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Abstract 

The arbitrary control of surface plasmons (SP) propagation has become an intense research 

topic for several decades. This is due to the fact that they can be used in a variety of fields 

such as optical trapping, nanoantennas and medical applications. In this communication, the 

graded index technique is applied in the design of several steerers able to tailor the direction 

of propagation of the incident SPs by simply changing the height of a dielectric block on top 

of a semi-infinite metal slab. The design procedure is shown and the structures are 

numerically evaluated demonstrating a good agreement with the analytical calculations, with 

the SPs deflected at the design angles ( ranging from 10 to 60) with a wide bandwidth 

steering of 60 nm around the design value (633 nm). 
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1. Introduction 

Nanophotonics deals with the study of the behavior of light 

at the nanometer scale[1–4]. In this context, the pursue of an 

efficient control of the interaction of light with metal particles 

or films has given rise to the emerging field of 

plasmonics[5,6], mainly concerned with the interaction 

process between the electromagnetic (EM) radiation and 

conduction electrons in metals when these can be modelled as 

dispersive media with a permittivity following the Drude or 

Drude-Lorentz model.  

Plasmonics borrows the name from surface plasmons (SPs) 

which are surface waves that propagate along the interface 

between a dielectric and a conductor and which are 

evanescently confined in the perpendicular direction [7]. The 

existence of SPs is directly related to the dispersive 

permittivity of metals at optical frequencies, since they can be 

excited when the real part of the permittivity of both media 

have different signs (positive for the dielectric and negative 

for the metal) but with similar magnitude.  

Nowadays, the study of SPs has become an intense field of 

research and many efforts have been dedicated to get control 

over their propagation. Different applications have been 

proposed using SPs such as focusing [8–12], plasmon induced 

transparency [13] waveguides and filters [9,14,15], 

nanoantennas [16–20], and optical trapping[16], to name a 

few. Within this realm, a prominent research field is to tailor 

the propagation direction of SPs [21–27]. 

In this work, the graded index (GRIN) technique is applied 

in the design of GRIN-SPs steerers using a dielectric block on 

top of a semi-infinite metal slab. First, the analytical 

formulation for the effective refractive index of the air-metal 

and air-dielectric-metal regions is shown. Then, several 

GRIN-SP steerers are designed to deflect the incoming SPs to 
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an arbitrary output angle by changing the height (or 

equivalently the effective refractive index) of the dielectric 

block. Moreover, as an alternative to changing the height, it is 

shown that SP steerers can be designed by tuning the length of 

the dielectric block to achieve the required phase profile at the 

output of the nanostructure. 

2. Design 

A schematic representation of the proposed nanostructure 

is shown in figure 1(a,b). It consists of a dielectric block on 

top of a semi-infinite metal slab made of gold (Au) with its 

dispersive permittivity modeled following Johnson and 

Christy experimental data[28]. The GRIN dielectric 

nanostructure, immersed in air (n1 = 1), is designed at the 

optical communications wavelength of 0 = 633 nm, with a 

height and length represented by ly and lz, respectively. Silicon 

Nitride (Si3N4) is used as the material for the dielectric block 

with a refractive index of n2  1.99 at the design wavelength. 

All the numerical simulations here presented are done using 

the transient solver of the commercial software CST 

Microwave Studio®. The SPs are excited at the back of the 

GRIN medium by using a narrow waveguide[29,30]. With this 

setup, the SPs propagate along the interface between the 

waveguide and the air-Au region in the positive z direction 

with magnetic field parallel to the x-axis and electric field 

lying along the y- and z-axes.  

Let us first study the propagation properties of SPs under 

the proposed configuration shown in figure 1(a,b). The 

process to analyse such structure has been used in the design 

of plasmonic applications such as focusing elements[25–

27,29,30] and the basic concepts are presented here for 

completeness. As observed in the figure, there are two 

different regions based on the different materials involved: a) 

air-Au and b) air- Si3N4-Au. The features of the SPs within 

these two regions can be described in terms of the effective 

propagation constant () which can be then translated into an 

effective refractive index (nSP). 

