of volume percentage 

(%V), respectively (will now be referred as CCNAx, where x = 100, 50, 30, 0, respectively, 

represents the volume percentage of Co). The thicknesses of the films are consistantly at 

about 55 ± 7 nm, which matches with the morphology simulated from an in-home 

MATLAB program.124, 146 The non-polarized optical transmission spectra of the CCNAs 

are shown in Figure 5.2b. In general, the shape of spectra is similar regardless of CCo, with 

a transmission maximum peak at λpeak ≈ 850 nm and a local minimum at λdip ≈ 660 nm. 
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Based on the Bloch wave condition and Wood – Rayleigh anomaly condition, we assinged 

the transmission maximum λpeak ≈ 850 nm and a local minimum at λdip ≈ 660 nm as the 

(1,0) resonance mode and (1,0) Wood’s anomaly at the film-glass interface, respectively. 

λdip shows an insignificant change when CCo increases, which follows well with the Wood 

– Rayleigh anomaly theory since the Wood’s anomalies are purely geometric and the 

corresponding wavelength position does not depend on the optical permittivity and 

plasmonic properties of metal film.102 On the other hand, λpeak shows a larger change on 

CCo, as this peak is sensitive to the film permittivity and other geometrical parameters (such 

as film thickness,103-104 hole diameter,104 hole shape105). 

Figure 5.2c shows the circular differential transmission spectra (CDT) (CDT (deg) = 

32.98° × (TLCP – TRCP))149-151 of CCNA sample with different CCo. As expected, CCNA0 

gives the strongest CDT signal, with a peak at λ ≈ 850 nm and a dip at λ ≈ 650 nm. We 

note that the CDT spectra for different azimuthal angles and illumination directions show 

good resemblances, which implies that the majority of the signal originates from the 

chirality instead of linear anisotropy. As CCo increases, the magnitude of CDT at these 

extrema wavelengths decreases and is about a magnitude of order smaller when CCo = 100 

%V, and the spectral feature becomes very broad. This observation can be explained by 

the strong local electric fields induced by plasmon resonance in the CCNA0 sample (Figure 

5.3) 80. When CCo increases from 0 to 50%V, the imaginary part �� of optical permittivity 

of composite film increases, while the real part �� of optical permittivity becomes less 
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negative and approaches to that of the pure Co,80 which damps the SPR and reduces the 

CDT at the resonance wavelengths. In addition, the majority of CDT signal of CCNA100 

sample originates from the CCNA structure, i.e. the symmetry breaking of the structure. 

 

Figure 5.3. (a) A top-view of the hexagonal lattice of CCNA, the red box denotes the 

rectangular unit cell for FDTD calculations. (b) Time-averaged intensity maps of the 

FDTD calculated local electric field at the cross-section plane denoted by the yellow 

line (in (a)), with different CCo (%V). 

In order to understand the chiro-optical response of the CCNA at the EOT, we underline 

the transmitting mechanism of optical field through the NHA structure. Unlike in the metal 

thin film where the electromagnetic waves must penetrate directly through the film and the 

evanescent field falls off exponentially from the surface; the introduction of NHA structure 
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compensates the momentum mismatch between a free-space photon and an surface 

plasmon (SP) wave.98 This additional quasi-momentum provided by NHA allows the SP 

(i) being excited at the light incident film-dielectric interface, (ii) propagating on this 

interface (so called SPP), (iii) passing through the hole, and (iv) emitting at the another 

film-dielectric interface and can be probed at the far-field.152-153 Thus, any disparities of 

handedness structure that involve in processes (i)-(iv) can create a change in optical 

transmission of circularly polarized light.  

Similarly, in our CCNA structure, SPPs on the light incident interface couple 

evanescently to the light transmitted interface before being re-emitted into far-field. The 

role of SPPs is to enhance the electric field magnitude around the apertures and 

compensates for the exponential attenuation of the evanescent field in the depth of the non-

propagating aperture. Based on this knowledge, we hypothesize that the 

symmetric/dissymmetric coupling between the handedness of the chiral aperature and 

polarization of the electromagnetic wave in process (iii) originates the chiro-optical 

responses of the CCNA structure. In order to illustrate this point, the current density of LH-

CCNA0 at different cross-section planes (excited from glass-side interface by LCP and 

RCP at λ ≈ 850 nm) are calculated by FDTD based on the structure exported from the AFM 

image, at thickness t = 0 (glass-film interface), 20, 40, and 57 nm (air-film interface), 

respectively (Figure 5.4a). In each cross-section plane, the current sources (i.e. negative 

and positive poles) are observable, and the corresponding direction of the dipole changes 
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with the propagation of the light. The orientations of these dipoles are summarized in 

Figure 5.4b. Under an RCP illumination, the dipole direction rotates about 5° clockwise 

along the light propagation direction. As the current dipole rotation is against the 

polarization rotation of the excited light, the dissymmetric coupling between the 

handedness of the aperture and polarization, i.e., with the opposite rotation, would weaken 

the evanescent field and in turn reduce the transmission.145, 150 On the other hand, under an 

LCP illumination, the dipole orientation rotates 32° clockwise. In this case, the handedness 

of the structure is the same as the direction of the polarization. Thus, the evanescent field 

is supported and leads to slightly higher transmission.145 Another CDT extremum emerges 

at λ ≈ 650 nm, which is induced by the (1,1) resonance mode at film-glass interface in 

CCNA0 sample, can be explained in a similar manner. 
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Figure 5.4. (a) The local current density distributions of the CCNA0 sample excited by a RCP 

(top panel) and a LCP (bottom panel) incident light at λ1 = 850 nm for the plane t = 0, 20, 40, 

and 57 nm respectively. The arrows indicate the current density direction. (b) Top-view 

illustration of rotations of effective current pole directions from the top layer to the bottom 

layer under RCP and LCP illuminations, respectively. The straight dashed arrows represent the 
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pole direction at the t = 0 nm plane, while the solid arrows show the pole direction at the t = 57 

nm plane. 

 

Figure 5.5. The CDT spectra of CCNA samples under external magnetic field of B = ± 1.7 

Tesla, with CCo = (a) 100, (b) 50, (c) 30, and (d) 0 (%V). (e) The MCD spectra of CCNA 

samples with different CCo. 

