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Abstract  

This paper investigates, through the field enhancement factor, the increase of hydrogen 

adsorption around the interface between a layer of hydrogen and a periodic layered structure 

under different incidence angles of an applied transverse magnetic polarized electromagnetic 

field. This periodic layered structurel is composed of n-binary unit cells based on alternating a 

thin layer of gold with a thin layer of a metamaterial with equal negative relative permittivity 

while the relative permeability of the first and the second material’s unit cell is considered equal 

to 1 and -1, respectively. We apply the effective medium theory to replace this layered structure 

with a single slab of a homogeneous material with an effective permittivity tensor and an 

effective permeability tensor. We use the Transfer Matrix Method to analyze the reflectivity 

spectra at the hydrogen/slab interface for adjustable layers’ thicknesses and then we derive the 

field enhancement factor. We obtain a significant increase of the field enhancement factor of 

the structure in comparison with the field enhancement factor around the interface between a 

layer of hydrogen and a structure composed of one gold layer. 

Keywords: Periodic, Metamaterial, Reflectivity, Field enhancement factor, Effective medium 

theory, Transfer matrix method. 

1. Introduction 

The harnessing of the energy stored in hydrogen to produce electrical energy encounters several 

difficulties, among which the lack of efficient storage methods is the most critical [1-10]. There 

are many ways to store hydrogen, including pressurized gas, liquefied, and material-based 

methods [11-17]. The high-pressure gas and the cryogenic liquid methods suffer from different 

limitations such as safety, efficiency, poor volumetric energy density, and high cost of the 

storage process [18-19]. Currently, the most promising means to store hydrogen is using solid-

state materials [20-21]. However, due to the weak interaction between hydrogen and the surface 

of solid materials, no significant amount of hydrogen can be stored at ambient temperature and 

pressure [22, 23]. Metal hydrides result from the interaction of hydrogen with a metal surface 
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[24-27] as hydrogen storage materials and are often preferred over conventional storage 

methods because of their gravimetric and volumetric storage capacities and safe operating 

pressures [28-31]. Nonetheless, the slow absorption/desorption kinetics of bulk metal hydrides 

remains the major disadvantage of metal hydride systems [32-34]. During the last few decades, 

hydrogen storage in nanostructured materials with high hydrogen storage capacity in a 

reversible way has attracted increasing attention [35-38]. Nanostructured materials include 

multiple structures such as nanoparticles, nanoconfined composites, core-shell structures, 

nanowires, nanotubes, thin films, and multilayers [39-42]. The advantages of thin-film metal 

hydrides have been discussed by Baldi and Dam [43]. Films of Au and Pd at different 

intermixing ratios, as well as layered Au/Pd films deposited in an alternating fashion have been 

used by Nishijima et al. for prospective applications in hydrogen detection and storage [44]. 

The adsorption of hydrogen on gold nanoparticles of the size of the order of 10 nm has been 

investigated by Watkins and Borensztein [45]. To achieve high performance with high 

hydrogen-absorbing capacity and suitable absorption/desorption temperature, a design of 

nanocomposite hydrogen-absorbing material has been proposed by Higuchi et al. [46, 47]. The 

improvement of the hydrogen adsorption by an applied electromagnetic field has been 

examined by several researchers. An investigation of the interaction and kinetics of hydride 

forming materials under high-frequency electromagnetic fields has been undertaken by Bell 

[48]. The effects of electric field strength on hydrogen adsorption have been determined by 

Hwang et al. [49]. Borgschulte et al. have used an electric current to control the absorption of 

hydrogen in Mg thin films [50]. Song et al. have shown that an appropriate external electric 

field can effectively enhance the hydrogen adsorption/desorption on the Ca–silicene system 

[51]. The high-performance unidirectional absorber structure of conventional dielectrics and 

graphene layers has been realized by Guo et al. [52]. The optical bistability of one-dimensional 

photonic crystals has been reported by Xu et al. [53]. Surface-plasmon-induced electromagnetic 

field enhancement around planar surfaces of hydrogen-absorbing transition metals has been 

quantitatively investigated by Fukuoka and Tanabe [54].  