For the case of the air-Au region, the effective propagation 

constant can be calculated by using the well-known expression 

a = k0[(n1
2nAu

2)/ (n1
2+nAu

2)]1/2 where k0 = 2/0 is the 

wavenumber in free-space, n1 is the refractive index of the 

dielectric in the first region (air in this case) and nAu is the 

refractive index of the semi-infinite metal slab(Au)., which 

describes the propagation of SPs at a dielectric-metal interface 

[5,29,31].For the second region (air-Si3N4-Au), the effective 

propagation constant (b) is implicit in the next equation 

[5,26,27,29–32]: 

 

                           tanh(k2ly) = −(
Au2k2k1+12kAuk2

Au1k2
2+2

2kAuk1
)          (1)  

 

where ki = (b
2ik0

2)1/2 is the wavenumber in each medium 

and the subscripts i = 1, 2 and Au represent the different 

materials: air, Si3N4, and gold, respectively. By solving the 

above transcendental equation for b, the effective 

propagation constant of SPs traveling in the second region can 

be calculated. Moreover, note that b has an explicit 

dependence on the height of the dielectric (ly). This feature has 

been used in the design of interesting applications such as 

lenses[26,27,33] and photonic nanojets[29–31]. Here we 

exploit this feature to design GRIN-SP dielectric steerers able 

to change the direction of propagation of SPs to a different 

output angle. Finally, the effective refractive index in each 

region can be calculated by the ratio of the effective 

propagation constant and the wavenumber in free-space nSPa,b 

= a,b/k0. 

The analytical results of the real and imaginary parts of the 

effective refractive index in region b (nSP,b) as a function of ly 

[using equation (1)] at the design wavelength of 633 nm 

calculated following the described method are shown in figure 

1(c). As observed, the real part (Re{nSP,b}) can be tuned from 

a minimum value of 1.1 approaching asymptotically 2.43 

when ly is modified from 0 to 200 nm. This is an expected 

performance since the lower value corresponds to the effective 

refractive index for the air-Au region with a value of Re{nSP,a} 

= 1.1 while the higher value corresponds to the Si3N4-Au 

region considering two semi-infinite media giving as a result 

Re{nSP,a} = 2.44. It is important to note that the imaginary part 

of the effective refractive index is Im{nSP,b} << Re{nSP,b} for 

all the values of ly at the design wavelength. Moreover, since 

 

Figure. 1. Schematic representation of the GRIN-SP dielectric steerer: 

(a) top and (b) perspective view. The dimensions of the Si3N4 wedge are 

ly and lz along the y and z axes, respectively with a total width along the 

x axis of 3.550 at the wavelength of 0 = 633 nm. (c) Real (blue) and 

imaginary (red) parts of the effective refractive index of the region air-

Si3N4-Au as a function of ly at the design wavelength of 633 nm. 
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the thickness of the slab lz along the propagation axis is small 

(of the order of the wavelength as it will shown in the 

following discussions), loss does not degrade noticeably the 

performance of the nanostructures here designed.  

Once the propagation features of SPs within the two regions 

have been explained, the design of the GRIN-SP steerers can 

be done straightforwardly using ray tracing [34–37]. Each 

element (position along the x axis) of the GRIN-SP steerer 

should introduce a phase delay at its output to deflect the 

incident beam in an arbitrary angle. This phase delay depends 

on the position along the x axis and the phase introduced inside 

of the structure and can be calculated as follows: 

 
(𝑥) = mod(

𝑏
(𝑥)𝑙𝑧 , 2) = mod(

0
𝑙𝑧 + 

𝑎
𝑥sin, 2) (2)  

 

where mod is the modulo operator, b(x), 0 and a are the 

propagation constant at each position along the x axis, at the 

rightmost position and outside of the dielectric, respectively 

and  is the output angle. By using equations (1)-(2), the phase 

delay and height ly of the Si3N4 block at each position can be 

calculated once the output angle is fixed. By applying this 

design procedure, two different GRIN-SP steerers are 

designed to deflect the incoming SPs to an output angle of  = 

10 and  = 30. As described before, the phase introduced by 

the nanostructures depends on the position along the x axis. 