The effect of external magnetic field to switch the optical chirality of the CCNA 

samples are shown in Figure 5.5 by applying a constant manetic field, B = + 1.7 T, 0 T, and 

-1.7 T for  CCNAs with different CCo. Note that normal angle of incidence of light was 

used and polar magnetic field was applied. Generally, CDT changes with the external 

magnetic field is the largest in pure Co sample, and magnitude of change reduces gradually 

when CCo decreases and reaches zero in pure Ag CCNA sample. In addition, over the 
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wavelength range of 600 – 900 nm, CDT increases when the direction of magnetic field 

lines is parallel with the wave vector of incident beam, and vice versa, CDT decreases 

when the direction of magnetic field lines is anti-parallel with the wave vector of incident 

beam. In order to quantitatively measure the change of CDT under magnetic field, we 

utilize the magnetic CDT (MCDT), which is determined by the following equation:154 

 MCDT = CDT(+B) – CDT(-B), (5.1) 

where the CDT(±B) is the CDT signal measured at external magnetic field of B = ± 1.7 

Tesla, respectively. Figure 5.5e shows the MCDT spectra extracted from Figure 5.5a-d, 

which reveals the largest MCDT magnitude for the pure Co CCNA sample, and decreases 

to null when CCo decreases to 0 %V. 

 

Figure 5.6. (a) The normalized MCDTN spectra of CCNA samples under external 

magnetic field of B = ± 1.7 T, with different CCo. (b) The plots of the MCDTN 

magnitudes of different CCNA samples extracted at λ1, λ2, and λ3 versus CCo. 
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In order to compare the MCDT magnitude with different CCo, we normalize MCDT for 

amount of magnetic material, MCDTN = (MCDT × 100)/CCo. The normalized MCDTN 

spectra of CCNAs to the same Co content with different CCo are summarized in Figure 

5.6a. At CCo = 100 %V (pure Co sample), CCNA shows the maximum CDT modulation 

magnitude of ~ 0.35 degree at λ ≈ 750 nm. This modulation amplitude is in the same order 

of magnitude with up-to-date magneto-chiroptical devices.141-144, 154 As CCo decreases, the 

MCDT magnitude at this peak decreases in almost a linear fashion to null (as in pure Ag 

CCNA sample, see Figure 5.5e). However, at λ1 ≈ 660 nm, there appears a peak. To gain a 

quantatative understanding, the MCDTN magnitude of different CCNA samples at two 

local peaks at, λ1 ≈ 660 nm and λ2 ≈ 760 nm, as well as at the EOT wavelength λ3 ≈ 850 

nm are plotted as a function of CCo in Figure 5.6b. While the magnitudes of MCDTN at λ2 

≈ 760 nm and λ3 ≈ 850 nm decrease gradually when CCo decreases, it behaves differently 

at the Wood’s anomaly. At λ1, the CCNA30 and CCNA50 samples yield even more MCDTN 

than that of CCNA100 sample. This peak also appears to be sharper with higher 

concentration of Ag, as can be seen in the inset of Figure 5.6a, which is consistent with our 

previous reports on enhanced Faraday rotation at the plasmonic resonance.83 The different 

behavior at λ1 can be explained by the enhancement of local electric field due to the Wood’s 

anomaly in comparison to that of the CCNA100 sample, which comes from the samples 

with a high ratio of Ag component (> 50 %V).  



 

 

 

101 
 

 

 

Figure 5.7. (a) � !"#$ spectra of Co CCNA with different CCo and (b) the fitting of 

these spectra with two peaks at λ1 and λ2. (c) The plots of the � !"#$ magnitudes of 

peak λ1, λ2 in (b), as a function of CCo. 

We further obtained the asymmetry factor � !"#$ of CCNA sample, which can be 

calculated by the following equation, 

� !"#$ = � !"#��� × 100 = 1���
CDT(+Ä) –  CDT(−Ä)ÆË1Ì����QZ�¶ × 100, 

where CDT(±B) is the CDT signal measured at an external magnetic field of B, 

ÆË1Ì����QZ�¶ is the unpolarized optical transmission, and ��� (%V) is the volume 

concentration of Co. The obtained � !"#$ spectra for different CCo are presented in the 

Figure 5.7a. For the CCNA100 sample, a broad � !"#$ peak at λ ≈ 710 nm is observed, as 

this peak is a combination of two peaks: the intrinsic MCDTÎ peak at λ2 ≈ 760 nm, and the 

peak raised by the low transmission (ÆË1Ì����QZ�¶) at Wood’s anomaly λ1 ≈ 660 nm. As the 
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composition of Ag is increased and CCo = 50 %V, the magnitude of the peak at λ2 ≈ 760 

nm decreases and the peak at λ1 ≈ 660 nm emerges with an unchanged magnitude in 

comparison to that of the CCNA100 sample. However, the magnitude of the � !"#$ peak 

at λ1 ≈ 660 nm furtherly drops in CCNA30. In order to quantitatively evaluate the attribution 

of two peaks at λ1 and λ2 to the � !"#$ spectra with different CCo, the broad peak is 

deconvoluted into two Gaussian peaks at λ1 and λ2, as presented in Figure 5.7b. The 

magnitude of peak λ2, summarized in Figure 5.7c, increases almost linearly with CCo, 

which is due to the intrinsic MO response of the added Co component. On the other hand, 

the magnitudes of peak λ1 of CCNA50 and CCNA30 samples are larger than that of 

CCNA100 sample. The anomaly in the behavior of peak λ1 can be ascribed to the plasmonic 

enhancement effect induced by the Wood’s anomalies at λ1. By compromising the CCo, one 

can readily tune the intrinsic CDT signal as well as the magnitude of MCDT signal of 

CCNA sample. 

5.3. Conclusions 

In summary, we report the optical- and magneto-optics chiropticality of the CCNA sample, 

made from low-cost SNL technique and electron beam metal co-deposition. The CCNA 

sample shows strong intrinsic CDT signal, which emerge at the optical resonance induced 

by SPR. This CDT signal can be modulated magnetically by external magnetic field, which 

the modulation amplitude up to 0.35°. This result demonstrates the possibility to fabricate 
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large-scale active chiroptical metasurfaces using CCNA sample, which is promising for 

imaging and sensing applications. 