In this work, we numerically analyze the field enhancement factor around the interface between 

a layer of hydrogen and several periodic layered structures composed of n-binary unit cells 

based on alternating gold and metamaterial layers in the quest to improve the interaction around 

the interface under an incident electromagnetic field. Periodic layered structures, when plasma 

is considered as a kind of metamaterial, are similar to plasma photonic crystal structures [55, 

56]. Metamaterials also referred to as Left-Handed Materials (LHM) following the original term 

proposed by Veselago [57, 58], are defined as materials whose properties depend strongly on 
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the geometry of the microstructure [59, 60]. Negative relative electric permittivity and negative 

relative magnetic permeability, in certain wavelength region, are one of the most important 

optical properties of metamaterials [61-63].  

By applying the effective medium theory, which allows by replacing a periodic layered 

structure with a single homogeneous material slab, the slab effective permittivity tensor and the 

slab effective permeability tensor are determined. The reflectivity spectra of both a normal 

incident electromagnetic field and a transverse magnetic polarized electromagnetic field under 

different incidence angles at the hydrogen/slab interface are calculated by the Transfer Matrix 

Method. The dependence of the field enhancement factor on the layers’ thicknesses, on the 

number of periods, and the incidence angles is discussed. 

2. Theoretical formulation 

2.1. Effective permittivity and permeability tensors 

This work deals with the field enhancement factor around the hydrogen/gold slab interface and 

the field enhancement factor around hydrogen/periodic layered structures interfaces for 

wavelengths from 500 nm to 2100 nm. The periodic layered structure is composed of n-binary 

unit cells based on alternating gold and metamaterial layers with the same negative relative 

permittivity. The relative permeability of gold and the metamaterial is considered equal to 1 

and -1, respectively. In this study, the Drude model is used to express the relative electric 

permittivity ����(�) [64, 65]  

 

����(�) = �������� −
��

�

����.�.�
                   (1)  

 

where �������� is the lattice permittivity, �� is the plasma frequency and γ is the scattering rate. 

Values of ԑ�������, �� and γ are those given by Isaac et al. [65]: �������� = 9.1, �� = 1.2 ∗

10�� rad/s and � = 1.2 ∗ 10�� rad/s. The complex relative electric permittivity is presented 

in Fig.1. 
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Fig. 1. Complex relative electric permittivity versus wavelength. (a) real part and (b) imaginary part. 

. 

The effective medium theory simplified a periodic layered structure to a one-layer 

homogeneous medium with an effective diagonal permittivity tensor and an effective diagonal 

permeability tensor when the thickness of each layer of the structure �� is much smaller than 

the wavelength of the incident electromagnetic field in the effective medium given by  � ����
�   

(λ is the wavelength and ���� is the effective refractive index of the medium) [66]. The effective 

permittivity tensor ���� and the effective permeability tensor ���� are written as [67-71]  

 

���� = �

����
∥ 0 0

0 ����
∥ 0

0 0 ����
�

� and  ���� = �

����
∥ 0 0

0 ����
∥ 0

0 0 ����
�

�        (2) 

 

The diagonal components ����
∥ , ����

� , ����
∥  and ����

�  are given by 

����
∥ = ∑ �� .

��

�
,  

�

����
� = ∑

�

��
.

��

�
, ����

∥ = ∑ ��.
��

�
   and  

�

����
� = ∑

�

��
.

��

�
      (3) 

with ��, ��, �� the relative permittivity, the relative permeability and the thickness of each layer 

of the unit cell, respectively. The thickness of the unit cell is given by d (� = ∑ ��). For unit 

cell materials with the same relative permittivity ���� , the diagonal components of the effective 

permittivity tensor are equal to ���� (����
∥ = ����

� = ����). For binary unit cell materials with 

the first material relative permeability equal to 1 and the second material relative permeability 

equal to -1, the diagonal components of the effective permeability tensor are calculated by 

����
∥ =

���������

���������
 ,  ����

� =
���������

���������
           (4) 

where ���� and ���� are the thicknesses of the first and second materials, respectively.  
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2.2. Field enhancement factor theory 

Metal nanostructures can interact strongly with electromagnetic fields or light of wavelength 

significantly exceeding their dimensions due to their ability to support surface plasmons. 