Hence, in order to take into account that the fabrication of such 

structures may not be completely smooth, a piecewise 

approximation is used here and all the nanostructures are 

designed using discrete positions along the x axis with a step 

of dx = 0/15 at the design wavelength of 633 nm. With these 

parameters, all the GRIN-SP steerers have a total width of 

(m+1)dx  3.550 along the x axis with a total of m = 55 

positions. Moreover, ly is limited to the interval 3 - 60 nm 

where the phase varies significantly (larger values would lead 

to a negligible phase change). 

Another parameter that should be considered in the designs 

is the length along the z axis (lz). To fix this dimension, we 

allow a maximum phase advance of 2 of the wave traveling 

inside the medium[38–41]. With this criterion, the length is 

taken as lz =0/nSP,b = 1.140 where nSP,b = 0.88 is the 

variation of the effective refractive index between the extreme 

values ly = 60 nm and ly = 3 nm. 

3. Results and Discussion 

The GRIN-SP steerers were designed following 

considerations described in the previous section and the 

results are shown in figure 2. The magnitude of ly at each 

position along the x axis for both designs is shown in figure 

2(a). As observed in both cases, ly varies within the chosen 

range (3 – 60 nm). By comparing both profiles, it can be seen 

that for  = 30, the profile has two variations and ly is changed 

to 56 nm once its previous value was close to the required 

minimum (ly = 3 nm), as expected. For completeness, the 

values of Re{nSP,b} for both designs are shown in figure 2(b) 

where the maximum (Re{nSP,b}=1.98) and minimum limits 

(Re{nSP,b}=1.1) are also observed.  

The results of the simulated magnetic field distribution (Hx) 

on the surface of the metal (y = 0) for both designs is shown 

in figure 2(c,d). A clear steering of the incoming SPs is 

achieved with both structures. Note that, despite the fact that 

the local periodicity approximation has been applied in the 

proposed structures (where each ly dimension along the x-axis 

is calculated assuming an infinite Si3N4 dielectric along the x 

direction) steering SPs is always achieved. This technique has 

been widely used with metamaterials, demonstrating that it is 

a good approximation when designing GRIN structures [42–

46]. Moreover, note that for  = 30, there are two other 

directions where the SPs are deflected. These beams 

correspond to the diffraction lobes that arise due to the abrupt 

change of ly at x/0 -1.77 which produces a stepped profile of 

the nanostructure (as explained before). As observed in figure 

2(d), they correspond to the (1,0) and (2,0) diffraction 

modes whose angles can be easily calculated by the well-

known equation of grating lobes[36,47,48]. An easy 

calculation using the periodicity of figure 2(a) gives a 

deflection angle of 1.57 and 33 for the first and second 

diffraction mode, in excellent agreement with the simulation 

results. Despite the fact that these lobes will always appear for 

long values of , their magnitude is lower than the main lobe 

at the design angle [see figure 2(d)]. This demonstrates that, 

by simply and properly tailoring the height of a dielectric on 

top of a metal, it is possible to deflect the SPs.    

The designs shown in figure 2 were done by fixing the 

thickness (lz) of the Si3N4 dielectric block and changing its 

height (ly) in order to achieve the required effective refractive 

index and phase delay. However, the opposite scenario is also 

possible, i.e., we can fix ly and change lz to deflect SPs. Note 

that with this option, the structure is no longer GRIN because 

Re{nSP,b} is the same for all locations along the z axis.  To 

verify this, two SP steerers were designed with the same 

output angles as before ( = 10 and  = 30). Here, a height 

of ly = 1 m is chosen to work with the maximum effective 

refractive index of 2.43 and hence minimize the thickness of 

the structure (the phase advance is proportional to the effective 

refractive index). 