5.4. Experimental Sections 

Fabrication processes: The monolayer-coated substrates were loaded into a custom-built 

dual-source electron deposition system (Pascal Technology) and mounted on a motor-

controlled rotated holder. The metal depositions were performed when the base pressure 

of the chamber reached 10-6 Torr, and the working pressure of chamber during the 

deposition was kept under 5 × 10-6 Torr. A thin layer of Ti (tTi = 3 nm, deposition rate = 

0.05 nm/s) was first coated in order to increase the adhesion between composite thin films 

and the substrates. A composite layer was then formed by depositing Ag and Co 

simultaneously. The vapors of Ag and Co came from two separate crucibles, which are 

about 0.5 m apart from the substrate holder. The thicknesses and deposition rates of Ag 

and Co were measured independently by two separated quartz crystal microbalances 

(QCMs). The total deposition rate was set to be 0.60 nm/s. The volumic ratio of Co (CCo) 

in the Ag-Co composite thin film and CCNA was controlled by adjusting the deposition 

rate of Ag and Co, and a series of samples with different CCo was fabricated (CCo = 0, 30, 

50, and 100 (%V)). Afterward, the PS nanospheres were removed, and the substrates were 

subsequently washed with toluene, isopropyl alcohol, and deionized water to remove 

residual PS. Before any characterizations, the CCNA samples were stored inside a M. 
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Braun glovebox system filled with N2 (the concentrations of O2 and H2O are less than 0.1 

ppm) to minimize potential oxidation effects. 

Morphology and composition characterization: The morphologies of CCNAs were 

characterized by an atomic force microscope (AFM, Park NX10), and all the AFM images 

were analyzed by XEI - Image Processing and Analysis Software. The crystallinities of the 

composite materials were investigated by an X-ray diffractometry (XRD) with a 

PANalytical X’Pert PRO MRD X-ray diffractometer at a fixed incident angle of 2.5°. 
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CHAPTER 6 

HYDRIDE COMPOSITE NANOPATCHY ARRAYS FOR MANGETO-OPTICAL 

HYDROGEN SENSOR  

 

In this Chapter, we explore an interesting an application of composite-based MO device: 

hydrogen sensing.  

6.1. Introduction 

Hydrogen fuel is a key energy carrier of the future, and it is one of the most practical 

alternatives to fossil fuel-based chemical storage, with a high theoretical energy density 

and universality of sourcing.155 However, significant challenges remain with respect to the 

safe deployment of hydrogen fuel sources and therefore its widespread adoption.156 For 

hydrogen leakage detection and concentration controls, it is essential that hydrogen sensors 

have good stability, high sensitivity, rapid response time, and most importantly be “spark-

free”.157-158 High performance hydrogen sensors are, however, not only of importance in 

future hydrogen economy but also the chemical industry,159 food industry,160-161 medical 

applications,162 nuclear reactors,163 and environment pollution control.164 

Numerous optical hydrogen sensors based on hydride-forming metal plasmonic 

nanostructure have been explored.165-166 Pd is the most common hydriding metal for sensor 
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applications due to its rapid response, room temperature reversibility, and relative 

inertness.167 However, pure Pd nanoparticles suffer from the coexistence of an α-β mixed 

phase region, inducing hysteresis and hence non-specific readout and limited reaction 

rate.166, 168-169 It is possible to minimize this hysteresis and boost the reaction kinetics 

through the incorporation of alloying metals, such as Co, Au, or Ag.165-166, 170 It has been 

believed that the enhanced reaction kinetics in the alloying metal hydrides is associated 

with the reduction of the enthalpy of formation due to the reduced abrupt volume 

expansion/contraction occurring in smaller mixed phase regions, resulting in a reduction 

of energy barrier for hydride formation/dissociation, and the improved diffusion rate upon 

(de)hydrogenation.166, 169, 171-174 Synergistically with material design, various sensing 

nanostructures have been engineered to minimize the volume-to-surface ratio (VSR) of the 

sensor, a critical condition for achieving fast response time and low hysteresis.166 These 

structures include nanostripes,175 nanoholes,176-177 lattices,177 nanobipyramids,178 

hemispherical caps,177 nanowires, mesowires,179 and chiral helices.180-181 Moving beyond 

metals, other materials such a polymers can be incorporated, as Nugroho et al.165 recently 

demonstrated, significantly boosting the sensitivity and response time of a Pd-based 

nanosensor. Along with downsizing the active material layer, the benchmark response time 

of 1 s at 1 mbar H2 and 30 °C has been achieved,165 however optical contrast was sacrificed. 

As a result, sub-second response time and ppm limit of detection (LOD) have not been 

achieved in a single sensor. 
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In this Chapter, we demonstrate a compact magneto-optical (MO) hydrogen sensing 

platform with the fastest response reported to date and part-per-billion (ppb) LOD. The 

sensor is comprised of Pd-Co nano-patchy (NP) arrays with a magnetic circular dichroism 

(MCD) readout. These hexagonally-packed nano-arrays are generated by facile single 

metal glancing angle deposition (GLAD) on polystyrene (PS) nanosphere monolayers. 

This fabrication process requires just one deposition step with no post-processing required, 

simplifying scale-up and reducing costs. By coating a Teflon AF (TAF) polymer layer, the 

response time of the metasurfaces was reduced below 0.5 s from 1-100 mbar of H2 partial 

pressure, surpassing the strictest requirements for H2 sensing while preserving excellent 

accuracy (<3% full scale) and 700 ppm LOD. In a broader perspective, our work illustrates 

evolution in hydrogen gas sensor technologies through rational topological design and 

targeted integration of non-traditional materials, such as polymers and active alloying 

elements. These concepts are universal for promoting strong interactions between gas and 

materials and may be generally applied to advance sensor and catalyst development, among 

others. 

6.2. Results and Discussion 

We designed and fabricated the magnetic hydride hydrogen sensor using a template of 

hexagonal arrays nanosphere monolayer (diameter D = 200 nm), as illustrated in Figure 

6.1a (see Experimental Section). The nanoarchitecture of the sensor consists of Pd67Co33 

composite hemispherical nano-patchy (NP) on top of hexagonal closed-packed nanosphere 
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monolayer, which was verified by scanning electron microscopy (SEM) and energy-

dispersive spectroscopy (EDS) elemental mapping. Using ultra-high-resolution SEM (SU-

9000, Hitachi), we revealed the morphology of the NP sensor, which consists of many sub-

10-nm granules (Figure 6.1b and c). These granules allocate and cover fully the top surface 

of the polystyrene sphere, and have an average equivalent diameter of 9.0 ± 2.8 nm (Figure 

6.1c, inset), which is consistent with the observations of film morphologies presented in 

our previous work.182 In addition, EDS elemental mapping shows an uniform distribution 

of Pd and Co on the top on nanosphere (Figure 6.1d) and confirms an ratio of Pd over Co 

of 64:36, which is in agreement with the 67:33 ratio obtained controlling deposition rate 

and thickness.  