Surface plasmons are the excitations of collective oscillations of free electrons confined within 

the interface of the metal and the dielectric, accompanied by strong field enhancement at the 

subwavelength scale [72, 73]. Near surfaces or interfaces, the electromagnetic field can alter 

the motion of charged particles and improve reactions kinetics [48]. The field enhancement can 

be studied via the field enhancement factor which is defined as the intensity ratio for electric 

field around the metal (���
������⃗ (0�)   to that in the absence of the metal, or the incident electric field 

(��
����⃗ ) . The field enhancement factor η is expressed by [54, 74-76] 

 

� =
������������⃗ (��) �

�

�������⃗ �
� =

�.(|��|��|���|�) .(���).��� �

�.�.��

�
��

.���
�� .��{

���.(��.��
� ���.��

� )

��.��.
� ��

� }
      (5) 

where λ is the wavelength of the field related to the frequency of the field � by � =
�.�.�

�
, c is 

the speed of light; θ is the incident angle; R is the reflectivity of the incident field; �� and �� 

are the complex wave vectors in the z-direction in the hydrogen layer and the material slab, 

respectively; ��� is the complex wave vector of the surface-plasmon mode in the x-direction. 

The primes and double primes indicate the real and imaginary parts of complex quantities, 

respectively. Based on the derivation of the dispersion relation developed by Weber [74] and 

Raether [72], the wave vectors have been calculated for both normal incident field and 

transverse magnetic polarized field.  

For the normal incident field, the dispersion relations are given by 

��
� = ���

� − ��. ��. �
�.�

�
�

�

,         ��
� = ���

� − ����
∥ . ����

∥ . �
�.�

�
�

�

     (6) 

For the transverse magnetic polarized field, the dispersion relations are given by 

��
� = ���

� − ��. ��. �
�.�

�
�

�

,         ��
� = ���

� − ����
∥ . ����

� . �
�.�

�
�

�

    (7) 

For the case of this study, the permittivity and the permeability of hydrogen are taken equal to 

1 (�� = �� = 1) and as the diagonal components of the effective permittivity tensor are equal, 

the dispersion relations remain the same for normal and transverse magnetic polarized fields. 

The wave complex vectors have been deduced from these dispersion relations as 

�� =
�.�

�
. (

������
∥ .����

∥

����
∥ �

��
)

�
�� ,  �� =

�.�

�
. [

����
∥ �

.(������
∥ .����

∥ )

����
∥ �

��
]

�
��   and ��� =

�.�

�
. [

����
∥ .(����

∥ �����
∥ )

����
∥ �

��
]

�
��     

(8) 
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The reflectivity of the incident field on the hydrogen/slab interface required for the calculation 

of the field enhancement factor is performed using the Transfer Matrix Method. Transfer Matrix 

Method is a very useful and quite simple method for the analysis of the optical parameters of 

multilayer structures. The transfer matrix relates the incoming and the outgoing waves on the 

input layer of a structure to those on the output layer [77-81]. The considered structure is 

composed of a slab of an effective material with an index of refraction �� embedded in a semi-

infinite input hydrogen layer and a semi-infinite output air layer. The slab’s refractive index �� 

is given by 

�� =

⎩
⎨

⎧  �����
∥ . ����

∥                                for nomal incident electromagnetic field.

      �����
∥ . ����

�              for transverse magnetic polarised electromagnetic field.

    (9) 

 

The complete transfer matrix M is obtained by multiplying the individual transfer matrices 

� = ��
��. ��. �� =   �

��� ���

��� ���
�      (10) 

with 

�� = �
1 1

��
���

−��
���� , �� = �

1 1

��
���

−��
����          (11) 

and  

�� = �
cos ��

� ��� ��

��
���

���
���

sin �� cos ��

�            (12) 

where  �� and  �� are the refractive indices of hydrogen and air, respectively.   

 �� =  �� = 1             (13) 

 ��
���

and �� , with j=H, s, a, are the effective refractive indices and the phase thicknesses, 

respectively. Furthermore,  

��
���

= �
�� ��� ��      for transverse electric polarisation (TE).
��

��� ��
             for transverse magnetic polarisation (TM).

     (14) 

and 

�� =
��

�
. ��. ��. cos ��      (15) 

The angle of refraction ��  is related to the incidence angle �� by the Snell’s law  

�� . sin �� = ��. sin ��      (16) 

The reflectivity R is the square of the reflection amplitude r.  
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� = |�|�            (17) 

The reflection amplitude can be written in terms of the transfer matrix coefficients as 

� =  
���

���
        (18) 

3. Numerical Simulation Results 

3.1. Field enhancement factor around hydrogen/gold slab interface 

The geometry of the first investigated structure is shown in Fig. 2.(a). In the simulations, an 

electromagnetic field at normal incidence (� = 0) is applied on the interface of a semi-infinite 

hydrogen layer and a gold slab with thickness ����. Fig. 3 includes the presentation of the 

reflectivity for several gold thicknesses. It can be seen from Fig.3 that the reflectivity increases 

with the increase of the gold thickness. In contrast to the reflectivity, the field enhancement 

factor is decreasing. This decrease appears clear in Fig.4. It is also interesting to remark that the 

field enhancement factor calculated without considering the reflectivity is the highest in all the 

range of wavelength from 500 nm to 2100 nm. 