With these considerations, the values of lz at each position 

along the x axis for each design are shown in figure 3(a). As 

observed, similar profiles to those shown in figure 2(a) are 

obtained with two steps for the design with  = 30. The results 

of the magnetic field distribution (Hx) on the surface of the 

metal (y = 0) for both designs are shown in figure 3(b,c). As 

observed, both structures are able to deflect the incoming SPs 

at the required output angle. Again, for the design with  = 

30, a sidelobe is observed at 0.98 which corresponds to the 

(1,0) diffraction order.  
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In order to fully assess the performance of the designed 

steerers a deep study considering output angles ranging from 

0 to 60 was carried out. Both strategies, i.e. changing ly and 

changing lz, were evaluated. The magnetic field Hx was 

calculated along a semicircle of radius r = 6.50 from the 

output surface of the GRIN-SP steerers (changing ly) and SP 

steerers (changing lz) in order to record the angular distribution 

of the deflected SPs (see figure 4(b) which shows the field 

distribution along the semicircle for a designed output angle 

of 10o). With this configuration, the magnitude of Hx at each 

output angle normalized to the case of an output angle of 0 is 

shown in figure 4(a). As observed, the magnitude decreases as 

the output angle increases. As shown in figure 2 and figure 3, 

the number of steps in the profile of the nanostructures 

increases when increasing . Hence, the SPs will be also 

deflected to other angles related to higher order diffraction 

modes, reducing the Hx of the SPs at the designed output angle. 

Moreover, by comparing the results with both designs, it is 

observed that the performance is better when ly is varied. In 

this case, the magnetic field magnitude decays to half its 

maximum at  = 60, whereas with the second strategy this 

happens for  = 30. This can be explained by observing that 

for large   the number of steps in the profile increases in both 

cases. Hence, in the second strategy the propagating SPs 

penetrate into the stepped dielectric (for angles > 30) zones 

along the z axis producing a shadowing effect of the SPs which 

 

Figure. 2. (a) Analytical results values of ly at each position along the x axis for the GRIN-SP steerers designed to deflect the incoming SPs to an output 

angle of  = 10 (green) and  = 30 (blue). (b) Effective refractive index along the x axis for the designs with   = 10 (blue) and  = 30 (red). Magnetic 

field distribution Hx at y = 0 (surface of the metal) for the designs with (c)  = 10 (blue) and (d)  = 30. 

 

 

Figure 3. (a) Analytical values of lz along the x axis for the SP steerers designed for  = 10 (green) and  = 30 (blue). Magnetic field distribution Hx at y 

= 0 for the designs with (b)  = 10 and (c)  = 30. 
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is translated into a reduced amplitude in the direction of the 

designed output angle. Also, note that with these designs the 

output angle is slightly deviated from the designed ones for 

angles larger than 50. This is in sharp contrast with the case 

when ly is changed because the output profile is flat and there 

is no patterning of the dielectric along the z axis, making this 

strategy more robust in terms of the decay of the amplitude of 

the SPs for longer designed angles. It is important to note that 

the two variations (or steps) of ly and lz shown in figure 2a and 

figure 3a for the designs with θ = 30 may be reduced by using 

a thick dielectric along the z axis. However, this would result 

in different total dimensions for all the designs and the 

comparison of their performance would not be completely 

fair. 

For the sake of completeness, the spectral response of all 

the GRIN-SP and SP steerers was also obtained to assess their 

operation bandwidth. Here, we consider the nanostructures 

shown in figure 2 and figure 3 for designed output angles of  

= 10 and  = 30. The results of the output angle as a function 

of the incident SPs at different wavelengths for the designs 

changing ly and lz are shown in Figure 5(a,b), respectively. 