 

Figure 6.1. (a) Schematic of the fabrication process. (b) A top-view SEM image of 

PdCo nano-patchy (NP). (c) An ultra-high-resolution SEM micrograph showing 

morphology of NP sample. Inset: grain size analysis for the area (denotes by a white-
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border rectangle) on the top of a nanosphere. (d) EDS elemental maps of NP samples. 

All scale bars correspond to 200 nm. 

6.2.1. PdCo NP Based MCD Hydrogen Sensor 

 

Figure 6.2. (a) MCD spectra MCD1000 mbar and MCD0 mbar of NP sample, measured at 

%&'  = 1000 mbar and < 0.01 mbar, respectively, and ∆MCD = MCD1000 mbar – MCD0 

mbar. (b) MCD hysteresis loops of NP at λ = 450 nm, measured under several H2 

pressures and vacuum (before and after exposed to H2). (c) ∆MCD hysteresis loop 

shows maxima changes of MCD signal at ~ ±380 G. Colored arrows indicate ∆MCD 

maxima. Black arrows in (b) and (c) denote the scanning magnetic field direction. 

Among several MO indicators such as Faraday effect (FE) and magneto-optical Kerr 

effect (MOKE), we chose magnetic circular dichroism (MCD) as a hydrogen sensing 

readout signal, since the MCD of glass substrate and PS monolayer is negligible at an 

external magnetic field of B < 3000. The MCD spectra of NP sample (taken at B = 2600 

G, see Experimental Section for more details) is plotted in Figure 6.2a, shows a decrease 

of MCD signal when the wavelength λ increases up to λ ≈ 535 nm. The MCD signal 
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approaches zero when λzero ≈ 535 nm, and the sign of MCD flips when λ > λzero. There 

exists a kink near λkink ≈ 600 nm, longer which the slope of MCD versus λ is noticeably 

smaller. It is worth noting that the spectral shape, amplitude, and its behaviors of NP follow 

the control PdCo composite thin film sample and are analogous to these of a Co thin film.183 

Upon hydrogenation, the MCD magnitude versus the probe wavelength generally 

reduces, as can be seen in smaller slopes above and below λkink (Figure 6.2a). The MO 

signal change ∆MCD of NP sample (Figure 6.2a), where ∆MCD = MCD1000 mbar – MCD0 

mbar is the difference of MCD signal when %&'  = 1000 and < 0.01 mbar, is monotonically 

increase with the probe wavelength from negative to positive value while the ∆MCD in the 

control PdCo thin film sample fluctuates in a similar ∆MCD range (Figure B1 in 

Appendix B). This ∆MCD difference between two samples might be due to the effect of 

sample morphology on the ∆MCD signal. We note that the MCDs of the glass substrate 

and a stand-alone nanosphere monolayer do not change upon their exposure to hydrogen. 

Figure 6.2b shows the MCD magnetization curve with the probe wavelength λ = 450 

nm, where the MCD magnitude is maximized and the MCD hysteresis loop as the external 

magnetic field was swept between B = −2600 G and +2600 G is well-defined. At very low 

%&'  < 0.01 mbar or no hydrogen is present, the MCD hysteresis loop exhibits a typical soft 

magnetic ferromagnetic characteristic, with relatively small coercivity field (Hc < 10 G). 

In addition, the hysteresis curve shows an out-of-plane hard-axis behavior with almost no 

remanence, and saturation field is at relatively low magnetic fields (~600 G). Putting in 
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contrast with a control sample, MCD hysteresis of PdCo thin film (at λ = 450 nm) shows 

an easy-axis behavior with relatively large remanence, large Hc (> 400 G), and high 

saturation field (> 1000 G) (Figure B2 in Appendix B). The behavioral differences 

between MCD hysteresis loops of NP and thin film can be attributed to several factors: (i) 

the curvature of nanosphere induces the alteration of film thickness/shape,182 which 

significantly modify the magnetic properties of the sample;184-185 (ii) morphologically, NP 

consists of numerous separated and confined nano-particles in hexagonal-lattice arrays 

with almost-zero/negligible magnetic coupling interactions, while in PdCo thin film, the 

continuity of the film supports the domain formation and domain wall shifting, especially 

when hydrogen is present 186; (iii) the simultaneous deposition of Pd and Co on a curve 

substrate leads to formation of grains with tilted growth direction and lateral grain sizes 

(Figure 6.1c), which significantly influences to the magnetic properties of NP.185 

The introduction of hydrogen instantly renders a reduction in MCD magnitude 

regardless of external magnetic field strength in the studying magnetic range, and the 

magnitude of the changes (∆MCD) increase when %&' increases (Figure 6.2b). In addition, 

we observed an increasing slope in magnetic field versus MCD curve (from −500 G to 

+500 G) and the saturation field shifts to a higher field strength, which implies a reduction 

in out-of-plane component.59 At %&'  = 1000 mbar, the MCD signal still does not reach a 

fully-saturation at ~2500 G, while the remanence and coercivity remain small and 
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relatively the same as without hydrogen. More importantly, a reversible MCD signal was 

observed upon dehydrogenation (Figure 6.2b).  