 

   

 

Fig. 2. Schematic diagrams of the proposed structures. (a) structure composed of one gold layer and 

(b) a periodic layered structure composed of alternating layers of gold and metamaterial 
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Fig. 3. Reflection under normal incidence around hydrogen/gold slab interface for several gold 

thicknesses versus wavelength  

 

 

Fig. 4. Field enhancement factors versus wavelength around hydrogen/gold slab interface for several 
gold thicknesses 

 

3.2. Field enhancement factor around hydrogen/periodic layered structures interfaces 

In order to enhance the field enhancement factor, the second type of geometry of structures 

composed of n-binary unit cell based on alternating a thin layer of gold with a thin layer of 

metamaterial is proposed. The layered structure of these cells can be seen in Fig. 2 (b). From 

the thickness dependence of the effective permeability components tensor, the real and the 
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imaginary parts of the effective slab’s refractive index with adjustable gold and metamaterial 

layers’ thicknesses are calculated and depicted in figures Fig.5 (a) and Fig.5 (b). In figure Fig.5 

(c) the ratio � =
��

�
�������

  of the thickness of each layer to the wavelength in the effective 

mediums is plotted versus the wavelength. As can be seen from the figure Fig.5 (c), the 

maximum values of Z do not exceed 0.8%, 1% and 1.4% for the thicknesses’ layers of 6 nm, 

10 nm and 20 nm, respectively. Therefore, the effective medium theory is a suitable approach 

to the proposed structures.  
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Fig. 5. Complex refractive index of the effective slab versus wavelength. (a) real part and (b) 

imaginary part. (c) ratio � versus wavelength 

The field enhancement factors under a normal incident electromagnetic field of these three 

periodic layered structures of n-binary unit cell with ���� = 6 �� and ���� = 5.5 �� 

; ���� = 10 �� and ���� = 9.5 �� and ���� = 20 �� and ���� = 19.5 ��, are 

calculated for n = 1, 2, … , and 10. The results are plotted in Fig. 6. These figures show a 

significant increasing of the field enhancement factor of the layered structures in comparison 

with the field enhancement factor around gold/hydrogen interface (Fig. 4). The obtained results 

can be summarized as follows. Firstly, reducing the number of periods leads to an increase in 

the field enhancement factor. Secondly, the reflectivity can be neglected in the calculation of 

the field enhancement factor only for structures with one unit cell. This can be seen in Fig. 7, 

which shows nearly zero reflectivity for one unit cell structure. Thirdly, the trend of the curves 

remains unchanged even though the number of period changes. Fig. 6. (a) shows a continuously 

increasing of the field enhancement factor with wavelengths for the structure of unit cell with 

���� = 6 �� and ���� = 5.5 ��. The field enhancement factor attains its maximum at 2100 

nm. This continuous increase, as it can be seen in Fig. 6. (b) and Fig. 6. (c), is also observed in 

the range of wavelength from 500 nm to 1400 nm for the two structures of unit cells 

with ���� = 10 �� and ���� = 9.5 �� and ���� = 20 �� and ���� = 19.5 �� and an 

oscillatory increasing behavior characterizes the field enhancement factor in the range of 

wavelength from 1400 nm to 2100 nm. 
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Fig. 6. Field enhancement factors versus wavelength around hydrogen/periodic layered structures 

interfaces. (a) structure of unit cell with ���� = 6 �� and ���� = 5.5 ��; (b) structure of unit cell 

with ���� = 10 �� and ���� = 9.5 ��; (c) structure of unit cell with ���� = 20 �� and ���� =

19.5 �� 
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Fig. 7. Reflectivity under normal incidence versus wavelength at hydrogen/periodic layered structures 

interfaces. (a) structure of unit cell with ���� = 6 �� and ���� = 5.5 ��; (b) structure of unit cell 

with ���� = 10 �� and ���� = 9.5 ��; (c) structure of unit cell with ���� = 20 �� and ���� =