From these results, again changing ly leads to a more robust 

performance in terms of the output angle with a smooth 

change of the output angle around the design wavelength. A 

relatively broad operation bandwidth (considering the spectral 

range where the output angle is deviated 10% from the 

designed value) is obtained with a value of 60 nm and 55 

nm for  = 10 and  = 30, respectively. Changing lz has a 

poorer performance and in these designs, a bandwidth of 35 

nm and 20 nm for  = 10 and  = 30 is obtained. Note that, 

despite the fact that both configurations have different 

robustness in terms of the incident wavelength, their 

bandwidth is still relatively high considering that the 

structures were designed for an optimal operation at a single 

 

Figure 4. (a) Normalized magnitude of Hx for several GRIN-SP steerer 

designed with   ranging from 0 to 60 changing ly (blue) and SP- 

steerers changing lz (red). An artistic representation for both cases is 

shown as insets to guide the eye. Normalized magnitude of Hx for the 

designs changing ly (blue) and changing lz (red) considering an output 

angle of (b) 10o and (c) 30o calculated along a semicircle of radius r = 

6.50 from the output surface of the GRIN-SP and SP - steerers. 

 

Figure 5. Output angle as a function of the incident wavelength for the 

nanostructures: (a) changing ly and (b) changing lz considering  = 10 

(blue) and  = 30 (red). The schematic representations of each design 

are shown as insets in each panel for clarity. (c) Analytical results of the 

nSP,b for the design with changing ly considering four intermediate 

locations along the x-axis for  = 10 with ly = 32.5 nm (black), ly = 42 

nm (red), ly = 50 nm (blue) and ly = 56 nm (green). The design frequency 

is shown as black dotted line along with the bandwidth represented as 

the blue region.  
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wavelength. This is because of the smooth variation of the 

nSP,b around the designed value (see figure 5c). For instance, 

for the design with  = 10, nSP,b is varied ~7% and ~7.9% at 

the two extreme locations along the x-axis with ly = 32.5 nm 

and ly = 56 nm, respectively (see figure 2a for the positions 

along x and figure 5c for the nSP,b values within the spectral 

range under study). Similar performance is observed for the 

case with   = 30 since the values of ly shown in figure 5c are 

also valid for this case. For the designs with fixed ly and 

changing lz, the bandwidth is reduced because of the 

shadowing effect experienced by the SPs along the 

propagation axis, as described before. Finally, it is important 

to highlight that the GRIN-SP steerers here proposed can be 

designed at any optical wavelength. For instance, several 

designs at 1000 nm were also studied (not shown here) with 

the ability to deflect the incoming SPs. It is important to note 

that reflections are present in the structures because of the 

values of Re{nSP,b} and Re{nAu}. However, they are slightly 

reduced for the GRIN-SP steerers compared to the SP steerers 

because of the smooth change of Re{nSP,b}. For instance, it is 

it is || = 0.43 and || = 0.49 for the designs changing ly and lz, 

respectively considering an output angle of 30. 

4. Conclusions 

To sum up, the design and study of several GRIN-SP 

structures with the ability to steer the direction of propagation 

of SPs has been presented. The design procedure has been 

shown in terms of the effective refractive index achieved when 

a dielectric with a certain height is placed in between two 

semi-infinite media (air and metal). Several designs (for 

output angles ranging from  = 10 to  = 60) have been 

proposed by tailoring the height of the dielectric and fixing its 

dimension along the propagation direction and compared with 

SP-steerers designed with a fixed height while changing the 

length of the dielectric. The nanostructure designs have been 

evaluated numerically demonstrating a good agreement with 

the analytical calculations showing their capability to deflect 

the propagation of the incoming SPs at the required output 

angle. The robustness of the structures has been evaluated in 

terms of their spectral response demonstrating that they can 

achieve beam steering of the SPs for wavelengths 60 nm 

around the designed value. The results here presented may be 

used in optical applications where the guiding and full control 

of the direction of SPs is required opening a new path on the 

control and manipulation of SP propagation.   
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