For a sensing application, we only consider an external magnetic field under which NP 

yields the maximum ∆MCD, and a strong magnetic field that fully magnetizes the sample 

is not necessary. Figure 6.2c presents ∆MCD of NP sample at different external magnetic 

fields, which is the signal difference between %&'  = 1000 mbar curve and %&'  < 0.01 mbar 

curve in Figure 6.2b. Interestingly, we found two ∆MCD maxima at relatively low 

magnetic field of ±380 G (Figure 6.2c, colored arrows). In addition, a narrow hysteresis 

in ∆MCD magnetization loop which could instigate non-specific sensor readout can be 

seen at a low magnetic field range (< 380 G), however no hysteresis is observed at 380 G 

or stronger magnetic field. We therefore set a constant external magnetic field of either –

380 G or +380 G for all sensing characterizations of MCD NP hydrogen sensor, in order 

to obtain the highest signal-to-noise ratio (SNR) and high sensor accuracy. It is worth 

noting that this low magnetic field strength can be generated by using a low-priced 

commercialized permanent magnet, which significantly simplifies the sensor assembly as 

no high-power electromagnet required, making this sensing platform light-weight and cost-

friendly. 
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Figure 6.3. (a) MO hydrogen sorption isotherm of NP extracted at ∆MCD maxima (at 

+380 G). Inset: Sensor accuracy at specific normalized ∆MCD readout over hydrogen 

pressure range of 101 µbar to 106 µbar. (b) ∆MCD response of NP sensors to stepwise 

decreasing hydrogen pressure in the 5000 – 4.6 µbar range, measured at 1 Hz sampling 

frequency in a vacuum chamber. Shaded areas denote the periods where the sensor is 

exposed to hydrogen. (c) ∆MCD response of NP (1 Hz of sampling frequency) with 

different hydrogen concentration (�&'), measured in flowing nitrogen (400 ml/min). 

Shaded areas denote the periods where the sensor is exposed to hydrogen. (d) Measured 

∆MCD response as a function of hydrogen pressure/concentration derived from (b) and 

(c). The green solid line denotes the defined LOD at 3σ = 0.12 mdeg. (e) Raw 

absorption kinetics response and (f) raw desorption kinetic response (with desorption 
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pressure of <0.08 mbar) of to varying H2 pressure from 1000 to 1 mbar at 23 °C (16 Hz 

of sampling frequency). (g) Extracted absorption time (t90) and desorption time (t10), 

derived from (e) and (f). 

MCD hydrogen sorption isotherm of NP sample is shown in Figure 6.3a, where the 

change of MCD signal ∆MCD versus %&'  is extracted at λ = 450 nm and B = +380 G. The 

shape of MCD isotherm curve is generally similar to that of optical transmission 

isotherm,182 and no hysteresis is observed at the measured pressure range. In addition, the 

plateau pressure shifts significantly to higher pressure than that of Pd NP 177, 182 and is 

above our probing pressure range, which is consistent with the previous observation for 

bulk PdCo alloys 187-188 and similar to the behaviors of the PdCu alloy nanoparticles.189 As 

a result, our sensor yields very high sensor accuracy (<2.5 % full-scale, and <1 % when 

%&'  > 1 mbar) and can be considered as “hysteresis-free” (Figure 6.3a, inset). 

The very high surface coverage (> 90 %) of our NP 182, 190 along with the unique 

utilization of MCD as the hydrogen indicator allow stable and sizable sensor responses at 

very low concentrations of hydrogen, which could hardly be resolved by using other 

optical-based responses as a hydrogen indicator (such as transmission or reflection) with a 

PdCo NP sensor with Co content up to > 30 % at. In Figure 6.3b, PdCo NP sensor shows 

distinct MCD responses to step-wise pressure pulse of pure H2 from 5000 to 4.6 µbar at 1 

Hz sampling rate, and can clearly resolve the lowest hydrogen pulse with potential 

detection at even lower %&' . In flow mode with N2 as a gas carrier (flow rate of 400 
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ml/min), PdCo NP sensor produces reproducible MCD responses with 3-cycles of each 

hydrogen concentration (�&'), ranging from 40000 ppm to 10 ppm (Figure 6.3c). Further 

tests show that NP sensors exhibits a distinct response from the background noise at �&' 

as low as <2.5 ppm (Figure 6.3c, inset). In order to quantitatively assess the limit of 

detection (LOD) of NP sensor, we performed the noise evaluations with different signal 

sampling frequency and obtained an experimental signal noise σ = 0.04 mdeg at 1 Hz. 

Hence, by defining the LOD as 3σ = 0.12 mdeg, we extrapolated that the LOD is <1 µbar 

with pure H2 and <1.5 ppm of H2 in N2 (Figure 6.3d). It is worth noting that the PdCo NP 

sensor shows different MCD sensitivities in two different cases (pure H2 in vacuum and H2 

in an inert gas), especially when %&' (�&') > 100 µbar (ppm), which has not been seen by 

using optical transmission 182 or in sensors using other optical readout.165, 189, 191 Therefore, 

a calibration step for the environment in which the sensor operates is required for a real-

life application. 

Among all of the performance target for automotive hydrogen safety sensors released 

by the US Department of Energy,192 the sensor response time target of t90 < 1 s (t90, the 

time required to reach 90% of the final equilibrium response) is one of the most crucial and 

challenging target to achieve. Indeed, only a few of optical hydrogen sensor has explicitly 

demonstrated this capability at %&'  ≤ 1 mbar (or �&' ≤ 0.1 %V) and room temperature.165, 

182, 193 In this work, we employed two main strategies (i)-(ii) to bring the response time t90 

to under 1-s benchmark, as well as to minimize the recovery time t10 (the time required to 
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reach 10% of the signal with releasing pressure of %&' ≤ 0.08 mbar). (i) The kinetics of 

(de)hydrogenation is improved significantly by the incorporation of Co, as PdCo NP 

remains in α-phase over the pressure region of interest and avoids the α- to β-phase 

transition which requires longer equilibrium times.182 (ii) The unique nanoarchitecture of 

NP and flexibility of fabrication method allows to reduce the volume-to-surface ratio 

(VSR) facilely and effectively, which is highly desired for faster absorption/desorption 

kinetic rate. By reducing nanosphere size from D = 500 nm down to 200 nm, t90 was 

accelerated by a factor of ~ 2.5, and the t90 of NP with D = 200 nm is about an order of 

magnitude faster than that of control thin film. The raw absorption/desorption kinetics of 

PdCo NP sensor (Figure 6.3e and f) and the extracted t90/t10 (Figure 6.3g) show < 0.9 s (< 

9 s) for absorption (desorption) times to varying H2 pressure pulses ranges from 100 to 1 

mbar, respectively. The pressure dependent response/recovery time of NP sensors follows 

the power law 165 with similar slopes, as can be seen by an near-linear dependence between 

log(t90) or log(t10) versus log(%&'). We highlight that the LOD is preserved at < 1.5 ppm in 

the same system, and these performances place our PdCo NP system among the fastest and 

most sensitive optical-based hydrogen sensors, and this is one of very few hydrogen 

sensing platforms can achieve sub-second response and ppm-LOD in a single sensor.182 

Summarily, in this first half of our study we have established the usages of MO signal 

(i.e. MCD) for hydrogen sensing using NP metasurfaces, which demonstrates impressive 

sensing metrics such as sub-second response time and ppm-LOD. Nevertheless, the 
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uniqueness of our system opens many possibilities for improvements. Thus, in the second 

half of the work, we reveal some strategies to experimentally improve these already 

impressive metrics, by using sample stacking and polymer coating. The implementation of 

this sensor platform for real-life application is also evaluated by rigorous tests with aging 

effect, interference gases, and moisture. 