19.5 �� 
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3.3. Field enhancement factor under a polarized transverse magnetic electromagnetic 

field 

In this section, we present an analysis of the field enhancement factor around hydrogen/5-binary 

unit cell layered structure interface under different incidence angles of an applied transverse 

magnetic polarized electromagnetic field. Fig. 8 illustrates the variation with an incidence angle 

of the field enhancement factor for the three structures. Through figure Fig. 8 (a) and Fig. 8 (b), 

the field enhancement factor for the structures of unit cells with ���� = 6 �� and ���� =

5.5 �� and ���� = 10 �� and ���� = 9.5 �� is shown decreasing as the incidence angles 

increase. Very little difference is observed between the field enhancement factors under the 

angles � = 15� and � = 30�. The field enhancement factor remains nearly identical under 

normal incidence (� = 0�) and � = 15�. Fig. 8 (c) portrays the field enhancement factor for 

the structure of unit cells with ���� = 20 �� and ���� = 19.5 ��. No difference is observed 

in the behavior of the curves of the field enhancement factor under the angles � = 15�, � =

30� and � = 45�  in the range of wavelength from 1400 nm to 2100 nm. The weakest values 

in all the range of wavelength (from 500 nm to 2100 nm) are obtained under � = 60�. The 

highest values in the range of wavelength from 750 nm to 1000 nm and from 1000 nm to 1400 

nm are obtained under � = 30� and � = 60�, respectively. 

The results presented in Fig. 8 are combined in Fig. 9 with the simulation results obtained 

without taking into account the reflectivity, in order to explicit the effect of reflectivity on the 

field enhancement factor. The curves exhibit a significant difference between the field 

enhancement factors calculated with and without reflectivity. The curves calculated without 

reflectivity lie significantly above the curves calculated with considering the reflectivity. 

 



14 
 

 

  

Fig. 8. Field enhancement factors under a transverse magnetic polarized electromagnetic field versus 

wavelength. (a) structure of unit cell with ���� = 6 �� and ���� = 5.5 ��; (b) structure of unit cell 

with ���� = 10 �� and ���� = 9.5 ��; (c) structure of unit cell with ���� = 20 �� and ���� =

19.5 �� 
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Fig. 9. Field enhancement factors under a transverse magnetic polarized electromagnetic field versus 

wavelength. (a) structure of unit cell with ���� = 6 �� and ���� = 5.5 ��; (b) structure of unit cell 

with ���� = 10 �� and ���� = 9.5 ��; (c) structure of unit cell with ���� = 20 �� and ���� =

19.5 �� 

In the last part of this paper, we compare the field enhancement factors of the three structures 

under the same incident angle. Results obtained, presented in Fig.10, indicate no important 

changes in the values of the field enhancement factors of the structures of unit cells with ���� =

6 �� and ���� = 5.5 �� and ���� = 10 �� and ���� = 9.5 ��, in the range of 

wavelength from 500 nm to 1400 nm.  The highest values of the field enhancement factor are 

obtained for the structure of unit cells with ���� = 10 �� and ���� = 9.5 ��, in the range of 

wavelength from 1400 nm to 1900 nm.   
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Fig. 10. Field enhancement factors under different incidence angles θ of a transverse magnetic 

polarized electromagnetic field versus wavelength. (a)  θ = 15�; (b) θ = 30�; (c) θ = 45� ; (d) θ =

60�  

 

4. Conclusion 

This work attempts to enhance the field enhancement factor around the hydrogen/gold slab 

interface. The increase of this factor signifies the increase in hydrogen energy storage. We have 

proposed a periodic layered structure composed of n-binary unit cells based on alternating a 

thin layer of gold with a thin layer of the metamaterial. The effective medium theory allows us 

to replace this layered structure with a single slab of homogeneous material. The reflectivity 

spectra under different incidence angles at the hydrogen/slab interface have been deduced by 

the Transfer Matrix Method. The obtained field enhancement factor of the proposed model has 

higher values in comparison with other models for example the field enhancement factors 

calculated by Tanabe at the metal surfaces of Pd, Ni, and Ti in figure 2 (a) [75]. This numerical 

study led to the conclusion that the field enhancement factor can be boosted by minimizing: 

the difference between the two layers’ thicknesses, the number of periods and the incidence 

angle.  
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