6.2.2. Sensor Stacks 

Enhancing the sensor signal as well as improving LOD without vitiating the fast response 

time is challenging, since it requires a higher volume of active materials (e.g. thicker 

sensing layers, or higher surface coverage) which normally associates with a higher VSR 

(slower sorption kinetics) or necessitates of changing sensor nanoarchitecture.182 Here, we 

propose a hydrogen sensor platform consists of a multilayer of NP-on-nanosphere-

monolayer. This multilayer structure can be realized by transferring monolayers to other 

substrates by using water-floating,194 scotch-tape,177 sonicating and recasting, or just by 

simply stacking multiple NP sensors on top of each other (Figure 6.4a). We hypothesize 

that (i) hydrogen molecules can easily and rapidly penetrate through the porous nanosphere 

hexagonal-pack and reach the sorption sites on the NP surface, along with an unchanged 

VSR, would preserve the fast response characteristic of an individual NP sensor; and (ii) 

the volume of sensing materials is multiplicated by number of stacking layers, n, results in 

n-fold enhancement in sensor signal and pushing LODs to a lower %&'/�&' as long as the 

light transmission is still sufficient for the MCD detection. 
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Figure 6.4. (a) A schematic illustrating a single-layer NP sensor and a triple-layer NP 

sensor. (b) ∆MCD response of triple-layer NP sensors to stepwise decreasing hydrogen 

pressure in the 5000 – 4.6 µbar range, measured at 1 Hz sampling frequency in a 

vacuum chamber. Shaded areas denote the periods where the sensor is exposed to 

hydrogen. (c) ∆MCD response of triple-layer NP sensors (1 Hz of sampling frequency) 

with different hydrogen concentration (�&'), measured in flowing nitrogen (400 

ml/min). Shaded areas denote the periods where the sensor is exposed to hydrogen. (d) 

Measured ∆MCD response as a function of hydrogen pressure/concentration derived 
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from (b) and (c). The green solid line denotes the defined LOD at 3σ = 0.12 mdeg. 

Inset: a magnified view at low %&'/�&'. 

We examine these hypotheses by testing a representative triple-layer NP sensor (Figure 

6.4a) with standard response time and LOD measurements. In Figure 6.4b, we show the 

responses of triple-layer sensor to multiple step-wise hydrogen pulses (an identical test 

with a single-layer NP was presented in Figure 6.3b). The triple-layer NP sensor yields an 

approximately 3 times larger of MCD signal than that of single-layer NP sensor (at a certain 

%&'), and the lowest hydrogen pulses of 4.6 µbar (our system limit) is clearly resolved. In 

addition, this triple-layer NP sensor can resolve a 1-ppm hydrogen pulse in nitrogen 

(Figure 6.4c), which can hardly be seen with a single-layer NP (Figure 6.3c, inset). 

Consequently, we extrapolated that the LOD is < 700 nbar and < 700 ppb for pure 

H2/vacuum and H2 in nitrogen, respectively (Figure 6.4d). 

   It is expected that we can further lower down the LOD by having more sensing layers, 

however, the sensor platform requires higher power consumption as a trade-off. In 

particular, the transmission of a single-layer NP on glass substrate (at probing λ = 450 nm) 

is ~40 %. However, this power consumption rate can be significantly reduced by making 

the stack more transparent. For instance, exfoliating and transferring the monolayer can cut 

down the number of glass substrate used, or by using another monolayer template whose 

transparency at probing λ is higher. 
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6.2.3. PdCo NP/TAF and NP/TAF/PMMA Based MCD Hydrogen Sensor 

Recent works on polymer-coated hydrogen sensors 165, 193, 195 and metal-organic 

framework-coated system 196-197 have provided meaningful insights on using coating layer 

for accelerating the hydrogen sorption kinetics. For instance, Nugroho et al. employed a 

30-nm of  polytetrafluoroethylene (PTFE) coating layer on PdAu alloy sensor to effectively 

reduce the activation barrier for hydrogen absorption from surface to subsurface sites, 

which results in sub-second response time.165 To this end, we chose to coat a layer of 

Teflon-AF 2400 (TAF) for a potential improvement of sorption kinetic. In the same family 

of perfluorinated polymer as PTFE, TAF possesses high chemical resistances and 

hydrophobicity, while having a high gas permeability and low refractive index,198 which 

are favorable for an optical-based sensing system.  
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Figure 6.5. (a) MO hydrogen sorption isotherm of NP/TAF extracted at ∆MCD 

maxima. (b) ∆MCD response of NP/TAF sensors to stepwise decreasing hydrogen 

pressure in the 5000 – 4.6 µbar range, measured at 1 Hz sampling frequency in a 

vacuum chamber. Shaded areas denote the periods where the sensor is exposed to 

hydrogen. (c) ∆MCD response of NP/TAF (1 Hz of sampling frequency) with different 

hydrogen concentration (�&'), measured in flowing nitrogen (400 ml/min). Shaded 

areas denote the periods where the sensor is exposed to hydrogen. (d) Measured ∆MCD 

response as a function of hydrogen pressure/concentration derived from (b) and (c). 

The green solid line denotes the defined LOD at 3σ = 0.12 mdeg. (e) Raw absorption 

kinetics response and (f) raw desorption kinetic response (with desorption pressure of 

<0.08 mbar) of to varying H2 pressure from 1000 to 1 mbar at 23 °C (16 Hz of sampling 

frequency). (g) Extracted absorption time (t90) and desorption time (t10), derived from 

(e) and (f). 

We next characterize the NP/TAF sensor as previously. We observe similar MO 

behaviors (MCD spectra, ∆MCD upon hydrogenation, and MCD magnetization) of coated 

sample, in comparison to these of uncoated sample. The extracted MCD sorption isotherm 

is summarized in Figure 6.5a, shows a hysteresis-free characteristic and comparable of 

signal level to uncoated sample. Further tests to examine the LOD of the NP/TAF sensor 

show that it can resolve at as low as 4.6 µbar pulses of pure H2 in vacuum (Figure 6.5b) 

or 2.5 ppm of H2 pulse in N2 gas carrier (Figure 6.5c). From the experimental results, we 
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extrapolated that the LOD is ~ 1 µbar with pure H2 and < 1.5 ppm of H2 in N2, which is on 

par with the uncoated NP sensor (Figure 6.5d). Notably, the sorption times of NP/TAF 

system are remarkably accelerated (Figure 6.5e and f). Three notable features are 

underlined (Figure 6.5g): (1) the t90 at %&'  = 1 mbar is ~ 0.45 s, which is 2-time faster than 

any optical hydrogen sensors under similar conditions;165, 182, 193 (2) the t90 at %Ï'  = 40 mbar 

(~ 4 vol%) is < 0.1 s, which is nearly twice as fast as any optical hydrogen sensors under 

similar conditions;170, 189 and (3) with the recovery times t10 with %&'  = 1−100 mbar are < 

3 s, with t10 at %&' = 40 mbar (~ 4 vol%) is only 1 s, NP/TAF is one of the fastest sensors 

under similar conditions.191 Along with the ppm-LOD, this NP/TAF sensing platform 

represents the current state of the art in hydrogen sensing. 

Another important aspect of a hydrogen sensor is the resistance toward the poisonous 

gas species such as CO, which exists with a trace level in the ambient air. Long-term 

exposure to these poisonous gases significantly degrades sensor performance (such as 

reducing sensitivity, accuracy, and slowing down the sensor response), which eventually 

shortens the lifetime of the sensor.191 As TAF is well-known for its high gas permeability 

and poor selectivity,199 it is expected that NP sensor is not fully protected by the TAF 

coating layer toward the deactivation gases such as CO. To overcome this drawback, we 

encapsulate the NP/TAF with a polymer layer of PMMA (see Experimental Section), as 

PMMA has been demonstrated as an excellent hydrogen selective membrane.165, 182, 200-201  
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Figure 6.6. (a) Extracted absorption time (t90) and desorption time (t10) of 

NP/TAF/PMMA sensor. (b) ∆MCD response of NP/TAF/PMMA sensor upon 100 

cycles of 2% H2 in synthetic gas (400 ml/min). (c) Time-resolved ∆MCD response of 



 

 

 

124 
 

 

NP/TAF/PMMA sensor to 3 pulses of 2% H2 followed by 9 pulses of 2% H2 + 5% CO2, 

2% H2 + 5% CH4, 2% H2 + 0.2% CO; and (d) normalized sensor signal to the one 

obtained with 2% H2 in syntheic gas flow. The error bars denote the standard deviation 

from 9 cycles. (e) Time-resolved ∆MCD response of NP/TAF/PMMA sensor to 10 

pulses of 2% H2 with different relative humidiy (RH) of 0-90% and (f) normalized 

signal to the one obtained with 2% H2 in dry condition. All measurements were 

performed at 23 °C, using synthetic gas as carrier gas. The green shaded areas in (d) 

and (f) denote the ±20% deviation limit from the normalized ∆MCD response with 2% 

H2. 

 We then performed an identical sensing characterization for this tri-layer sensor. 

Remarkably, we observed essential no change in t10 and t90 of NP/TAF/PMMA in 

comparison to NP/TAF sample (Figure 6.6a), which implies that (i) coating a thin layer of 

PMMA does not block/slow-down H2 reaching/leaving the sorption sites on PdCo NP and 

(ii) the ultrafast response time is ascribed to the reduced activation barrier induced at the 

TAF/PdCo interface.165 On the other hand, a notable performance which needs to be 

emphasized is the LOD of < 0.9 µbar of pure H2 in vacuum and ~2 ppm of H2 in N2. 

Further rigorous tests have been carried out on NP/TAF/PMMA tandem to assess the 

operation in practical condition, such as sensing in more realistic gas carrier like synthetic 

air, under interferences from toxic gases (CO, CO2, CH4) and moisture. The tandem sensor 

shows a great stability without the sign of degradation, upon > 500 of (de)hydrogenation 
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cycle (2% H2 in synthetic air), and the first 100-cycles of a 5-month-old sample (stored in 

glove-box) are presented in Figure 6.6b. In addition, an excellent selectivity of 

NP/TAF/PMMA to high concentration pulses of CO (0.2%), CO2 (5%), and CH4 (5%) are 

observed, as in essence no sign of signal degradation is witnessed upon 9 pulses of gas 

exposure (Figure 6.6c and d). We note that, the CO2 and CH4 selectivity of the system 

might come from intrinsic resistances of PdCo materials,182 and further enhanced by the 

selective PMMA coating. Furthermore, NP/TAF/PMMA shows a great tolerant toward the 

humidity, as the absolute response of the sensor remains within the ± 20% deviation limit 

202 up to a high relative humidity (RH) of 90%. Additionally, we highlight that by stacking 

this tandem sensor as presented above, it is possible to realize an exemplary optical 

hydrogen sensor platform with sub-0.5-second response, ppb-LOD, and robustness against 

interfering gases and moistures. 

6.3. Conclusions 

In summary, we have demonstrated a method to produce a class of rapid-response, highly 

sensitive, and accurate MO Pd-Co composite hydrogen sensors through glancing angle 

deposition on PS-nanospheres. It is facile to tune these metasurface sensors through simple 

alloying, angle of deposition, or film thickness, which dictates the qualitative nature, 

quantitative metrics, and hysteresis of the response. By encapsulating the NP sensor with 

TAF and PMMA, the sensor response time (t90) at 1 mbar is less than 0.5 s, which is the 

fastest response ever reported at the critical H2 concentration required for leak detection. 
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Additionally, these sensors readily detect concentration as a low as <1 ppm in nitrogen, 

maintain high accuracy due to the hysteresis-free operation, and exhibit robustness against 

aging, temperature, moisture, and disturbance gases. These sensors demonstrate a viable 

path forward to spark-proof optical sensors for hydrogen detection applications.  

6.4. Experimental Sections 

Morphology and composition characterization. Scanning electron microscopy (SEM) was 

performed with a Thermo Fisher Scientific (FEI) Teneo field emission scanning electron 

microscope (FESEM). Energy-dispersive spectroscopy (EDS) elemental mapping was 

performed with 150 mm Oxford XMaxN detector. Ultra-high-resolution SEM was 

performed with a SU-9000, Hitachi (with resolution of 0.4 nm at 30 kV). 

Hydrogen sensing measurement. All MO, optical isotherm, LOD, response/release time 

measurements are performed in a home-made vacuum chamber with two quartz 

windows.177 The hydrogen pressure was monitored by three independent pressure 

transducers with different which cover the pressure range of 10-6 to 1.1 bar (two PX409-

USBH, Omega and a Baratron, MKS). Optical transmission measurements were performed 

with an unpolarized collimated halogen lamp light source (HL-2000, Ocean Optics) and a 

spectrometer (USB4000-VIS-NIR-ES, Ocean Optics). The optical response/release time 

measurements were performed at 12.5 Hz sampling frequency (4 ms integration time with 

10 averages). The LOD measurements were performed at 1.25 Hz sampling frequency (4 

ms integration time with 100 averages), and ∆T/T responses were averaged over 
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wavelength range of λ = 500 – 660 nm for the best SNR. For LOD measurements in flow 

mode, ultra-high purity hydrogen gas (Airgas) was diluted with ultra-high purity nitrogen 

gas (Airgas) or synthetic gas (Airgas) to targeted concentrations by commercial gas 

blenders (GB-103, MCQ Instruments). The gas flow rate was kept constant at 400 ml/min 

for all measurements. All experiments (except the temperature-dependent experiments) 

were performed at constant 25 °C. 

FDTD calculations. FDTD calculations of Pd hydride NP samples were carried out using 

a commercial software (Lumerical FDTD Solutions).109 The geometric parameters of Pd 

cap were obtained from MATLAB simulation. The mesh size of 2 nm × 2 nm × 2 nm was 

chosen. The refractive index of glass and PS was chosen to be 1.5 and 1.59, respectively, 

and the optical parameters of Pd and PdHx were extracted from Ref. 203. 

PMMA coating. PMMA (Sigma Aldrich, 10 mg/ml dissolved in acetone by heating up the 

mix to 80 °C and cooling down to the room temperature, Mw = 15 000) was spin-coated on 

sensors at 5000 r.p.m. for 120 s followed by a soft baking at 85 °C on a hotplate for 20 

minutes. Using the same coating process on a clean glass substrate results in a ~50 nm 

PMMA film, as measured by an atomic force microscope (NX-10, Park Instrument).  
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CHAPTER 7 

CONCLUSIONS AND FUTURE WORK 

 

In this Dissertation, we have demonstrated that SNL together with electron beam co-

evaporation technique are a powerful technique-combination for preparing MOP 

nanostructures and devices. Accordingly, we reveals the strategies to produce consistently 

composite-based metasurfaces, including nanohole arrays, nano-triangle arrays, chiral 

nanohole arrays, and nanopatchy arrays.  

Particularly, in Chapter 3-4, plasmonic nano-lattice such as nanohole arrays and nano-

triangle arrays are examined. The nanostructures show strong composition-dependent 

magneto-plasmonic property. In fact, both experimental and FDTD numerical results show 

that the MO response is strongly related to the plasmonic property. The magneto-optics 

response of these magneto-plasmonic systems behave differently, depending on the nature 

of the plasmon resonance that the system supports (i.e. SPP wave in the nanohole array or 

LSPR wave in the nanotriangle array), and by adjusting the Co content, their MOP 

performances can be maximized. In Chapter 5, we introduce the inplane symmetry 

breaking to the nanohole array structure by a glancing angle deposition. The chiral 

nanohole arrays now show a strong intrinsic chiroptical response, which is enhanced 

strongly by SPR when Ag is a major component. On the other hand, the Co component 
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allows for magnetic tuning circular dichroism, with the maximum modulation amplitude 

up to 0.35°. In Chapter 6, we explore an interesting an application of composite-based 

MO device: hydrogen sensing, by alloying Co with a hydride-forming metal of Pd. The 

nano-patchy hydrogen sensor shows a rapid-response and is highly sensitive, and its 

performances surpasses any existing hydrogen sensor in the literature.  

There are many possibilities to develop the works presented in this Dissertation. It 

would be interesting to investigate the MOP of other composite chiral nanostructures made 

by SNL such as nano-fan,146 nano-spring,204 chiral-stack,205 etc. These nanostructures 

support LSPR and are expected to give a better magneto-plasmonic enhancement in 

comparison to that of nanostructures that support SPP mode.45, 80 For the MO hydrogen 

sensors, adding noble metals (Ag or Au) in Pd-Co composite to form a ternary Ag-Pd-Co, 

Au-Pd-Co or Pd-Co/Ag(Au) bilayer could be an interesting improvement, as plasmonic 

functionality can give a great enhancement in signal response and improve sensing SNR.  
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APPENDIX A 

Optical and Magneto-optical Constant of Ag-Co Composite Materials 

 

 

Appendix Figure A1. (a) Real part (��) and (b) imaginary part (��) of optical 

permittivity of Ag-Co composite thin films with different CCo (%), determined by a 

spectroscopic ellipsometer. 
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Appendix Figure A2. (a) Real part and (b) imaginary part of the off-diagonal 

component (��
) of optical permittivity tensor, measured with Ag-Co composite thin 

films with different CCo (%) by a Faraday effect spectroscopy. 
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APPENDIX B 

Magneto-optical Properties of PdCo Thin Films 

 

 

Appendix Figure B1. (a) MCD spectra MCD1000 mbar and MCD0 mbar of control PdCo 

thin film sample, measured at %&'  = 1000 mbar and <0.01 mbar, respectively, and 

∆MCD = MCD1000 mbar – MCD0 mbar. (b) MCD hysteresis loops control PdCo thin film 

sample at λ = 450 nm, measured under several H2 pressures and vacuum (before and 

after exposed to H2). Arrows denote the magnetization direction. (c) ∆MCD hysteresis 

loop shows maxima changes of MCD. Black arrows denote the magnetization 

direction. 
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Appendix Figure B2. MCD hysteresis loops control PdCo thin film sample at different 

wavelength λ, measured at %&'  = 1000 mbar and < 0.01 mbar. 
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